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ABSTRACT

The Louisiana continental shelf near the Mississippi and Atchfalaya River deltas 

is a stratified and highly productive coastal system characterized by the largest hypoxic 

(dissolved oxygen < 2 mg l '1) zone in the western Atlantic Ocean. Carbon export from 

surface waters in the form of sedimenting zooplankton fecal pellets was examined to 

determine its importance in the formation and maintenance of oxygen deficiency in the 

bottom waters.

Two sediment traps (5-6 and 15 m) were deployed in 1991 and 1992 in 20 m 

water depth within an area of chronic and seasonally severe hypoxia. I determined the 

fecal pellet number and carbon flux, and total carbon flux from the surface waters, the 

percent primary production exported as fecal pellets, and the potential for fluxed fecal 

pellet carbon to support bottom water hypoxia. I also quantitatively sampled the water 

column at discrete depths for fecal pellets and zooplankton to determine potential source 

organisms and their seasonal, diel and spatial variation.

The highest densities of total organisms, copepods and copepod nauplii occurred 

during March and April (1992), when chlorophyll a concentrations in surface waters were 

highest, and decreased in summer and fall. The abundance of fecal pellets was positively 

correlated with total organisms, copepods and copepod nauplii: the likely source of fecal 

pellets.

The fluxes of total particulate material, organic carbon, organic nitrogen, fecal 

pellet carbon and phytoplankton carbon varied similarly between seasons, and was lowest 

in summer and highest in the spring. The fluxes were greater in 1991 than in 1992. 

Seasonal variations in fecal pellet number and carbon flux were positively correlated with 

indicators of high surface water productivity in 1991, but not in 1992.



The flux of fecal pellets from surface to bottom waters accounted for 55% of the 

particulate material exported vertically, exceeded phytoplankton carbon fluxes, and was 

high enough to deplete the bottom water oxygen reserves in spring.

The results support the hypothesis that the development of summer hypoxia is 

associated with the decomposition of organic matter accumulated in spring primarily by 

the sedimentation of phytoplankton bloom via fecal pellets, and not as intact 

phytoplankton cells.



CHAPTER 1

INTRODUCTION

BACKGROUND FOR RESEARCH

The increased incidence of oxygen depleted bottom waters in coastal waters 

worldwide is related to increasing eutrophication, especially at the terminus of major 

rivers that have changed dramatically in their nutrient and/or organic loadings (Rabalais 

et al. 1991, Turner & Rabalais 1994, Justic’ et al. 1994a). Oxygen deficient bottom 

waters are operationally defined as hypoxic at dissolved oxygen levels of < 2 mg 0 2 1'1. 

The bottom water hypoxic zone in the northern Gulf of Mexico extends up to 16,500 

km2 on the inner continental shelf, from the Mississippi River delta to the northeastern 

Texas shelf, and is the largest, most severe and most persistent in the western Atlantic 

Ocean (Rabalais et al. 1991,1994a). Hypoxic bottom waters occur primarily from 

April to October and are most severe, persistent and extensive from June to August.

The yearly variation in the distribution of hypoxia (Fig. 1.1) is related to variations in 

the magnitude and timing of the Mississippi River discharge (Fig. 1.2), large-scale 

circulation patterns, solar heating and wind events. The formation of hypoxic bottom 

water in this system depends on strong density stratification and high inputs of organic 

matter (Rabalais et al. 1991,1992).

The Louisiana inner continental shelf is influenced by the effluents of two major 

rivers, the Mississippi and Atchafalaya, of which the Mississippi River discharge 

amounts to as much as 65% of the total inflow of the entire drainage basin (Moody 

1967). Much of the fresh water discharged by the Mississippi and Atchafalaya is 

retained on the inner shelf by the winds and currents, and a vertically stable stratified 

system predominates most of the year. This density stratification reduces vertical

1
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Figure 1.1. Distribution of dissolved oxygen concentrations <, 2 mg l '1 in near bottom 
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diffusion and isolates oxygen depleted bottom waters from resupply of oxygen from the 

well-oxygenated surface layers.

In addition to density stratification, oxygen consumption rates from respiration 

by heterotrophic organisms and from bacterial degradation of oxidizable carbon, which 

are higher than the rates of resupply, contribute to the observed hypoxia. Organic 

loading to the seabed and the lower water column is necessary for hypoxia to occur. 

Determining the source of the organic matter is essential to understanding the factors 

controlling hypoxia. Initially, the source of carbon fueling hypoxia was hypothesized 

to be organic material discharged from the Mississippi River (Gallaway 1981). Several 

studies based on stable carbon isotope ratios indicate marine rather than terrestrial 

origin of organic matter within a very short distance of the river mouth (Sackett et al. 

1965, Gearing et al. 1977, Thayer et al. 1983, Eadie et al. 1994, Turner & Rabalais 

1994). Further, there is insufficient oxidizable carbon input from the river to account 

for the oxygen draw down leading to hypoxia (Boesch 1983).

The effects of hypoxia on the benthic communities are severe and ate manifested 

in reduced abundance and species richness (Murrell & Fleeger 1989, Boesch & Rabalais 

1991, Harper et al. 1981,1991). Hypoxia may also affect Fisheries resources in the Gulf 

of Mexico for which various life history stages depend on habitats of the inner shelf, 

especially during summer when hypoxia is often severe and widespread (Pavela et al. 

1983, Leming & Stuntz 1984, Renaud 1986, N. N. Rabalais pers. comm.).

The influence of the Mississippi and Atchafalaya rivers on the biological 

processes of the continental shelf is reflected in high primary production near the 

Mississippi River delta, which averages 329 g C m"2 yr‘l in the plume region (Lohrenz 

et al. 1990) and 290 g C m-2 y f 1 on the southeastern shelf (Sklar & Turner 1981). 

Variations in primary production and chlorophyll biomass in the plume are partly 

explained by changes in light and nutrient availability and changes in physiological 

variables resulting in changes in species composition of phytoplankton (Lohrenz et al.



1990,1994). Dramatic changes in nutrient concentrations, loadings, and ratios of the 

flows of the Mississippi and Atchafalaya rivers have occurred since the mid-1950s with 

doublings of nitrate and total phosphorus and a reduction by 50% in silicate (Turner & 

Rabalais 1991,1994). Shifts in the stoichiometric nutrient balance in the Mississippi 

River plume, with increased potential for silica limitation relative to nitrogen and 

phosphorus limitation (Justic* et al. 1994a. b, Turner & Rabalais 1991,1994, Dortch & 

Whitledge 1992), suggest a potential for increased productivity, as well as a shift in the 

composition of phytoplankton communities and higher trophic levels (e.g. zooplankton 

communities). These complex interactions may ultimately affect the overall trophic 

structure, regeneration of nutrients, remineralization of carbon and the fate of carbon on 

the continental shelf adjacent to the altered nutrient fluxes. Turner and Rabalais (1994) 

demonstrated increased eutrophication of the continental shelf in the Mississippi River 

bight coincidental with increases in nitrate loadings from the Mississippi River.

The transport of organic carbon to depth as a fraction of primary production 

depends on the fraction of settling particles as well as on their subsequent consumption 

and modification (Noji 1991, Aksnes & Wassmann 1993). The structure and the 

function of the particular food webs play important roles in export potential. My 

research was based on the hypothesis that zooplankton fecal pellets, produced by 

zooplankton grazing on primary productivity stimulated by high nutrient inputs, are the 

primary source of carbon flux to the inner continental shelf seabed influenced by the 

Mississippi River flow and subject to hypoxia and that the carbon fluxed via fecal 

pellets is sufficient to cause oxygen depletion.

FECAL PELLET FLUX AND FLUX OF ORGANIC MATERIAL

Many factors affect the flux of the surface organic production to the seabed on 

the southeastern Louisiana continental shelf. Large-scale circulation patterns may 

advect surficial plume waters to great distances from the immediate river delta



(Rabalais et al. 1994b). Carbon fixed by primary production can be processed within 

the upper mixed layer by zooplankton grazing or by bacterial remineralization. The 

importance of bacterial remineralization is indicated by high water column respiration 

rates (Turner & Allen 1982) and high bottom-water respiration rates (Chin-Leo & 

Benner 1992, Dortch et al. 1994). Positive correlations between community respiration 

and chlorophyll concentration indicate phytoplankton sinking (as cells or repackaged as 

fecal pellets) as the source of organic carbon being respired (Turner & Allen 1982). 

Carbon fixed by primary productivity is either sedimented directly as phytoplankton 

biomass or is integrated into larger particles by production of fecal pellets and/or 

aggregate formation. Biogenic particle settling is considered to be responsible for 

much of the transport of carbon to the sea floor.

Massive and rapid sedimentation of phytoplankton cells following surface 

blooms has been observed (Smetacek 1980, Peinert et al. 1982, Wassmann 1983, 

Davies & Payne 1984, Billet et al. 1983). Sedimentation is either enhanced by spore or 

seed formation (Smetacek 1985) or by formation of mass floes or aggregates during or 

after the bloom (Smetacek 1985, Alldredge & Gotschalk 1989, Riebesell 1989), where 

aggregate formation is a successional aggregation of selected diatom species (Riebesell 

1991, Dortch et al. 1992). However, the actual contribution of marine snow to carbon 

flux is highly variable and can be related to size, abundance, composition, age and 

origin of the aggregate. Four different types of aggregates, or marine snow, are 

reported including larvacean houses, diatom floes, fecal aggregates and aggregates 

composed primarily of debris and detritus (Alldredge & Gotschalk 1990).

Zooplankton fecal pellets, specifically from copepods and euphausiids, are often 

considered major vehicles of rapid transport of material to the seafloor (Honjo 1977, 

1980, Angel 1984, Smetacek 1985, Honjo & Roman 1978, Dunbar & Berger 1981, 

Wiebe et al. 1976,, Pilskaln & Honjo 1987, Small et al. 1989). Lohmann (1902) first 

suggested the geological significance of oceanic fecal pellets as a mechanism of carbon



transport to the sea floor. Zooplankton feeding in the euphotic zone incorporated 

coccoliths into rapidly settling fecal pellets which deposited and formed deep-sea 

coccolith oozes. Diatoms and silicoflagelletes have also been found in fecal pellets that 

were preserved in anoxic sediments (Porter 1984, Haberyan 1985). Honjo (1977) 

estimated transport of 92% of coccoliths, produced in the euphotic zone in the 

equatorial Pacific, via rapidly settling fecal pellets to the underlying seafloor.

Studies of chemical signatures also show the importance of fecal pellets in 

vertical transport of material to the bottom. Nitrogen isotope ratios show low 

differences in 1SN between sedimendng particles and fecal pellets, which suggest a 

common origin of sinking and suspended particles (Altabet & Small 1988). Vertical 

flux of certain biolipids also shows a fecal signature at great depths (Comer et al. 1986).

The contribution of carbon flux attributed to zooplankton fecal pellets has been 

reported from many studies using sediment traps, in both the open ocean (Wiebe et al. 

1976, Bishop et al. 1977, Honjo 1977, 1980, Knauer & Martin 1981, Urrere & Knauer 

1981, Pilskaln & Honjo 1987, Deuser et al. 1981) and in shallow and coastal areas 

(Shuman 1978, Smetacek 1980, Dunbar & Berger 1981, Bochdansky & Hemdl 1992). 

These studies show the fecal pellet contribution by weight to vertical flux varies from 

1% (Pilskaln & Honjo 1987) to more than 90% (Bathmann et al. 1987) and is a function 

of seasonal surface production, zooplankton grazing activity, nutrients and depth. The 

transport of organic carbon to depth as a fraction of primary production depends on the 

fraction of settling particles as well as on their subsequent consumption and 

modification (Noji 1991, Aksnes & Wassmann 1993). The structure and the function 

of the particular food webs play an important role in export potential.

Fecal pellets vary in size and shape, depending on the source organism and the 

quality and quantity of food resources. Examples are: euphausiid fecal strings (Moore 

1931, Bodungen 1986, Clarke et al. 1988), oval pellets of amphipods and ostracods 

(Bathmann et al. 1991), ellipsoid and cylindrical pellets of copepods (Gowing & Silver



1983, Bathmann et al. 1987, Fowler et al. 1991) and tunicates (Deibel 1990), coils of 

doliolids and pteropods (Silver & Bruland 1981) and large mats produced by salps 

(Iseki 1981, Silver & Bruland 1981). These fecal pellet types are considered major 

vehicles for transport of organic particulate material (Fowler & Small 1972, Hofmann 

et al. 1981, Lorenzen & Welschmeyer 1983, Fowler et al. 1987). The flux of fecal 

pellets produced by gelatinous zooplankton (salps, pteropods, doliolids, etc.), however, 

can be considerably greater and can disproportionately affect the amount of carbon flux, 

especially during periods of dense population blooms (Bruland & Silver 1981).

The importance of fecal pellets in sedimentation of organic material depends 

largely on two attributes viz. sinking rates and degradation of fecal pellets. Sinking 

rates of fecal pellets (in the range of 101 to 103 m d 1, Madin 1982) depend on the size 

of fecal pellets, because there are linear relationships between sinking velocity and both 

particle size and the density of fecal pellets (Deibel 1990, Urban et al. 1992). The 

quality of food ingested affects the size and density of fecal pellets (Bienfang 1980, 

Dagg & Walser 1986, Voss 1991, Urban et al. 1992). Fecal pellets containing diatom 

frustules are more dense (1.17 g cm-3) and sink faster than those composed primarily of 

flagellates (1.11 gem -3) (Smayda 1969, Bienfang 1980).

Degradation of fecal pellets increases the residence time of fecal pellets in the 

water column and, therefore, retards the vertical flux (Peinert et al. 1989, Paffenhofer & 

Knowles 1979, Lampitt et al. 1990, Noji 1991). Degradation is promoted via various 

mechanisms such as coprophagy (reingestion of fecal pellets by zooplankton) 

(Paffenhofer & Knowles 1979), coprorhexy (mechanical breakage of fecal pellets by 

organisms), and coprochally (loosening of fecal pellets) (Lampitt et al. 1990, Noji 

1991).

The carbon flux of sedimenting fecal pellets can also be affected by rapid 

diffusion (hours to days) of fecal carbon to the dissolved organic carbon pool (Jumars et 

al. 1989). The loss to the DOC pool can be as great as 90%, and this DOC may fuel



bacterial production that will further promote pelagic microbial recycling of material in 

the water column (Jumars et al. 1989). Fecal pellets may be colonized by bacteria and 

protists in the water column (Jacobsen & Azam 1984, Alldredge et al. 1986, Nagasawa 

& Nemoto 1988). Freshly voided pellets may contain gut bacteria (Andrews et al.

1984) which will then affect fecal pellet degradation and, subsequently, the vertical flux 

of particulate organic carbon (Poulet et al. 1986).

Degradation of fecal pellets in the water column affects particulate carbon and 

nitrogen flux. The C:N ratio increases with the degradation of fecal pellets (Head 1992) 

where C and N decrease by 25% to 50% in 2 to 22 days at 5 °C and 15 °C (Turner 

1979, Roy & Poulet 1990). High variability in the initial carbon and nitrogen content 

of fecal pellets; however, is related to differences in food quality (Morales 1987).

Zooplankton grazing impact is a dominant influence on the export of particulate 

organic material from the euphotic zone in freshwater and marine environments (Bloesh 

& Burger 1989, Peinert et al. 1989). Studies in the northern Gulf of Mexico and 

Mississippi River plume region indicate high zooplankton standing stocks coincident 

with high phytoplankton biomass. High concentrations of copepod nauplii (> 10001'1) 

are associated with plume waters (Dagg & Whitledge 1991). Higher zooplankton 

stocks in summer imply higher grazing in summer than in spring or winter (Dagg & 

Whitledge 1991). The distribution of the zooplankton community, however, varies 

spatially and with depth (Dagg & Whitledge 1991, Dagg & Ortner 1992, pers. observ.). 

Copepods contribute more than 80% of the number and half the biomass of the 

mesozooplankton communities in the eastern Gulf of Mexico ( Howey 1976, Hopkins

1982). Temporal and spatial variability of zooplankton communities will likely affect 

the flux of carbon via fecal pellets.

Fecal pellet flux can be quantitatively and qualitatively influenced by 

discriminate feeding of zooplankton, selective utilization of ingested particles and their 

vertical migration. The effect of migration can be particularly important on diel scales



related to feeding activities (Hopkins et al. 1978, Dagg & Walser 1987). Zooplankters 

pump material to deeper water layers by feeding near the surface and defecating or 

partly egesting in deeper waters (Emerson & Roff 1987, Longhurst & Harrison 1988). 

This biological pump contributes significantly to the downward vertical flux of carbon, 

especially in coastal areas (Noji 1991).

RESEARCH APPROACH AND OBJECTIVES

The overall aim of this study was to examine the contribution of fecal pellets to 

the total organic carbon flux and their potential to induce hypoxia on the riverine- 

influenced continental shelf. Two techniques were used for quantitative study of the 

processes related to particle sedimentation: (1) interception of fluxed particles into 

moored sediment traps, which gives a time and depth integrated sample, and (2) 

filtration of sea water (large volumes through various sized meshes usually > 20 |im 

size fraction) which gives in situ concentrations and is a 'snapshot' approach. Both 

methods present limitations to obtaining unbiased data. Sediment trap samples have 

problems associated with various physical dimensions, forms and methods of 

deployment in a time-varying flow field, as well as problems of preservatives, 

’swimmers' and sample processing (Knauer & Asper 1989). Data obtained by nitration 

of sea water is restrained by the amount of water that can be filtered and the bulk of 

material and size selection bias due to the mesh sizes used. I obtained samples for this 

study from sediment traps mounted on a permanent instrument mooring (Fig. 1.3), 

surface water zooplankton tows, and filtration of large volumes of sea water from 

discrete depths to test different hypotheses as described below.

The temporal variability of fecal pellets and the associated carbon flux to the 

seabed on the inner continental shelf under the influence of the Mississippi River and 

subject to conditions of severe bottom water hypoxia are presented in Chapter 2. I 

predicted that (1) fecal pellet and fecal pellet carbon fluxes were greater in the summer
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when more mature zooplankton communities were present, (2) the fecal pellet and 

carbon flux were higher in the surface waters than below (in the top trap in the euphotic 

region), and (3) the larger fecal pellets (produced by mesozooplankton) dominated the 

fecal pellet and fecal pellet carbon fluxes.

The contribution and importance of fecal pellet carbon flux in the export of 

particulate material and the potential to induce hypoxia is presented in Chapter 3. I 

determined the temporal variability of the fluxes of particulate matter (total particulate 

material, particulate organic carbon, particulate organic nitrogen and total pigments) 

and compared these to the fecal pellet carbon flux. 1 also compared fecal pellet carbon 

flux with estimates of phytoplankton carbon flux to determine their relative importance 

to the total carbon flux, the fraction of estimated surface productivity exported to the 

seabed by each, and the potential to induce oxygen depletion and contribution to 

hypoxia. I predicted that (1) fecal pellets were the primary source of carbon fluxed to 

the seabed on the river-influenced continental shelf, (2) the fecal pellet carbon flux was 

greater than the phytoplankton carbon flux, (3) the fecal pellet carbon flux was greater 

in summer than in spring and fall and was higher in the top trap, and (4) the oxidation 

of the fluxed fecal pellet carbon was sufficient to induce hypoxia in spring which was 

then sustained through the summer by the stable, stratified water column. I also 

estimated the fraction of surface water primary production exported by both fecal pellet 

carbon flux and phytoplankton carbon flux.

The producers of fecal pellets collected in the sediments traps were not known. 

To identify the potential source organisms, I examined the mesozooplankton 

community structure, copepod species composition and seasonal variation in the 

mesozooplankton community in the vicinity of the moored sediment traps (Chapter 4). 

The inherent assumption in this approach was that the materials collected in the traps 

were produced in the vicinity of the traps.



I also enumerated the zooplankton community by filtration of sea water from 

discrete depths (Chapter 5). The objective of this study was to determine the effect of a 

stratified water column and oxygen depleted bottom waters on the temporal variability 

and the distribution and abundance of meso- and microzooplankton and fecal pellets at 

diel and monthly scales, and over a continuum of varying concentrations of bottom 

waters dissolved oxygen on a broad spatial scale. I also enumerated fecal pellets from 

these samples to examine the linkage between the meso- and microzooplankton 

communities and the instantaneous concentrations of fecal pellets (i.e., were the fecal 

pellets produced by the organisms in situ or were they advected into the study area?).
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CHAPTER 2

TEMPORAL VARIATION IN ZOOPLANKTON FECAL PELLET CARBON FLUX 
ON A RJVERINE-INFLUENCED INNER CONTINENTAL SHELF

INTRODUCTION

Large biogenically produced particles are primarily responsible for the transport 

of organic material from oceanic surface layers to the sea floor (Bishop et al. 1980, 

Honjo 1980,1982, Shanks & Trent 1980, Knauer & Martin 1981, Silver & Alldredge 

1981, Martin & Knauer 1982). These particles may include fecal pellets, fecal material, 

or strings of fecal pellets aggregated within marine snow. Copepod fecal pellets have 

received greater attention as the major mechanism for transport of particulate organic 

carbon to deeper waters (Lohmann 1902, Scharader 1971, Turner & Ferrante 1979, 

Dunbar & Berger 1981, Urrere & Knauer 1981, Fowler et al. 1983), because copepods 

form a large component of the zooplankton community, and their vertical migration has 

been reported to affect transport of material to deeper waters (Honjo & Roman 1978, 

Urrere & Knauer 1981, Sasaki et al. 1988). The importance of larvaceans, both their 

abundance and grazing potential, is receiving increasing attention, especially for coastal 

waters (Dagg & Ortner 1992).

Sinking rates of mesozooplankton fecal pellets are typically on the order of 10l 

to 103 m d 1 (Bienfang 1980, Madin 1982, Laws et al. 1988, Dilling & Alldredge 1993) 

compared to sinking rates of phytoplankton cells which sink 1 to 101 m d-t (Smayda 

1969, Bienfang 1980, Laws et al. 1988). Phytoplankton and small fecal pellets are 

more likely than larger particles to be consumed or remineralized in the water column. 

Rapidly sinking fecal pellets facilitate the transport of material out of the euphotic zone, 

including organic carbon, inorganic sediment, organic pollutants (Elder & Fowler 1977, 

Prahl & Carpenter 1979), trace elements, metals (Fowler et al. 1977), and radionuclides,
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which make these particles (fecal pellets) potentially more important in marine 

biogeochemical cycles than other particles.

The percent contribution of carbon flux via zooplankton fecal pellets has been 

reported from many studies using sediment traps in the open ocean (Wiebe et al. 1976, 

Bishop et al. 1977, Honjo 1977,1980, Knauer & Martin 1981, Urrere & Knauer 1981, 

Pilskaln & Honjo 1987, Deuser et al. 1981) and in shallow and coastal areas (Smetacek 

1980, Dunbar & Berger 1981, Shuman 1978, Bochdansky & Hemdl 1992, Fukuchi et 

al. 1993). These studies show that the fecal pellet contribution (by weight) to the 

vertical carbon flux varies from 1% (Pilskaln & Honjo 1987) to more than 90% 

(Bathmann et al. 1987) and is a function of seasonal surface production, zooplankton 

grazing activity, nutrients and depth. It has also been estimated that zooplankton fecal 

pellets can provide up to 66% of the benthic community carbon requirement (Pilskaln 

& Honjo 1987).

The importance of fecal pellets in the sedimentation of organic material depends 

largely on their sinking rates and their degradation. The sinking rate of fecal pellets 

depends on their size and density (Deibel 1990, Urban et al. 1992). The density of fecal 

pellets depends upon the quality of food ingested (Bienfang 1980, Dagg & Walser 

1986, Voss 1991, Urban et al. 1992). Fecal pellet degradation increases the residence 

time of fecal pellets in upper water layers and, therefore, retards the vertical flux 

(Peinert et al. 1989, Paffenhofer & Knowles 1979, Lampitt et al. 1990, Noji 1991). 

Degradation is promoted via various mechanisms including coprophagy (reingestion of 

fecal pellets by zooplankton), coprorhexy (mechanical breakage of fecal pellets by 

organisms), and coprochally (loosening of fecal pellets). Degradation of particulate 

carbon and the peritrophic membrane of fecal pellets is enhanced at temperatures 

> 15 °C (Honjo & Roman 1978, Roy & Poulet 1990).

The carbon flux of sedimenting fecal pellets can also be affected by rapid 

diffusion (hours to days) of fecal pellet carbon to the dissolved organic carbon (DOC)



pool (Jumars et al. 1989). The loss to the DOC pool can be as great as 90%, and this 

DOC may fuel bacterial production that further promotes pelagic microbial recycling of 

material in the water column (Jumars et al. 1989). Thus, regional and seasonal 

differences in the relative contribution of fecal pellets to carbon flux result from 

differences in their content or biological modification.

The export of carbon from surface waters to the lower water column and 

sediments is particularly interesting on the southeastern Louisiana shelf where the 

oxidation of fluxed organic material from surface layers leads to oxygen deficiency in 

the bottom waters. The continental shelf adjacent to the outflows of the Mississippi- 

Atchafalaya River system is an extremely productive coastal system. Primary 

production near the Mississippi River delta averages 329 g C m-2 yr-i in the plume 

region (Lohrenz et al. 1990) and 290 g C m-2 yr-i on the southeastern shelf (Sklar & 

Turner 1981). Variation in primary production and chlorophyll biomass in the plume is 

explained by changes in light characteristics, salinity, temperature, mixed layer depth 

and nutrient availability (Lohrenz et al. 1990,1994, Sklar & Turner 1981). Changes in 

nutrient concentrations, loadings and ratios in the effluents of Mississippi and 

Atchafalaya rivers have occurred since the mid-1950s with doublings of nitrate and 

total phosphorus and a reduction of 50% in silicate (Turner & Rabalais 1991,1994). 

Shifts in stoichiometric nutrient balance in the Mississippi River plume with increased 

potential for silica limitation relative to nitrogen and phosphorus limitation (Justic' et al. 

in press a, b, Turner & Rabalais 1991,1994, Dortch & Whitledge 1992) suggest a 

scenario for increased productivity, as well as a shift in the composition of 

phytoplankton communities and higher trophic levels (e.g. zooplankton communities). 

These complex interactions may ultimately affect the overall trophic structure, 

regeneration of nutrients, remineralization of carbon, and the fate of carbon on the 

continental shelf. Quantification of the fecal pellet fluxes on this shelf and their role in 

carbon fluxed to the sea foor were non-existent prior to this study.



The incidence of oxygen-depleted bottom waters in coastal areas is increasing 

worldwide and is apparently related to eutrophication (Turner & Rabalais 1994, 

Rabalais et al. 1991). The bottom water hypoxic zone (< 2 mg O2 1'1) in the northern 

Gulf of Mexico covers up to 16,500 km2 on the inner continental shelf, from the 

Mississippi River delta to the upper Texas shelf, and is the largest among such areas in 

the Western Atlantic Ocean (Rabalais et al. 1991,1994a). Hypoxic bottom waters 

occur primarily from April to October and form large, persistent and severe zones from 

June through August The temporal variation in the distribution of hypoxia is related to 

timing and magnitude of Mississippi River discharge, large-scale circulation patterns, 

solar heating and wind events. The formation of hypoxic bottom water in this system 

depends on strong density stratification, high inputs of organic matter, and respiration 

rates sufficient to deplete bottom water oxygen concentrations faster than resupply 

(Rabalais et al. 1991,1992). The carbon flux to bottom waters, when metabolized, 

directly influences the oxygen concentration of bottom layers and, indirectly, benthic 

and pelagic species distributions and element cycling.

Many factors affect the flux of the surface organic production to the seabed on 

the southeastern Louisiana continental shelf. Large-scale circulation patterns may 

advect surficial plume waters to great distances from the immediate river delta.

Primary productivity can be recycled within the upper mixed layer by zooplankton 

grazing or bacterial remineralization. The importance of bacterial remineralization is 

demonstrated by high water column respiration rates and high bottom water respiration 

rates (Turner & Allen 1982, Chin-Leo & Benner 1992, Dortch et al. 1994). Positive 

correlations between community respiration and chlorophyll concentration indicate 

phytoplankton as the source of organic carbon being respired (Turner & Allen 1982). 

Carbon fixed by primary productivity is either sedimented directly as phytoplankton 

biomass (Smetacek 1980, Wassmann 1983, Dortch et al. 1992) or is integrated into 

larger particles by production of fecal pellets (Angel 1984, Dunbar & Berger 1981,



Wiebe et al. 1976, Honjo 1977,1980, Honjo & Roman 1978, Pilskaln & Honjo 1987, 

Small et al. 1983,1989) and/or aggregate formation (Alldredge & Gotschalk 1989,

1990, Riebesell 1989).

Surface water net production (oxygen surplus) measured on the southeastern 

Louisiana shelf (station C6B of this study) lags one month after peak river flow and 

bottom oxygen deficiency lags two months after peak river flow (Justic1 et al. 1993). 

Strong cross correlations between these factors implicates riverine delivery of nutrients 

rather than regeneration as the source of nutrients supporting net production and 

subsequent oxygen deficiency. Justic1 et al. (in preparation) modeled oxygen fluxes for 

a station on the southeastern Louisiana shelf (station C6B of this study) and 

demonstrated that net production in surface waters integrated over the period from 

February to June (92 g C n r2 d '1), if fluxed as particulate carbon to the lower water 

column and seabed, is sufficient to produce and maintain hypoxia without further 

additions. The likely mechanism for carbon to reach the bottom is sinking particles, 

including fecal pellets, phytoplankton cells and aggregates.

The time lags between peak river flow and net surface production and bottom 

oxygen deficiency further implicate changes in riverine nutrient delivery with changes 

in trophic structure. During spring peak river flow, sufficient nutrients are available in 

an appropriate ratio to support phytoplankton production without silica limitation. 

Grazing is unlikely to reduce the high phytoplankton biomass (M. J. Dagg pers. 

comm.), and phytoplankton cells are more likely to settle than compared to the summer 

(more silica, less loss of primary production by grazing). Later, in late spring and early 

summer, when silica concentrations are lower (fewer diatoms) and a more mature 

zooplankton community exerts greater control on phytoplankton biomass by grazing, 

fecal pellet flux is likely to surpass direct cell sinking in relative carbon flux. Also fecal 

pellets, being larger in size, are more likely to sink than phytoplankton cells. The 

likelihood of this seasonal progression in the relative contribution of phytoplankton



versus fecal pellet flux is supported by a study which demonstrated a similar gradient of 

diatom flux with distance from the river delta and decrease in silicate availability 

(Dortch etal. 1992).

The seasonal varability in nutrient loading and nutrient ratios, water column 

stability, temperature and phytoplankton community composition are thus all 

potentially important factors driving variations in the quality and quantity of organic 

loading to bottom waters on this shelf. Knowledge of the fecal pellet fluxes from 

surface to bottom waters may reveal important aspects of the present continental shelf 

trophic structure. The purpose of this study was to estimate the temporal variations in 

fecal pellet flux on this shelf to both quantify its contribution to the surface to bottom 

water carbon flux and to thereby learn more about the trophic structure of the 

continental shelf.

OBJECTIVES

The objective of this study was to determine the temporal variability of fecal 

pellet flux to the lower water column and sediments on a continental shelf influenced 

by the Mississippi River effluent and also subject to seasonally severe hypoxia. I 

determined differences in fecal pellet vertical fluxes over a two-year period at two 

depths in the water column. I made conversions of fecal pellet volumes and numbers to 

carbon equivalents to estimate the temporal variability in fecal pellet carbon flux within 

the water column and by pellet size. I tested the following hypotheses:

•fecal pellet flux is greater in the summer when zooplankton communities are 

more mature, and 

•the larger pellets dominate the fecal pellet flux.

Differences in the relative contribution of micro- and mesozooplankton, as well 

as differences related to depth in the water column and season, were determined and



placed within the context of the environmental variability of the system. Ultimately, 

the relative importance of fecal pellet carbon flux to the total carbon export from the 

surface waters and its potential to support oxygen deficiency in bottom waters were 

determined (Chapter 3).

METHODS

Instrument Mooring

Sediment traps on a permanent mooring were deployed at a station, C6B, in 20 

m water depth, located at 28°50.41’ N and 90°26.03' W off Terrebonne Bay on the 

southeastern Louisiana coast (Fig. 1.1). The station is in the center of the area where 

hypoxic bottom water conditions prevail during summer (Rabalais et al. 1991,1992, 

1994b). The mooring was deployed from April 17 through December 7,1991 and from 

March 2 through October 27,1992.

The mooring was weighted with an anchor and buoyed with a subsurface float. 

The mooring was attached to a nearby (-40 m distant) platform by a heavy chain. One 

of the sediment traps was attached to the mooring cable at 5 to 6 m, within the upper 

mixed layer (designated "top"), and the other at 15 m, below the usual pycnocline (~ 10 

m), and within the lower water column where hypoxia develops most summers 

(designated "bottom"). A current meter was located near each trap, and an oxygen 

meter was attached to the cable 1 m above the bottom (19 m). A light meter was 

attached periodically to the mooring at 9 m depth (Fig. 1.3).

The sediment trap consisted of a simple cylinder with a surface area of 0.45 m2 

and an aspect ratio of 3:1 (Prior et al. 1987). The cylinder narrowed into a funnel at the 

lower end. Sediments and particles were collected in acrylic tubing (0.5 m long, 4.5 cm 

diameter) at the base of the funnel. The surface opening of the trap was baffled to 

reduce turbulence over the trap opening. A brine solution (~ 45 ppt) was added to the



collection tubes to prevent back flushing. Glutaraldehyde (2% final volume) was added 

as a preservative. Sediment trap servicing and sample collections occurred at one or 

three week intervals in 1991 as weather permitted. Sampling in 1992 was usually every 

two weeks, again depending on weather. Samples were kept cool and returned 

immediately to the laboratory for processing.

Surficial Sediment Collections

Three replicate sediment samples were collected at monthly intervals from the 

study site, either by divers using syringe corers near the base of the mooring, or with a 

box core (500 m from the mooring) subsampled with syringe corers. All sediment 

cores were refrigerated until processing (< 24 h). In the laboratory, water was carefully 

siphoned leaving 1 cm of overlying water which was carefully retrieved, without 

disturbing the sediment surface, and placed in a scintillation vial. The top 2 mm of 

sediment was precision extruded, sliced from the core and added to the same 

scintillation vial. Glutaraldehyde (2 ml of 50%) was added, and the sample volume was 

increased to 20 ml with filtered sea water. Samples were refrigerated until analysis.

Ancillary Measurements

Ancillary hydrographic data, including temperature, salinity, density and 

dissolved oxygen, were recorded with a Hydrolab Surveyor 3 or SeaBird CTD unit 

during each servicing of the sediment traps and at several additional times during the 

study. Biological data included water column pigments (chlorophyll a and 

phaeopigments) and nutrients collected at the surface, above (6.5 m) and below the 

pycnocline (14 m), and at the bottom (~ 19 m). Depths of mid-water collections 

corresponded to the depths of the openings of the sediment traps.

Additional sediment samples were collected from the box core or by divers for 

analysis of pigments (chlorophyll a and phaeopigments), total organic carbon, and



sediment grain size (Robertson et al. 1980, Rabalais et al. 1992, Rabalais et al. 1993, 

Turner & Rabalais 1994).

Fecal Pellet Enumeration and Flux Calculations

Each sample (trap or surficial sediments) was split in a Folsom plankton splitter 

to dilute the fecal pellets to a countable density. The last split of material was stained 

with proflavine and filtered through nested screens of 63 and 20 urn Nitex screen. The 

particulate matter retained on the screens was backwashed onto an 8 |im cellulose 

(Millipore) filter, which was then mounted on a glass slide and cleared with immersion 

oil. Fecal pellets were counted under epifluorescence and the length and width were 

measured. Fecal pellet volume ( FP vol (im^ pellet1) was calculated for each fecal 

pellet by using a formula for prolate spheroids (Q. Dortch pers. comm.):

FP vol (tim3 pellet"1) ) = 0.523 * C3 * L * W2 Equation 2.1

where C is the conversion factor depending on magnification Qim division'1), L 

is the length and W is the width of the fecal pellet (in divisions). A mean fecal pellet 

volume was determined for each sample and size fraction.

The total number of fecal pellets in each trap and the surficial sediments was 

calculated using the following formulae:

# FP split-1 = (# FP counted/ # parts of filter counted) * (# parts f ilte r1) Equation 2.2

where #  parts of filter counted was equal to #  of strips counted, 0.5 for half of 

the filter counted and one for the whole filter counted. The #  parts filter1 was equal to 

one for the whole filter, two for the half filter and a factor of 10.84 and 21.7 at lOx and 

20x magnification, respectively, for the each strip counted (Q. Dortch pers. comm.).



# FP sample-1 = # FP split-1 * 2(n-l) Equation 2.3

where n is the number of splits.

The fecal pellet flux (FP flux) into the sediment trap was calculated as follows:

FP Flux (no. ra-2 d-1) = (# FP sample-1 )/(area of trap mouth * duration of deployment)

Equation 2.4

Fecal pellet flux could not be calculated for surficial sediments because 

accumulation rates were not known. Fecal pellet abundance (no. m*2) was calculated as 

follows:

FP density (no. m-2) = (# FP sample-1 )/surface area of collector Equation 2.5

Estimation of Fecal Pellet Carbon

Fecal pellet carbon flux into the traps and fecal pellet carbon in the sediments 

were calculated from the data on average fecal pellet volume (for all sizes and shapes of 

fecal pellets and for each size fraction). A volume to carbon ratio was determined for 

copepod fecal pellets collected in the laboratory that compared well with values 

reported in the literature (Table 2.1). Values of Strathmann (1967), Mullin et al.

(1966), and Elder (1979), which were based on a volume to carbon ratio for 

phytoplankton, were used most frequently. Another relationship, based on 20% C in 

dry weight (per fecal pellet of shrimp Palaemonetes pugio) (Johannes & Satomi 1966),



Table 2.1. Comparison of fecal pellet (FP) carbon to volume ratios for different 
organisms.

Organisms FP Carbon 
(*ig C pellet-1)

FP Carbon: volume 
(Ug C |im-3)

Reference

Salps 0.77-4.67*10-8 Madin 1982
Copepods 0.142 5.66* 10-7 Honjo & Roman 1978
Copepods 0.154 4.27* 10-7 Abou Debs 1984
Salps 0.107 0.77 - 4.67* 10-7 Bochdansky & Hemdl

1992
Copepods 2.25* 10-7 Urban 1992
Chaetognaths 0.77-2.77*10-8 Dilling & Alldredge 1993
Copepods 0.202 8.35*10-7 This study



is often used to calculate fecal pellet carbon. Other laboratory estimates of direct fecal 

pellet carbon measurements are given in Table 2.1.

Freshly collected copepods were used to estimate fecal pellet carbon to volume 

ratios. A surface plankton tow with a standard plankton net (O.S m mouth diameter and 

224 pm mesh) was taken near station C6B at intermediate salinities (20-22 ppt). The 

cod end was emptied into a 201 carboy filled with water from the collection site. 

Samples were immediately brought back to the laboratory. Copepods, usually Acartia 

tonsa, were sorted (within 20 to 30 minutes) from the sample. Copepods (50 to 100) 

were added to five culture bowls with 250 ml filtered (20 pm) ambient sea water from 

the collection site. Copepods were removed after two hours by filtering through a 153 

pm Nitex screen. Fecal pellets were concentrated by filtering through 20 pm Nitex 

screen and back washed into a petri dish. The petri dish was kept on ice to decrease 

metabolic activity and possible DOC loss. Three replicate samples of 50,100 and 150 

fecal pellets were picked within 10 to 20 minutes and filtered through precombusted 

(360 °C, 5 h) GF/F filters. Each experiment was repeated three times. Filters were 

dried at 50 °C and analyzed for carbon and nitrogen on a Control Equipment Elemental 

Analyzer, model 240XA, with a multi-sample injector. A sample of 50 fecal pellets 

was picked for length and width measurements to calculate volume of the fecal pellets.

Fecal pellet carbon to volume ratio was estimated by calculating the average 

fecal pellet carbon (pg C pellet'1) and relating it to the average fecal pellet volume 

(pm^). The estimate obtained was very close to values in the literature (Table 2.1) and 

was used to estimate fecal pellet carbon in sediment traps and surficial sediments.

Statistical Analyses

A repeated measures analysis is desirable when fixed stations are sampled 

through time (Maceina et al. 1994). A univariate split-split plot design, where class 

variables are assigned to subunits, was used to analyze the variability in fecal pellet



data. A greater amount of information can be obtained when class variables are 

assigned to subunits (Steel & Torrie 1980). The split-split plot design was also 

appropriate to use in this case because samples were collected at a fixed station over 

time and, therefore, violated the assumption of random sampling required for 

parametric procedures such as analysis of variance (ANOVA). A fixed station may 

display features unique and specific to a location with temporal variations, and any 

correlation between the treatments also violates an assumption of ANOVA. A repeated 

measures ANOVA or a split plot design has been employed for ecological experiments 

where data were repeatedly collected from the same organism and for fisheries data 

collected at fixed stations over time (Maceina et al. 1994). This technique partitions the 

variation due to fixed sampling site, treatments or manipulations, correlation that may 

occur over time, and interactions among class variables (year, season, depth and size 

fraction). Partitioning increases accuracy and provides new insights on different 

responses of the variables.

The split-split plot design was divided into a main plot which included year, 

season and year+season interaction. Replication was sought from different dates by 

partitioning sample dates into the seasons, spring, summer and fall (Appendix B). This 

division was based on hydrography and vertical structure of the water column rather 

than the calendar year. The summer period was distinguished from spring and fall by 

having a relatively stable water column, a strong pycnocline (around 8 to IS m) (Figs. 

2.1 & 2.4) that separated a low dissolved oxygen bottom layer from oxygen saturated 

surface waters, and negligible bottom water currents (2-3 cm s*1) (W. J. Wiseman, Jr. 

unpubl. data).

Depth (5-6 m -  top trap, 15 m = bottom trap) and interactions between 

depth*year, depth*season, and depth*year*season were in the first subplot-A. The two 

size fractions (> 63 pm, > 20 pm) and their interactions with other treatments were 

examined in the second subplot-B to identify significant differences in the contribution



of different sized fecal pellets (potentially originating from meso- or micro- 

zooplankton) to the flux. Tukey's studentized range test, a pair-wise comparison, was 

employed to specify inter-annual, seasonal, and depth related variability, because it is 

more conservative than other tests and has a family-wise error rate.

The assumptions for normally distributed data and homogeneity of variance 

were tested by univariate analysis and plotting residuals. When data were not normally 

distributed (Shapiro-Wilk statistics, Pr < W = 0.0001) and the mean values were 

proportional to their variances, data were transformed to logio values to stabilize 

variances for the analyses. Because of the unbalanced data, Type III sum of squares 

were used to compute mean square errors (Steel & Torrie 1980).

Fecal pellet flux and fecal pellet carbon flux data were correlated with 

environmental data including water temperature and salinity, total pigments, delta 

sigma t (density difference between surface and bottom, a measure of the strength of the 

pycnocline) and surface water salinity lagged one month. The upper water column (U) 

was an average of surface water and 6.5 m depth, and the lower water column (L) was 

an average for 14 m depth and bottom. A best fit model was developed from the 

environmental variables using a stepwise multiple regression model with foreward 

selection.

All statistical analyses were done on PC SAS version 6.04 (SAS Institute 1985).

Resuspension Potential of Fecal Pellets

I examined the potential of bottom currents to resuspend fecal pellets by 

determining the critical bed shear stress from Shield's entrainment function, applying 

nominal diameters for the volume of fecal pellets and assuming a constant density of 

fecal pellets (Appendix A). I calculated critical velocity (U*) at 1 m above the seabed. 

A limited current meter record from 1 m above the bed (Endeco model 174) was 

obtained for May 10 to August 24,1992 (W. J. Wiseman, Jr. unpubl. data). Other



records from the bottom current meter in 1991 and 1992 deployments were not reliable 

(W. J. Wiseman, Jr. pers. comm.).

RESULTS

Characteristics of the Water Column

A stratified system dominated most of both years. The density distribution was 

controlled primarily by salinity (Figs. 2.1 and 2.2). The water column was mostly 

isothermal in spring and fall of both years; however, solar heating of the upper water 

column contributed to the development of a thermocline and an increased density 

gradient in summer. Dissolved oxygen concentrations were low (< 2 mg O2 1'1) from 

June through the end of August (days 177-237) in 1991 and from late May through late 

August (days 149-237) in 1992 (Figs. 2.1-2.4). The periods of hypoxia coincided with 

greater surface-to-bottom differences in density. The stable, stratified water column 

was disrupted by a series of frontal passages in fall 1991 and the passage of Hurricane 

Andrew on August 25,1992 and subsequent cold fronts. The water column remained 

well mixed through the fall of 1991, but a stratified system reestablished in fall of 1992.

Nitrate concentrations were high in surface waters in spring of both years (Figs. 

2.5 and 2.6). High nitrate concentrations were also evident in bottom waters in spring 

and occasionally in summer. The concentrations of silicate, phosphate and ammonia 

were elevated in surface waters in spring 1991, but were not as high in 1992. Nitrite 

concentrations were higher in bottom waters in summer of both years, with small peaks 

in surface as well as bottom waters in fall. Bottom water silicate, phosphate and 

ammonia concentrations were usually higher in summer in both years.

Chlorophyll a concentrations were high in surface waters in late spring (April- 

May) of both years (Figs. 2.7 and 2.8). Very high chlorophyll a concentrations were 

seen in bottom waters in summer 1992. Chlorophyll a concentrations were more
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Figure 2.1. Hydrographic data collected during 1991 at station C6B; temperature (°C), 
salinity (ppt), density (sigma-t) and dissolved oxygen (mg I*1).
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Figure 2.3. Time series of bottom water dissolved oxygen (mg l*1) from the moored 
oxygen meter (19.5 m) at station C6B in 1991, solid circles are Hydrolab 
data obtained during C transect cruises, ? are suspicious data, and ND are no 
data.
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Figure 2.4. Time series of bottom water dissolved oxygen (mg I-1) from the moored 
oxygen meter (19.5 m) at station C6B in 1992.
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Figure 2.5. Nutrient concentrations in the water column at station C6B in 1991; nitrate
((Xg-at l’1), nitrite Oig>at I 1), ammonia (|ig-at I*1), phosphate (iig-at l-1) and
silicate (ng-at I*1).
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Figure 2.6. Nutrient concentrations in the water column at station C6B in 1992; nitrate
fyig-at I-1), nitrite (fig-at I-1), ammonia (Hg-at I-1), phosphate (fig-at I-1) and
silicate (ng-at I*1).
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Figure 2.7. Pigment concentration in the water column at station C6B in 1991;
chlorophyll a (pg H), phaeopigments (pg H), and total pigments (pg I’1).
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Figure 2.8. Pigment concentration in the water column at station C6B in 1992;
chlorophyll a (pg I*1), phaeopigments (pg l-1), and total pigments (pg I-1).



moderate throughout the water column in summer and fall of 1991. Phaeopigment 

concentrations were high in the upper water column in spring and fall of 1991 and fall 

1992, and high in bottom waters of summer 1992.

Characteristics of Fecal Pellets

Sediment trap materials included phytoplankton, molts and appendages of 

zooplankton, intact and broken fecal pellets, and amorphous material. Intact fecal 

pellets were enclosed in a peritrophic membrane, and their contents were hard to 

discern. Whole cells or frustules of diatoms, and amorphous lithogenic and detrital 

material, however, could be seen in broken fecal pellets. Three different forms of fecal 

pellets were distinguished: cylindrical, ellipsoidal and tubular. Cylindrical fecal pellets 

were present in low numbers in all trap samples and were usually very fragile. These 

cylindrical fecal pellets (length 70 - 285 pm) were likely produced by copepods but 

most likely remained in the upper water column, because copepod fecal pellets do not 

always sink out of the surface zone (Smetacek 1980, Bathmann & Liebezeit 1986, 

Bathmann et al. 1987). The ellipsoidal fecal pellets (length 60-250 pm) were most 

abundant and were found in both size fractions. This suggests that they are an 

important component of the fecal pellet carbon flux. These ellipsoidal pellets were 

possibly produced by smaller copepods and larvaceans (Sasaki & Nishizawa 1981, 

Miquel et al. 1994, M. J. Dagg pers. comm.). Copepods and larvaceans were dominant 

zooplankters in the vicinity of the sediment traps as identified from surface zooplankton 

tows (Chapter 4) and water column samples of meso- and microzooplankton (Chapter 

5). The third type of fecal pellet was large (length 300-600 pm), tubular and usually 

had broken ends. These fecal pellets were possibly produced by macrozooplankton and 

usually contained diatoms and unidentifiable amorphous material, and, when present, 

significantly influenced the total fecal pellet carbon flux values.



Fecal Pellet Flux

The fecal pellet flux ranged on the order of 104 to 107 n r2 d_l. The average 

fecal pellet flux for 1992 was an order of magnitude greater than for 1991, but the 

between-year difference was not significant (Tables 2.2 and 2.3), probably because of 

the large variance. Fecal pellet flux varied significantly between seasons. The flux was 

significantly higher in fall than in spring and summer (Tables 2.2 and 2.3). The flux of 

fecal pellets varied up to two orders of magnitude difference between depths, averaging 

one order of magnitude higher in the bottom trap across both years (Fig. 2.9, Appendix 

B); the depth differences were significant (Tables 2.2 and 2.3). The number of fluxed 

fecal pellets in the > 20 pm size fraction was greater that; the number in the > 63 Jim 

size fraction in all cases (Fig. 2.10); the size fraction differences were significant 

(Tables 2.2 and 2.3). The percentage of the sample composed of smaller fecal pellets 

(> 20 pm) compared to larger fecal pellets (> 63 |im) was higher in both the top and 

bottom traps in both years (Fig. 2.10), with a few exceptions in spring and summer of 

1991.

Fecal Pellet Carbon Flux

The carbon flux as fecal pellets ranged from 1.5 to 4818 mg C n r2 d_l (Fig. 2.9, 

Appendix B). The average fecal pellet carbon flux in 1991 was one order of magnitude 

greater than the average for 1992, but the difference was not statistically significant 

(Tables 2.2 and 2.3). The seasonal differences in fecal pellet carbon flux were 

significant, but the means overlapped considerably with the flux in spring being much 

greater than in summer. The flux in fall was intermediate between them (Tables 2.2 

and 2.3). The fecal pellet carbon flux was higher in the top trap than the bottom trap in 

1991, which was largely due to the presence of larger, tubular fecal pellets in the top 

trap, especially in spring and summer. On the other hand, the average fecal pellet 

carbon flux was higher in the bottom trap than in the top trap in 1992, but this was not



Table 2.2. Split-split plot design ANOVA for fecal pellet flux (noimA2/d)
and fecal pellet carbon flux (mg C/mA2/d) collected at station C6B 
during 1991 and 1992.

Source df Fecal pelletf 
P > F

Fecal pellet carbont 
P > F

Model 63 0.0001* 0.0001*

**Main plot
Year 1 0.9211 0.4609
Season 2 0.0001* 0.0001*
Year* Season 2 0.0027* 0.0011*
Error-1 21 0.0001* 0.1093

***Sub-plot A
Depth 1 0.0001* 0.0083*
Year*Depth 1 0.0142* 0.0073*
Season*Depth 2 0.3029 0.4924
Year+Season*Depth 2 0.1098 0.0205*
Error-2 19 0.0001* 0.1053

Sub-plot B
Size Fraction (SF) 1 0.0001* 0.0001*
Year*SF 1 0.0001* 0.0003*
Season* SF 2 0.2017 0.0419*
Depth*SF 1 0.9711 0.0181*
Season*Depth*SF 2 0.4029 0.9671
Year* Season* SF 2 0.7096 0.7353
Year*Season*Depth*SF 3 0.3459 0.9628

* significant at alpha error = 0.05
** test of hypothesis used error-1 = Date(year*season)
*** test of hypothesis used error-2 = Date(year*season*depth) 
t  loglO transformed data
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Table 2.3. Tukey's studentized range test for fecal pellet flux (noVmA2/d) and fecal 
pellet carbon flux (mg C/mA2/d) collected at station C6B. Means with 
same letter within each variable are not statistically different at alpha = 0.05

Number
of

Samples

Fecal pelletf 
no.+10A4/mA2/d 

Means

Fecal pellet carbont 
mg C/mA2/d 

Means
♦Year

1991 60 81.36 A 230.78 A
1992 44 121.83 A 98.55 A

♦Season
Spring 24 102.20 B 350.80 A
Summer 48 20.52 B 42.10 B
Fall 32 212.63 A 236.10 AB

♦♦Depth
Top Trap -  5-6 m 52 40.95 B 229.76 A
Bottom Trap - 1 5  m 52 156.01 A 119.91 B

♦♦♦Size Fraction
>63 pm 52 48.29 B 302.33 A
> 2 0  pm 52 148.67 A 47.34 B

* test used error-1 -  Date(year*season)
♦♦ test used error-2 = Date(year*season* depth)
♦♦♦ test used mean square error
t  analysis was performed on log 10 transformed data but means are presented 

as untransformed data



Figure 2 9 Temporal variation in fecal pellet flux (no. n r 2 d '1) and fecal pellet carbon flux (mg C m ^d-1) collected 
at 5-6 m (top) and 15 m (bottom) depth at station C6B during 1991 and 1992. Arrows delineate dates
included in each season; ND is no data.
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consistent across seasons (Fig. 2.9, Appendix B). Depth differences for fecal pellet 

carbon flux were not significant Although there was a greater number of smaller 

(> 20 pm) fecal pellets in both traps in both years (Fig. 2.10), the contribution to the 

fecal pellet carbon flux by the > 63 |im fecal pellets was much higher compared to the 

smaller fecal pellets in both years and at both depths (Table 2.3), with a few exceptions 

(Fig. 2.11).

Fecal Pellet and Fecal Pellet Carbon Fluxes Related to Environmental Variables

The fecal pellet and fecal pellet carbon fluxes in the top trap in 1991 were 

positively correlated with upper water column dissolved oxygen (DO) and total 

pigment concentrations (Table 2.4). Elevated concentrations of these hydrographic and 

biological variables would likely be present in spring, when fecal pellet carbon flux was 

the highest. Similar relationships were not seen in 1992. The fecal pellet and fecal 

pellet carbon fluxes in the top trap in 1992 were negatively correlated with delta sigma 

t, which means that there was less flux during periods of greater stratification. This 

relationship, however, was not seen in 1991. There were no relationships of fecal pellet 

flux or fecal pellet carbon flux into the bottom trap in 1991 with any environmental 

variables examined. Fecal pellet and fecal pellet carbon fluxes into the bottom trap in 

1992 were negatively correlated with delta sigma t, as were the top traps. A similar 

relationship was seen for lower water column salinity, which is probably colinear with 

sigma t. There were positive relationships between fecal pellet carbon fluxes in the 

bottom trap in 1992 and upper water column salinity and bottom water dissolved 

oxygen. No fluxes were correlated with the upper water column salinity lagged one 

month.

The upper water column total pigment concentration was the best fit predictor 

variable and explained 33% of the variance for fecal pellet flux and 22% of the variance 

for fecal pellet carbon flux in 1991. Chlorophyll a concentration explained 37% of the



51

Table 2,4. Pearson correlation coefficients for fecal pellet flux (no. m '2 d‘l)  and 
fecal pellet carbon flux (mg C m '2 d"1) with environmental variables 
at station C6B during 1991 and 1992, n = 15 and 12 for 1991 and 
1992, respectively.

1991
Fecal Pellet Fecal Pellet Carbon 

(FP) Flux (FPC) Flux

1992
Fecal Pellet Fecal Pellet Carbon 

(FP) Flux (FPC) Flux

Top Trap___________
Temp-U -0.29 -037 -0.13 -0.13

Salinity-U -036 -0.51 0.56 036

Dissolved oxygen-U 0.72 * 0.78 * -0.33 -036

Delta Sigma t 032 0.37 -0.85 * -0.86 '

Total pigment-U 0.82 * 0.80 • -0.32 -0.34

Sahnity-UV 0.04 -0.42 0.32 0.31

Bottom Trap 
Temp-lf -0.14 -034 -038 -0.31
Temp-L 035 0.01 0.38 0.47

Salinity-U 0.17 0.08 0.59 0.69
Salinity-L -0.45 -0.43 -0.72 * -0.66

Dissolved oxygcn-U 0.15 039 -034 -0.12
Dissolved oxygen-L 0.42 0.52 0.59 0.79

Delta Sigma t -035 -0.03 -0.85 * -0.91

Total pigment-U 0.41 0.31 -031 •030
Total pigment-L 03 033 -039 -0.42

Salinity-U¥ 039 -0.16 039 0.07

*  significant at alpha error ® 0,05
U b  averaged for surface and 6.5 m depth
L b  averaged for 14 m and bottom
Salinity-U¥ *= upper water salinity lagged one month
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variability for fecal pellet carbon flux. The lower water column dissolved oxygen was 

positively related with the bottom trap fecal pellet and fecal pellet carbon fluxes in 1991 

and explained 61% and 63% of the variances, respectively (Table 2.5).

The upper water column salinity and delta sigma t were negatively related and 

each explained 18% and 67% of variance for fecal pellet flux, and 24% and 60% of the 

variance for fecal pellet carbon flux in the top trap in 1992. Delta sigma t was 

negatively related to fecal pellet and fecal pellet carbon fluxes and explained 88% and 

64% of the variances in the bottom trap in 1992 (Table 2.5).

Fecal Pellets in Surficial Sediments

Fecal pellet abundance in surficial sediments in 1991 generally increased 

progressively from winter through spring and summer, then decreased in fall (Fig.

2.12). Fecal pellet abundance in 1992 did not follow the same pattern, but was 

generally high throughout spring, increased in May, then declined in summer and fall 

(Fig. 2.12).

The differences in surficial sediment fecal pellets between years and seasons 

were not significant (Tables 2.6 and 2.7), but the year*season interaction was 

significant There were more fecal pellets in the > 20 pm size fraction than in the > 63 

pm size fraction, and there was a significant year*size fraction interaction. Surficial 

sediment fecal pellets in the > 20 pm size fraction were more abundant compared to the 

> 63 pm size fraction in all seasons in 1991. Larger fecal pellets (> 63 pm) were more 

numerous in spring 1992, but smaller fecal pellets dominated later in the year (Fig.

2.13).

The surficial sediment fecal pellet carbon was not significantly different 

between years, but there were significant seasonal differences and a significant 

year*season interaction (Tables 2.6 and 2.7). Spring and summer were significantly 

higher than fall (Table 2.7). Fecal pellet carbon was significantly higher in the > 63 pm



Table 2.S. Best fit linear regressions for fecal pellet flux (noJmA2/d) and fecal pellet carbon flux (mg C/mA2/d) at 5-6 m 
(top trap) and 15 m (bottom trap) depths with environmental variables from station C6B during 1991 and 1992.

Flux Model P >  F 1*2 n

1991
Top trap (5-6 m)
log fecal pellet = 10.2 + 2.5 log total pigment-U 0.0796 0.33 15
log fecal pellet carbon -  5.4 + 2.3 log chlorophyll a-U -1.4 log total pigment-U 0.0405* 0.60 15

Bottom trap (15 m)
log fecal pellet = 11.22 + 2.2 log DO-L 0.0061* 0.63 15
log fecal pellet carbon = 2.9 + 1.64 log DO-L 0.0079* 0.61 15

________1992_______
fop trap (5-6 m)
log fecal pellet = 66.9 -13.2 log salinity-U - 4.92 log delta sigma t 0.0015* 0.84 12
log fecal pellet carbon = 80.2 -18.9 log salinity-U - 6.2 log delta sigma t 0.0018* 0.84 12

Bottom trap (15 m)
log fecal pellet = 19.6 - 2.7 log delta sigma t 0.0002* 0.88 11
log fecal pellet carbon -  8.84 + 2.11 log delta sigma t 0.0042* 0.64 11

* significant at alpha = 0.05 
U -  averaged for surface and 6.5 m depth 
L = averaged for 14 m and bottom



Table 2.6. Split plot design ANOVA for analysis of variance for fecal pellets 
(no7mA2) and fecal pellet carbon (mg C/mA2) in surficial 
sediments at station C6B during 1991 and 1992.

Sources df
Fecal Pellets 
P > F

Fecal Pellet Carbon** 
P > F

Model 26 0.0219* 0.0001*
Error 15

***Main Plot
Year 1 0.0962 0.1481
Season 2 0.2931 0.0212*
Year* Season 2 0.0011* 0.0038*
Error-1 15 0.3605 0.0586

Sub plot
Size Fraction (SF) 1 0.0021* 0.0001*
Year*SF 1 0.0496* 0.5311
Season*SF 2 0.2803 0.1122
Year*Season*SF 2 0.5623 0.0303*

* significant at alpha error = 0.05
** loglO transformed data
*** test of hypothesis used error-1 = Date(Year*Season)
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Table 2.7. Tukey's studentized range test for fecal pellets (no7mA2) and fecal pellet 
carbon (mg C/mA2) in surficial sediments at station C6B. Means with 
same letter within each variable are not statistically different at alpha = 0.05.

Number 
of Samples

Fecal Pellets 
(no.^lO ^/ mA2)

fFecal Pellet Carbon 
(mg C /mA2)

♦Year
1991 22 2.45 a 2392 A
1992 20 2.39 A 4925 A

♦Season
Spring 22 2.55 A 4022 A
Summer 10 2.48 A 4551 A
Fall 10 2.09 A 1714 B
♦♦Size Fraction(SF)

> 63 |im 21 3.04 a 6325 A
>20jim 21 1.81 B 872 B

* test used error-1 = Date(year*season)
♦♦ test used mean square error
t  analysis was performed on log 10 transformed data but means are presented as 

untransfoimed data
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Figure 2.12. Temporal variation in the abundance of fecal pellets (no. m~2) in surficial 
sediments in the vicinity of the sediment trap mooring (station C6B) 
during 1991 and 1992. Arrows delineate dates included in each season.
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size fraction than in the > 20 |im size fraction. Although there were more smaller (> 20 

pm) fecal pellets in the surficial sediments, larger (> 63 pm) fecal pellets contributed 

more carbon in both years with the exception of one sample (September 18,1992) (Fig.

2.13). Surficial sediment fecal pellet carbon (Fig. 2.14) followed a similar trend to that 

of fecal pellet number for both years (Fig. 2.12).

Relationships of Sediment Fecal Pellets and Fecal Pellet Carbon with Environmental 
Variables

There were no significant differences in sediment total pigment concentration, 

%TOC, and sediment grain size distribution between years, seasons, and the 

year*season interaction (single factor ANOVA) (Table 2.8). Phaeopigments comprised 

most of the total pigments in the sediments, and chlorophyll a was usually found in the 

spring and summer (Fig. 2.15). The %TOC in the sediments was low, and averaged 

0.91 (± 0.33 SD) (Fig. 2.16). The sediment grain size averaged 13% sand, 84% silt and 

3% clay (Fig. 2.16). The fecal pellet carbon in sediments was positively correlated with 

sediment chlorophyll a (Table 2.9), which pointed to fecal pellets as a potential source 

of chlorophyll a in the sediments.

Fecal pellet carbon in the sediments in 1991 increased with a decrease of 

dissolved oxygen in summer and decreased in fall with an increase in dissolved oxygen 

caused by a mixing of the water column after a series of frontal passages (Fig. 2.14). 

The negative relationship of fecal pellets with bottom water dissolved oxygen, 

however, was not significant (Table 2.9), but may indicate an accumulation of fecal 

pellets during summer when currents are minimal. There was no clear trend in 1992 for 

similar data (Fig. 2.14).

The number of fecal pellets in the sediments was positively correlated with 

bottom water salinity (Table 2.9). Both fecal pellet numbers and carbon were 

negatively related to bottom water temperature in 1991. Lowest bottom water



Table 2.8. Analysis of variance results (P > F) for total pigment Qig/g dry wt),
%TOC and grain size collected from station C6B during 1991 and 1992.

Variables df Total pigments 
P >  F

%TOC
P > F

%sand
P > F

%silt
P > F

%clay
P > F

Model 5 0.1703 0.9471 0.6385 0.4628 0.1475

Year 1 0.2597 0.7477 0.1651 0.1035 0.6735
Season 2 0.7048 0.7677 0.5423 0.3696 0.3201
Year+Season 2 0.1503 0.8942 0.5838 0.7932 0.0871

* significant at alpha error = 0.05



Table 2.9. Pearson correlation coefficients matrix of fecal pellet (noim A2) and 
fecal pellet carbon (mg C/mA2) with sediment and bottom water 
environmental data for 1991 and 1992, n = 11 and 10, respectively.

1991 1992 
Fecal Pellets Fecal Pellet Carbon Fecal Pellets Fecal Pellet Carbon 

no./mA2 gC/mA2 no7mA2 gC/mA2

Sediments

Chlorophyll a 
(pg/g dry wt)

-19.00 -0.27 -0.03 0.75 *

Phaeopigment 
(pg/g dry wt)

-0.13 0.01 -0.24 0.34

Total pigment 
(pg/g dry wt)

-0.14 -0.03 -0.20 0.46

%TOC -0.13 -0.33 0.07 -0.49

% Sand -0.06 0.09 0.74 * 0.4

%Silt -0.10 -0.09 -0.74 ♦ -0.38

% Clay 

Bottom Water

-0.05 -0.05 -0.74 * -0.59

Temperature
CC)

0.32 0.52 -0.65 * -0.62 +

Salinity
(PPO

0.15 0.37 0.62 * 0.56

Dissolved Oxygen 
(mg/1)

-0.39 -0.57 0.04 -0.23

Delta sigma t -0.36 -0.03 0.25 0.45

Total pigment 
(pg/1)

-0.18 -0.46 -0.29 -0.32
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Figure 2.14. Temporal variation in fecal pellet carbon (mg C m"2) in surficial sediments 
in the vicinity of sediment trap mooring (station C6B) and bottom water 
dissolved oxygen (mg l '1) during 1991 and 1992. Arrows delineate dates 
included in each season.
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Figure 2.15. Temporal variation in sediment total pigment concentrations (chlorophyll a 
and phaeopigment are stacked to show total pigments) (jig g-1 dry weight) 
collected from the vicinity of the sediment trap mooring (station C6B) 
during 1991 and 1992. Arrows delineate dates included in each season.
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temperatures are likely to occur in winter and spring, when resuspension events would 

be more frequent.

The best fit predictor model for fecal pellet and fecal pellet carbon in the 

sediments with bottom water variables and sediment characteristics identified a 

negative relationship with water column phaeopigment, which explained 60 to 51% of 

the variances, respectively in 1991 (Table 2.10). Fecal pellets in 1992 were negatively 

related with temperature (17% variability based on partial r2) and positively with %sand 

(55% variability based on partial r2). The sediment fecal pellet carbon was also 

negatively related with temperature (34% variability based on partial r2) and positively 

related with sediment chlorophyll a (57% variability based on partial r2) (Table 2.10).

Resuspension Potential of Fecal Pellets

The measured currents at 1 m above the seabed from May 10 to August 24,

1992 (W. J. Wiseman, Jr. unpubl. data) ranged from 3 to 30 cm s~l, and in only 2-3 

short intervals, currents were > 30 cm s*1 (Appendix A). The average currents in May 

were -  10 cm s_1, decreased to -  5 cm s_1 in June and were ~ 10 cm s-1 in July through 

August (Fig. A. 1). Fecal pellets would likely be resuspended for a large part of the 

mid-summer 1992 record, because fecal pellets may be resuspended at current speeds 

> 7 cm s-1 (Table A.2). The disposition or fate of winnowed fecal pellets is not known. 

Hie likelihod of resuspension and transport increases with the increased frequency of 

cold front passages in fall through spring.

DISCUSSION

Temporal Variability

The average fecal pellet carbon flux for two years was high (229.8 mg C m"2 d"1 

at -5-6 m and 119.9 mg C m"2 d’1 at 15 m depth) (Table 2.3), and was among the



Table 2.10. Best fit linear regressions for fecal pellet (no. /mA2) and fecal pellet carbon (mg C/mA2) in surficial 
sediments with environmental variables from station C6B during 1991 and 1992.

Flux Model P > F 1*2 n

1991
log fecal pellet = 7.9*10A7 -1.7*10*7 log phaeopigment-B 0.0232* 0.60 15
log fecal pellet carbon = 8617 -1945 log phaeopigment-B 0.0197* 0.51 15

1992
log fecal pellet = 11.9*10A7 - 4.4* 10A7 log temperature-B + 2.2* 1(^7 log sand 0.0110* 0.74 14
log fecal pellet carbon = 45042 -1843 log temperature-B + 984 sediment chlorophyll a 0.0003* 0.91 14

* significant at alpha = 0.05 
B = bottom (19 m)



higher values reported for fecal pellet carbon flux in coastal waters (Table 2.11). 

Although there were no statistical differences in fecal pellet carbon flux between years 

(Tables 2.2 and 2.3), fluxes were considerably different between years. Fluxes varied 

seasonally, and the year*season interaction was significant (Tables 2.2 and 2.3).

The spring freshet of the Mississippi River was much lower in 1992 (10,000- 

20,000 m3 s-1) than in 1991 (20,000-35,000 m3 s*1) at Tarbert Landing, Mississippi 

(Dinnel 1993). Hydrographic features of the Louisiana inner shelf vary with inter­

annual differences in river discharge, and also on shorter time scales due to changes in 

winds, fronts, and circulation patterns (Rabalais et al. 1992). Changes in the 

hydrographic regime, movement of water masses, stratification, and nutrient 

availability likely influence temporal and spatial changes in species composition of 

phytoplankton as well as zooplankton communities (Maita et al. 1988). The 

phytoplankton species composition changes primarily from large heavily or moderately 

silicified diatoms to lightly silicified diatoms, and later to non-diatom communities 

(Dortch et al. 1992). A temporal succession in zooplankton communities was also 

observed in a less extensive sampling program concomitant with this study (Chapter 4).

High fecal pellet flux has been reported to occur in the water column when 

surface productivity rates are high (Knauer et al. 1979). Fecal pellet carbon flux was 

very high in the top trap in spring and summer 1991, due largely to larger, tubular fecal 

pellets, which were usually broken pieces of much longer fecal pellets. Producers of 

these large tubular fecal pellets were unknown but were probably larger 

mesozooplankton (holoplankton or meroplankton > 300 mm). A linkage between fecal 

pellet carbon flux and surface water productivity (positive correlations with dissolved 

oxygen and total pigments, Table 2.4) suggests that much of the phytoplankton 

production was stimulated by the higher spring flow in 1991 and was exported from the 

surface layer to the bottom layer via fecal pellets. Average annual and peak spring river 

flow were lower in 1992 than in 1991 (Fig. 1.2). There were no statistically significant



Table 2.11. Comparison of fecal pellet flux and fecal pellet (FP) carbon flux in shallow water areas.

Systems Depth
m

Fecal Pellet Flux 
(no.*10A3/mA2/d)

FP Carbon Flux 
(mg C/mA2/d)

Reference

Northern Pacific 
Open Ocean

35-150 203-324 15.1-34.1 Unere & Knauer 1981

Northern Pacific Coast 
Coastal Upwelling 
Open Ocean

50-250
50-250

75

17.1-22
219-318

1.36

0.84-0.96
28-38
0.07

Knauer et al. 1979

Dabob Bay, 
Puget Sound

50-80 520-14000 Shuman 1978

Santa Barbara Basin 430-570 244-333 200 Soutaretal. 1977

Northwestern
Mediterranean

50-250 10-7000 1-140 Fowler et al. 1991

Northern Adriatic Sea 27 1810-2710 Bochdansky & Hemdl 1992

Chirikov Basin 
Northern Bering Sea

13-26 153.4-390.4 Fukuchi et al. 1993

Inner Continental Shelf 
Gulf o f Mexico

5 to 6
15

4.45-5900
31.6-12900

238-3148
387-411

This study



correlations between either the upper water column total pigment concentrations or 

dissolved oxygen and the top trap fecal pellet carbon fluxes in 1992 as there were in 

1991. The fecal pellet and fecal pellet carbon fluxes into both traps were negatively 

correlated with delta sigma t, the index of density stratification, which also explained a 

significant portion of the variability. These relationships indicate that high fluxes 

occurred when the water column was mixed (Tables 2.4 and 2.5). The results are 

consistent with the findings of Knauer et al. (1979), Maita et al. (1988) and Miquel et 

al. (1994).

The seasonal variability in the contribution of fecal pellets to carbon flux is 

controlled by the degradation of fecal pellets and by the content of fecal pellets, that in 

turn is affected by food availability. A decrease in food availability has been related to 

gut fullness and a decrease in production of fecal pellets (Paffenhofer & Knowles 1979, 

Dagg & Walser 1986). Fecal pellets produced under low food conditions are smaller, 

fragile, and have low sinking rates (Small et al. 1979,1987). Smaller fecal pellets with 

slower sinking rates and increased potential for decomposition under higher 

temperature regimes may contribute to significant loss of fecal pellets in summer. 

Similar processes may explain some of the seasonal differences seen in this study.

Both fecal pellet flux and fecal pellet carbon flux were lowest in summer in this study.

Most (> 80%) of the fecal pellets in fall were small (> 20 pm). The presence of 

more smaller fecal pellets (> 20 pm) than larger fecal pellets (> 63 pm), especially in 

fall (Table 2.3), was comparable to Bathmann & Liebezeit (1986) and Qureshi et al. 

(1992). Recently, however, Urban (1992) discussed the contents of fecal pellets and 

fecal pellet compactness and dynamic density (density that is controlled by the 

compactness of the component particles), that in turn affect sinking rates of fecal 

pellets. Changes from a diatom based food chain in the spring to a microbial loop- 

based food chain in the fall were observed in the contents of copepod (Calanus 

finmarchicus) and oikopleura (Oikopleura varthoeffeni) fecal pellets in Conception Bay,



Newfoundland (Urban et al. 1992). The fecal pellets produced during the fall were 

filled with bacteria and ciliates indicating the importance of the microbial loop in either 

direct feeding on these particles or feeding on aggregated particles or ’marine snow'.

The compactness of fecal pellets, contrary to density of the components (Bienfang 

1980), appears to influence fecal pellet density (Urban 1992). The seasonal variation in 

fecal pellet dynamic density, therefore, has important implications for vertical 

particulate carbon flux, because there can be two or more populations of fecal pellets in 

spring, summer, and fall with different potentials for settling related to food availability 

(Urban 1992). Voss (1991) speculated that ingestion of athecate phytoplankton may 

lead to production of fragile, sparsely packed fecal pellets with a lower sinking velocity 

in comparison to densely packed fecal pellets with remains of dinoflagellate thecae or 

diatoms. Therefore, without major changes in grazing pressure, a shift in the 

phytoplankton population can potentially lead to different fecal pellet populations with 

differences in morphology, density and settling velocity and resulting in increasing or 

decreasing fecal pellet contribution to the total flux of carbon (Voss 1991).

More smaller (20 pm) fecal pellets in the fall may likely be due to a change in 

phytoplankton species composition from highly silicified diatoms to lightly silicified 

diatoms with seasonal decreases in silicate availability (Figs. 2.5 and 2.6). A temporal 

difference in species composition was also observed in the phytoplankton flux from 

higher flux of diatoms in spring in comparison to summer and fall when cyanobacteria 

dominated the flux in the hypoxic region (Dortch et al. 1992).

Depth Related Variability

There was significantly greater fecal pellet flux into the bottom trap than into 

the top trap, although the fecal pellet carbon flux was higher in the top trap largely 

because of the presence of larger tubular fecal pellets (Table 2.3). The lower trap 

collected more fecal pellets than the top trap, in part, because it integrated over a greater



depth. Additonal considerations are that there may have been more fecal pellets being 

produced below the depth of the top trap near the pycnocline, zooplankton might act as 

'biological pumps' by feeding at the surface and defecating in the deeper waters, and 

resuspended fecal pellets may have fallen into the bottom trap.

Fecal pellets collected in the bottom trap may have originated from feeding 

activities in sub-pycnocline waters where entrainment of particles is likely (Dagg et al. 

1988, Walsh et al. 1988, Gardner 1989, Youngbluth et al. 1989). Entrainment of 

particles at a density gradient may result in feeding activities at that depth so more fecal 

pellets were found below the pycnocline where organisms were feeding. The total fecal 

pellet concentrations were higher in the bottom waters and were positively related to the 

concentrations of copepod nauplii (Chapter 5). High copepod abundances at station 

C6B in the bottom waters may be due to the ability of copepods to remain within food 

layers. A bimodal distribution of pellet flux has been reported (Bishop et al. 1980, 

Urrere & Knauer 1981, Sakasi et al. 1988, Ayukai & Hattori 1992), and has been 

attributed to in situ fecal pellet production by microbial organisms, and 

mesozooplankton populations present at depth, or by lateral advection of particles to the 

area (Karl et al. 1984, Karl & Knauer 1984, Ayukai & Hattori 1992).

Larger string-shaped fecal pellets of krills and salps and fish fecal material are 

found in sediment traps from various regions (Staresinic et al. 1983, Iseki 1981, Madin 

1982, Matsueda et al. 1986). Larger fecal pellets usually sink out of the upper water 

column rapidly at rates on the order of 102 to 103 m d '1 (Madin 1982). Larger 

organisms produce larger fecal pellets (Paffenhofer & Knowles 1979, Maita et al.

1988). About 15% of the fecal pellets in spring and summer of 1991 were tubular and 

larger than 300 |im. This difference in pellet size could be due to larger dominant 

organisms present during the period. The zooplankton community can thus affect the 

vertical carbon flux from the surface waters to the bottom. Youngbluth et al. (1989) 

observed high densities of euphausiid, Megayctiphanes norvegica, fecal pellets



coincident with a pycnocline. These large, cylindrical, rapidly sinking pellets 

contributed substantial amounts of organic material transported to the bottom. The 

fecal pellet flux was higher in the bottom trap than in the top trap, with more smaller (> 

20 pm) fecal pellets compared to larger (> 63 pm) fecal pellets at both depths (top and 

bottom) (Table 2.3). Fecal pellet carbon flux, however, was greater in the top trap than 

in the bottom trap, and apparently, the larger size fraction fecal pellets (> 63 pm) 

contributed more carbon to the total fecal pellet carbon flux than the smaller fecal 

pellets (> 20 pm). Thus, the larger fecal pellets dictated the carbon flux to the seabed.

Larger fecal pellets do not always sink out of the euphoric zone. They can also 

be retained and remineralized in the water column due to mechanical breakup, 

coprorhexy, coprochally (Lampitt et al. 1990, Noji 1991), coprophagy (Paffenhofer & 

Knowles 1979, Lampitt et al. 1990, Noji 1991), and bacterial decomposition (16 to 67 

percent in two days, Turner 1979). It has been suggested that pellets may not be able to 

sink rapidly out of the upper water column if they have a large volume relative to their 

specific weight (e.g. salp pseudofeces, Madin 1982) or low density (Bruland & Silver 

1981, Deibel 1990). The presence of greater number of larger fecal pellets in the top 

trap in spring and summer may be due to a combination of all factors listed above and a 

certain hydrographic regime, for example a stratified water column, which can be 

responsible for retention of fecal pellet in the euphoric zone, thus influencing the carbon 

flux by retention and decreasing the sedimentation of larger as well as smaller, fecal 

pellets (Bathmann et al. 1987).

Mesozooplankton may act as a 'biological pump' by feeding at the surface and 

defecating at depths below the upper water layer (Turley 1992, Longhurst & Harrison 

1988). This process would result in collection of fewer fecal pellets in a trap in the 

upper water column and possibly more at depth.

More smaller (> 20 tim) fecal pellets in the bottom trap in the fall may be due to 

tesuspension events. The limited current meter record from mid-summer of 1992



indicated several periods where bottom currents were greater than 7 cm S'1 (Table A.2) 

and capable of resuspending fecal pellets. Whether these fecal pellets would be 

resuspended well up into the water column or winnowed away from the area is not 

known. The resuspension of fecal pellets and transport from the area would be more 

likely to occur during spring and fall when fronts are more frequent in comparison to 

summer when winds are relatively calm and the water column is more stable.

The fecal pellets in surficial sediments were similar in size, shape and 

appearance to those found in the traps. Although benthic organisms cannot be ruled out 

as a source, the fecal pellets found in the sediments appear to be derived from the water 

column. The seasonal differences in the number of fecal pellets and fecal pellet carbon 

flux in the surficial sediments was not significant because of high variability. However, 

there were considerably more fecal pellets in surficial sediments in spring and summer 

compared to fall (Table 2.7). The accumulation rate of fecal pellets in the surficial 

sediments was not known. However, if fecal pellet flux is greater in spring (Table 2.3), 

the likelihood of accumulation in the sediments in spring is greater. Resuspension 

events are likely to occur in spring, but the magnitude of the flux of fecal pellets may 

exceed the resuspension and transport of fecal pellets from the area. Comparison with 

oxygen data indicates fecal pellets were more numerous in summer in 1991 (Fig. 14), 

when bottom waters were more stagnant, which allowed for accumulation of fecal 

pellets over time. Sediment cores with as much as 1 cm of fecal pellets overlying the 

sediment surface were collected from station C6B in mid-summer 1990 (N. N. Rabalais 

pers. comm.). There was no clear trend in increase in fecal pellet accumulation through 

summer in 1992; however, it is likely that fecal pellets were resuspended during periods 

when bottom currents exceeded the critical velocity for fecal pellet resuspension (Table 

A.2). Lower numbers of fecal pellets in sediments in fall likely result from 

resuspension events during cold front passages. Strong currents from the passage of 

Hurricane Andrew through the study area in August 1992 removed as much as 8 cm of



the finer, less compacted surface sediments (N. N. Rabalais pers. comm.)- Finally, 

fecal pellet utilization by benthic organisms is likely to be greater in spring and fall than 

in summer, when numbers of the usual surface deposit feeding benthic community are 

drastically reduced due to severely hypoxic bottom waters (Rabalais et al. 1993).

There were significantly more larger (> 63 pm) fecal pellets in the surficial 

sediments (Table 2.8), which could be due to remineralization of smaller fecal pellets 

within the water column relative to larger fecal pellets. Other possibilities include 

resuspension and winnowing of smaller fecal pellets from the sediment surface, 

selective utilization of smaller fecal pellets by benthic organisms, or the faster sinking 

rates of larger fecal pellets.

CONCLUSIONS

Sediment traps were deployed in 20 m water depth on the continental shelf 

under the influence of the Mississippi River within an area of chronic and seasonally 

severe hypoxia. Surface and bottom water layers, as well as surficial sediments, were 

sampled over two years to determine the variation in fecal pellet number and quality, as 

well as fecal pellet carbon.

The size and shape of fecal pellets collected in the sediment traps and 

knowledge of the meso- and microzooplankton communities in the study area (Chapters 

4 and 5) indicated that the fecal pellets in the traps were likely produced by the 

dominant zooplankters, copepods and larvaceans. The mid-sized, ellipsoidal fecal 

pellets were the most abundant and were probably an important component of fecal 

pellet carbon flux. Larger, tubular fecal pellets, however, were occasionally abundant 

and periodically influenced the carbon flux values.

There was considerable inter-annual and temporal variability in the fecal pellet 

number and carbon flux. The numbers collected in the top and bottom traps ranged



from 1,5* 104 to 4.7*106 m-2 d-1 and from 2.1*104 to 2.2*107 m"2 d '1, respectively. 

Carbon fluxes as fecal pellets ranged from 1.5 to 4818 mg C n r2 d 1, were highest in the 

spring and lowest in the summer with fall being intermediate. Fecal pellet carbon flux 

was also higher in 1991 than in 1992, but the difference was not statistically significant. 

More fecal pellets were collected in the bottom trap compared to the top trap. A greater 

percentage of smaller fecal pellets were collected at both depths compared to larger 

fecal pellets. The highest fecal pellet carbon flux, however, was accounted for by the 

larger pellets. Larger fecal pellets dominated in the surficial sediments. While the 

numbers of fecal pellets in the sediments did not differ between seasons, the carbon 

attributed to these pellets was significantly greater in spring and summer than in fall.

Fecal pellet number and carbon fluxes were positively correlated with indicators 

of high surface water productivity (dissolved oxygen and total pigment concentrations) 

in 1991, but not in 1992. Fecal pellet carbon fluxes into the top trap in 1991, and into 

the top and bottom traps in 1992, were negatively correlated with delta sigma t  No 

clear relationships with bottom water features or sediment characteristics were evident 

for sediment fecal pellet numbers or carbon estimates. Resuspension of fecal pellets 

would likely occur for a large portion of mid-summer 1992 based on calculations of 

critical velocity from a limited current meter record. The disposition or fate of 

winnowed fecal pellets is not known.

I had hypothesized that the summertime flux of fecal pellets would exceed that 

of spring and summer, because a mature zooplankton population would likely produce 

larger fecal pellets that would sink quickly out of the upper layers. Instead, fecal pellet 

carbon fluxes were highest in spring, followed by fall, and were much lower in 

summer. Comparison of the flux data with water column hydrographic data indicated 

that fecal pellet carbon flux was greater during periods of higher surface water 

production (as indicated by high dissolved oxygen and pigment concentrations). These 

conditions dominate in spring. Higher fecal pellet carbon flux in 1991 compared to



1992 can also be linked to productivity in the surface waters, because the spring freshet 

of the Mississippi River was much greater in 1991 than in 1992. The number and flux 

of fecal pellets in the spring are likely directly related to food availability and high 

phytoplankton biomass stimulated by the nutrient rich Mississippi River waters. The 

lower flux of fecal pellets in summer may be due to reduced food availability. Fecal 

pellet and fecal pellet carbon fluxes in 1992 were negatively correlated with delta sigma 

t, a measure of the strength of stratification. This relationship indicates less flux during 

periods of greatest stratification and water stability (i.e., summer) and higher fluxes 

during periods when the water column was mixed. Lower fluxes in summer may be 

due to retention or remineralization of fecal pellets in the upper water column, or less 

likelihood of resuspension than in the spring and fall during mixing events. Spring 

fecal carbon flux exceeded fall, although resuspension might occur during both seasons. 

The higher values in spring, however, are more likely related to food availability, 

because phytoplankton biomass in the surface waters is generally higher than in fall. 

Further evidence for seasonal differences in flux through the water column was seen in 

the seasonal differences in fecal pellet carbon in the surficial sediments. Both spring 

and summer sediment fecal pellet carbon were much higher than in the fall. Flux 

through the water column was greater in spring, and accumulation in the sediments 

probably exceeded resuspension and transport from the area. Summertime 

accumulation of fecal pellets in the surficial sediments was facilitated by minimal 

bottom currents, although some fecal pellets would be resuspended but may not be 

transported. The much lower fall sediment fecal pellet carbon might represent less flux 

(i.e., less food availability) as well as resuspension and transport from the area from 

elevated currents during passage of cold fronts.

More fecal pellets were collected in the bottom trap compared to the top trap, 

which is likely due to depth integration, entrainment of particles at the pycnocline, 

zooplankton acting as 'biological pumps', and or collection of resuspended material in



the bottom trap. Fecal pellet carbon flux was dominated by larger particles, as I had 

predicted, but the percentage of smaller fecal pellets actually exceeded that of the larger 

size fraction. Larger fecal pellets dominated in the surficial sediments, possibly due to 

winnowing of smaller fecal pellets or selective utilization by benthic organisms.

The greatest potential for sinking of organic material derived from in situ 

production exists in the spring in response to increased phytoplankton production which 

is stimulated by riverine nutrient delivery. These fluxes may be directly as 

phytoplankton cells, or indirectly as fecal pellets and aggregates (which may include 

phytoplankton cells as well as fecal pellets). The seasonal progression of whole versus 

repackaged (as pellets) phytoplankton for both years of this study is not known. 

However, comparisons of phytoplankton cell carbon flux derived from cell volume to 

carbon content ratios (Q. Dortch pers. comm., Chapter 3) showed that the flux of 

carbon in fecal pellets was an order of magnitude greater than phytoplankton cell 

carbon flux for both top and bottom traps in 1991. A massive flux of ungrazed 

phytoplankton cells from high surface production in the spring cannot be ruled out, but 

the flux calculations for the spring through fall period of 1991 indicated that fecal pellet 

carbon flux far exceeded the contribution of carbon to the seabed by phytoplankton 

cells. The relative contribution of phytoplankton carbon versus fecal pellet carbon to 

organic matter flux is not yet determined for trap data collected earlier in 1992 

(beginning in early March). Massive sedimentation of phytoplankton is more likely 

where zooplankton secondary production is uncoupled (e.g. higher latitudinal 

environments) due to winter diapausal communities not able to respond in time to the 

increased primary productivity. Zooplankton grazing is an important factor that 

regulates phytoplankton biomass. Dagg and Ortner (1992) measured the grazing 

pressure of mesozooplankton in the plume region and the hypoxic region and suggested 

an immediate initial fate of enhanced primary productivity was to be grazed by the 

mesozooplankton community.
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CHAPTER 3

THE IMPORTANCE OF FECAL PELLET FLUX OF CARBON TO THE SEA 
FLOOR ON A RIVER-INFLUENCED CONTINENTAL SHELF

INTRODUCTION

The sedimentation of biologically produced particles out of the photic layer, the 

mechanisms controlling that flux and the magnitude of the process relative to primary 

production are of great interest for understanding the carbon cycle in the ocean (Eppley 

& Peterson 1979, Martin et al. 1987). McCave (1975) suggested that rare larger 

particles dominate the downward flux of organic carbon in comparison to smaller 

suspended particles. Recent sediment trap studies at various depths in shallow and deep 

oceans sites have now clearly demonstrated the importance of rapidly sinking large 

particles in transport of material to the sea floor (Wiebe et al. 1976, Knauer et al. 1979, 

Bishop et al. 1980, Honjo 1978, 1980, 1982, Shanks & Trent 1980, Knauer & Martin 

1981, Silver & Alldredge 1981, Martin & Knauer 1982, Betzer et al. 1984). These 

larger particles are generally composed of zooplankton fecal pellets, zooplankton 

carcasses and exuviae, phytoplankton remains, and macroscopic aggregates or 'marine 

snow’ (Bishop et al. 1977, Honjo 1978,1980, Knauer et al. 1979, Shanks & Trent 1980, 

Urrere & Knauer 1981, Silver & Alldredge 1981, Alldredge & Gotschalk 1989, 

Riebesell 1989).

It is well recognized that productivity in the euphotic zone regulates the vertical 

flux of biogenic as well as abiogenic particles in the ocean (Deuser et al. 1981). 

Sediment trap data have been used to demonstrate a positive correlation between the 

flux of particulate material and surface primary production for long term data averaged 

over the year from different oceanographic regions (Suess 1980) and also for short term 

data from the same oceanographic region with seasonal variadons (Deuser & Ross

86



1980, Betzer et al. 1984). Various investigations of shallow coastal areas have 

indicated that there is no single mechanism responsible for the transport of particulate 

organic carbon to sediments. Sinking phytoplankton cells and phytodetritus accounted 

for nearly two-thirds of the organic carbon flux in Kiel Bight (Baltic Sea) (Smetacek 

1980), and uncoupling of primary production from zooplankton grazing resulted in 

direct sedimentation of spring phytoplankton blooms in the coastal area of a Norwegian 

fjord (Skjoldal & Wassmann 1986). Hargrave and Taguchi (1978) found seasonal 

variations in the nature of material sedimented to the bottom whereby zooplankton fecal 

pellets contributed a larger amount of carbon during summer when the water column 

was highly stratified, but phytoplankton cells composed a much greater contribution 

when the water column was mixed in winter. Copepod fecal pellets have been 

identified as a major contributor to transport of particulate organic carbon to the deeper 

oceans (Lohmann 1902, Turner & Ferrante 1979, Dunbar & Berger 1981, Urrerc & 

Knauer 1981, Fowler et al. 1983) and shallow coastal areas (Bums et al. 1985, 

Bochdansky & Hemdl 1992).

Various studies using sediment traps to determine flux at different depths have 

measured numerical and mass fluxes of zooplankton fecal pellets and showed that fecal 

pellet flux varies as a function of seasonal surface productivity, nutrient levels and 

water depth (Wiebe et al. 1976, Bishop et al. 1980, Honjo 1978,1980, Knauer &

Martin 1981, Dunbar & Berger 1981, Urrere & Knauer 1981). The zooplankton fecal 

pellet flux in the open ocean varies 1-10% of the total measured mass flux of particulate 

organic material below 1000 m (Pilskaln & Honjo 1987). Pelagic food-web 

interactions such as microbial degradation, coprophagy (reingestion of fecal pellets by 

zooplankton), coprorhexy (mechanical breakage of fecal material by organisms) and 

coprochally (loosening of fecal pellets) may result in recycling and remineralization of 

fecal pellets produced in the photic zone and therefore decrease the flux of fecal pellet 

carbon (Honjo & Roman 1978, Paffenhofer & Knowles 1979, Lampitt et al. 1990, Noji
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1991). Flux of fecal pellet carbon can also be affected by rapid DOC diffusion (as great 

as 90%) that further promotes pelagic microbial recycling of material in the water 

column (Jumars et al. 1989). Pilskaln and Honjo (1987) estimated that zooplankton 

fecal pellets can provide up to 66% of the benthic community carbon requirement The 

percent contribution of fecal pellets to flux of particulate organic carbon (POC) varies 

irregularly with depth. Urrere and Knauer (1981) found an increase of 11 to 19% of 

fecal pellet flux with an increase in depth from 35 to 150 m.

The export of carbon from surface waters to the lower water column and 

sediments is particularly interesting on the southeastern Louisiana shelf where the 

oxidation of fluxed organic material from surface layers leads to oxygen deficiency in 

the bottom waters. The continental shelf adjacent to the outflows of the Mississippi- 

Atchafalaya River system is an extremely productive coastal system. Fresh water 

discharge, much of which is retained on the inner to mid shelf by prevailing winds and 

large-scale circulation patterns, maintains a stratified system for much of the year, 

especially in summer. Nutrients delivered in the effluents support elevated primary 

production in the immediate (329 g C nr2 y r l) and extended plume (290 g C n r2 y r 1) 

regions of the Louisiana inner shelf (Lohrenz et al. 1990, Sklar & Turner 1981). 

Consequently, the flux of organic material to the seabed is expected to be high. The 

relative contribution of phytoplankton cells, fecal pellets, detritus, and aggregates to 

organic flux will likely vary by season and distance from the river effluent in response 

to nutrient levels and primary production. Particulate organic flux to the seabed in this 

region is linked to the presence of oxygen-depleted bottom waters (Turner et al. 1987). 

The timing, amount and organic content of fluxed materials to the lower water column 

and seabed will likely influence the extent and severity of oxygen depletion.

Oxygen-depleted bottom waters are dominant features of the Louisiana 

continental shelf especially in summer. The areal extent of hypoxic bottom water



(< 2 mg O2 I*1 dissolved oxygen) covers up to 16,500 km2, from the Mississippi River 

delta to the upper Texas shelf, with inter-annual variation (Rabalais et al. 1991,1992, 

1994a). Seasonal and spatial variability in the distribution of hypoxia is related in part 

to amplitude and timing of Mississippi River discharge. The bottom water hypoxia is 

more severe and pronounced from mid-May to mid-September when the density 

difference is greatest between surface and bottom (Rabalais et al. 1994b). Surface 

water net production lags one month after peak river flow and bottom oxygen 

deficiency lags two months after peak river flow (Justic' et al. 1993). Strong cross 

correlations between these factors indicates a close coupling between riverbome 

nutrients, net productivity and hypoxia (Justic' et al. 1993).

The nature of organic material flux and the relative contribution to the flux by 

fecal pellets and/or phytoplankton cells has not been examined for the northern Gulf of 

Mexico on the continental shelf influenced by the Mississippi River. The seasonal 

variability in nutrient loading, hydrography and phytoplankton community composition 

are potentially important factors driving variations in the quality and quantity of organic 

loading to bottom waters on this shelf. These complex interactions may ultimately 

affect the overall trophic structure and fate of carbon on the shelf.

OBJECTIVES

The objective of this study was to examine the importance of fecal pellet carbon 

flux in the overall export of particulate matter from surface waters to the seabed on the 

Mississippi River influenced continental shelf within the zone of seasonally severe 

hypoxia. I determined differences in particulate matter flux, including total particulate, 

particulate organic carbon and particulate organic nitrogen, as well as fecal pellet 

carbon flux (Chapter 2). I compared fecal pellet carbon flux to estimates of 

phytoplankton carbon flux and determined their relative importance to total carbon



export from the surface waters and their potential to support oxygen deficiency. I tested 

the following hypotheses:

• fecal pellet carbon flux constitutes the primary source of fluxed carbon,

• fecal pellet carbon flux exceeds phytoplankton carbon flux,

• the dominance of fecal pellet carbon flux is greater in summer than spring, and

• the oxidation of carbon in fluxed fecal pellets is sufficient to induce hypoxia in

spring, which is then sustained through the summer by the physical 

structure of a stratified and stable water column.

I also estimated the percentage of surface water primary production that was 

exported via fecal pellets or phytoplankton cells by comparing flux data to historical 

primary production data.

METHODS

Field Collections

Sediment trap samples were collected from a permanent mooring deployed at 

station C6B in 20 m water depth, located at 28°50.41' N and 90°26.03' W off 

Terrebonne Bay on the southeastern Louisiana coast. The details of the sediment trap 

array are given in Chapter 2. Samples were collected from April 17 through December 

7,1991 and from March 2 through October 27, 1992. Ancillary hydrographic data, 

including temperature, salinity, density and dissolved oxygen, were recorded with a 

Hydrolab Surveyor 3 or Seabird CTD unit during each collection. Biological data 

included water column pigments (chlorophyll a and phaeopigments) and nutrients 

collected at the surface, above (6.5 m) and below (14 m) the pycnocline and at the 

bottom (~19 m). Depths of mid-water collections corresponded to the depths of the 

openings of the sediment traps.



Sediment Trap Processing

Each trap sample was split in a Folsom plankton splitter to dilute materials to 

appropriate quantities for the various analyses. Eight replicate splits (aliquots) were 

used for CHN (carbon, hydrogen and nitrogen) analyses and calculations of total 

particulate material (TPM) and organic carbon and nitrogen. A various number of 

splits (aliquots) and replicates was used for chlorophyll a and phaeopigment 

determinations.

The subsample for CHN analysis was processed immediately after retrieval of 

the sample or was frozen and then split further at the time of analysis. The subsample 

was eventually split to give four replicates that were not acidified and four equal 

replicates that were acidified to remove carbonate (10% HC1 until all fizzing stopped). 

The splits were filtered onto precombusted (360 °C, 5 h) GF/F filters. Filters were 

either frozen at -60 °C and then dried at the time of CHN analysis, or dried immediately 

at 50-60 °C for 10-12 h, and were then analyzed. When dried, filters were pre- and 

post-weighed for estimation of total particulate material (not acidified, TPM). Filters 

were packed in nickel sleeves (precombusted at 875 °C for one hour) and were 

analyzed on a Control Equipment Elemental Analyzer, model 240XA, with a multi­

sampler injector for the particulate organic carbon (acidified, POC), and total organic 

nitrogen (acidified, PON).

The replicate splits were of three kinds: (1) archived frozen liquid sample, split, 

filtered and analyzed (CHN analysis) later (2) liquid subsample filtered immediately 

and filters archived frozen for later analysis, and (3) liquid subsample filtered 

processed, and analyzed immediately. Replicates of each type of treatment were 

analyzed for significant differences in all sample treatments measured using a single 

factor ANOVA. No significant differences were found between the processing 

treatments used.



Sediment Trap Fluxes

Total Particulate Material. Particulate Organic Carbon and Particulate QreanitLNitroeen 

Mean fluxes X (mg m"2 d-1) (n = 4 replicate splits or aliquots) for each trap 

depth (5-6 m = top and 15 m = bottom) were determined by back calculating the 

amount of material X  (mg) in the split (weight of particulate material in case of TPM, 

POC, and PON analyzed) from the measured amount x  (mg):

X  (mg) = x  * 2(n_l) Equation 3.1

where n is the number of splits used to generate replicates.

X flux (mg m*2 d '1) =X(mg)/(area of trap mouth * duration of deployment)

Equation 3.2

The %TOC (weight percent of total organic carbon) was calculated from carbon 

determinations on acidified filters of known weight particulate matter. C:N ratios were 

determined from analysis of particulate carbon and particulate nitrogen on acidified 

filters.

Chlorophyll a and Phaeopigment

One of the sediment trap subsamples was used for estimating total pigment flux 

(sum of chlorophyll a and phaeopigment). Two or three replicates of sediment trap 

material were filtered onto GF/F filters. The individual filters were placed into 5 ml of 

a 60:40 DMSO:90% acetone and water solution and extracted in the dark for one hour. 

Filters were removed and the samples were centrifuged. The fluorescence of the 

supernatant was recorded before and after acidification (10% HC1) on a Turner Design 

Model 10 fluorometer. The flux for each trap depth was calculated using a method 

modified from water column pigment calculations for chlorophyll a and phaeopigment.



When more than one filter was used, the fluorescences were summed as indicated 

below:

Chlorophyll a (mg) -  {Z [K (Fo- Fa) * volume extracted] }/1000 Equation 3.3

Phaeopigment (mg) = {£ [K(AR* Fa -F o )*  volume extracted] J/1000 Equation 3.4 

where Fo and Fa are fluorometer readings before and after acidification, and K 

and AR are calibration constants for the fluorometer. Total pigment flux (mg m-2 d 1) 

was calculated by adding chlorophyll a and phaeopigment fluxes, where flux (F) for 

chlorophyll a and phaeopigment was calculated separately as:

F (mg m"2 d‘i) = Chi a (mg) * 2(n'l)/(area of trap mouth + duration of deployment)

Equation 3.5

F (mg m‘2 d 'l) = Phaeo (mg) * 2(n_1)/(area of trap mouth * duration of deployment)

Equation 3.6

Chlorophyll a may be degraded and transformed into phaeopigments in the 

sediment traps during the longer deployments. However, Peterson et al. (1993) 

observed no significant differences between chlorophyll a, phaeophorbides, and total 

pigment in treated (mercuric chloride, formalin, and brine) and untreated traps.

Because the sediment traps were treated with glutaraldehyde and the effect of 

glutaraldehyde was not known, I did not focus on either chlorophyll a and 

phaeopigment fluxes but summed them to obtain total pigment flux which is referred to 

below as 'pigment'.

Fecal Pellet Carbon Flux

Fecal pellet carbon flux was calculated from data on average fecal pellet volume 

and a conversion to carbon as described in Chapter 2.



Phvtoplankton Carbon f P ^ )  Flux

One archived trap subsample was used to calculate the phytoplankton carbon 

flux for 1991 (Q. Dortch unpubl.). Phytoplankton cells were counted, measured and 

converted to phytoplankton carbon flux (P^y) using a carbon to cell volume 

relationship. Q. Dortch (pers. comm.) employed a simple linear regression on cell size 

(cell volume) and carbon content based on literature values of carbon to cell volume 

ratios to calculate a factor of 0.185 pg C linr3 to estimate phytoplankton carbon flux.

Statistical Analyses

A univariate split-plot design ANOVA, where class variables are assigned to 

subunits, was used to analyze the variability of sediment trap data between years, 

seasons and depths. A greater amount of information can be obtained when class 

variables are assigned to subunits (Steel & Torrie 1980). A repeated measure ANOVA 

or split-plot design was also appropriate to use in this case as samples were collected at 

a fixed station over time, which violated the first assumption of random sampling of 

ANOVA. A repeated measure ANOVA or split plot design has been employed for 

ecological experiments where data were repeatedly collected from the same organism 

and for fisheries data collected at fixed stations over time (Maceina et al. 1994). This 

technique partitions the variation due to fixed sampling site, treatments or 

manipulations, correlation that may occur over time, and interactions among class 

variables. Partitioning increases accuracy and provides new insights on different 

responses of the variables.

The split-plot design was divided into a main plot which included year, season 

and year*season interactions. Replication was sought from different dates by 

partitioning sample dates into seasons, spring, summer and fall (Appendix B). This 

division was based on the hydrography and vertical structure of water column rather 

than the calendar year. The summer period was distinguished from spring and fall by
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having a relatively stable water column, a strong pycnocline (around 8 to 15 m) (Figs. 

2.1 and 2.2) that separated a low dissolved oxygen bottom layer from oxygen saturated 

surface waters, and negligible bottom water currents (2-3 cm s*1) (W. J. Wiseman, Jr., 

unpubl. data). Depth (5-6 m = top trap, 15 m = bottom trap) and its interactions were 

tested in the subplot.

Tukey's studentized range test, a pair-wise comparison, was employed to specify 

interannual, seasonal, and depth related variability, because it is more conservative than 

other tests and has a family-wise error rate.

The assumptions for normally distributed data and homogeneity of variance 

were tested by univariate analysis and plotting residuals. Data were transformed to 

logio values to stabilize variances for the analyses, when data were not normally 

distributed (Shapiro-Wilk statistics, Pr < W = 0.0001) and the mean values were 

proportional to their variances. Type III sum of squares were used to compute mean 

square errors, because of the unbalanced data (Steel & Torrie 1980).

The sediment trap flux data were correlated to identify relationships between the 

different components. The same data were also correlated with environmental data, 

including water temperature and salinity, total pigments, delta sigma t (difference 

between surface and bottom, a measure of the strength of the pycnocline) and surface 

water salinity lagged one month. The upper water column (U) was an average of 

surface water and 6.5 m depth, and the lower water column (L) was an average for 14 m 

depth and bottom. The best fit model was developed from the environmental variables 

using a stepwise multiple regression model with forward selection.

All statistical analyses were done using PC SAS version 6.04 (SAS Institute

1985).



Resuspension Potential of Sediments

I examined the potential of bottom currents to resuspend sediments by 

determining the critical bed shear stress from Shield's entrainment function for a range 

of silt-sized particles (Appendix A). I calculated critical velocity (U*) at 1 m above the 

seabed. A limited current meter record from 1 m above the bed (Endeco model 174) 

was obtained for May 10 to August 24,1992 (W. J. Wiseman, Jr. unpubl. data). Other 

records from the bottom current meter in 1991 and 1992 deployments were not reliable 

(W. J. Wiseman, Jr. pers. comm.).

RESULTS

Water Column Characteristics

A stratified system dominated most of both years. The density distribution was 

controlled primarily by salinity (Figs. 2.1 and 2.2). The water column was mostly 

isothermal in spring and fall of both years; however, solar heating of the upper water 

column contributed to the development of a thermocline and an increased density 

gradient in summer. Dissolved oxygen concentrations were low (< 2 mg O2 1'1) from 

June through the end of August (days 177-237) in 1991 and from late May through late 

August (days 149-237) in 1992 (Figs. 2.1-2.4). The periods of hypoxia coincided with 

greater surface-to-bottom differences in density. The stable, stratified water column 

was disrupted by a series of frontal passages in fall 1991 and the passage of Hurricane 

Andrew on August 25,1992 and subsequent cold fronts. The water column remained 

well mixed through the fall of 1991, but a stratified system reestablished in fall of 1992.

Nitrate concentrations were high in surface waters in spring of both years (Figs. 

2.5 and 2.6). High nitrate concentrations were also evident in bottom waters in spring 

and occasionally in summer. The concentrations of silicate, phosphate and ammonia 

were elevated in surface waters in spring 1991, but were not as high in 1992. Nitrite



concentrations were higher in bottom waters in summer of both years, with small peaks 

in surface as well as bottom waters in fall. Bottom water silicate, phosphate and 

ammonia concentrations were usually higher in the summer in both years.

Chlorophyll a concentrations were high in surface waters in late spring (April- 

May) of both years (Figs. 2.7 and 2.8). Very high chlorophyll a concentrations were 

seen in bottom waters in summer 1992. Chlorophyll a concentrations were more 

moderate throughout the water column in summer and fall of 1991. Phaeopigment 

concentrations were high in the upper water column in spring and fall of 1991 and fall 

1992, and high in bottom waters of summer 1992.

Sediment Trap Fluxes

Total Particulate Material - The total particulate material flux (TPM) ranged 

from 1.5* 103 to 1.4*105 and from 3.3*103 to 2.0*105 mg n r2 d '1 for the top and 

bottom traps, respectively (Fig. 3.1, Appendix B). The average TPM flux was higher 

into the bottom trap in both years (Fig. 3.1, Tables 3.1 and 3.2). The TPM flux into the 

top trap in spring and summer of 1991 was higher than the average for fall, but these 

differences were not significant (Appendix B, Table 3.1). The high TPM flux into the 

top trap on June 17,1992 (Fig. 3.1) was influenced by an abundance of pteropods. 

Pteropods were also present in the top trap samples for June 6 and July 6, but did not 

substantially increase the TPM flux above the summer average. The TPM flux was 

significantly different between years and seasons, with a significant year*season 

interaction (Table 3.1). The TPM flux average for both traps was higher in 1991 than 

in 1992. The fall fluxes were much higher than either the spring or the summer fluxes 

(Table 3.2).

Particulate Organic Carbon - The total organic carbon (POC) flux ranged from 

1.2*102 to 7.0*10* and from 6.8*10l to 1.8+103 mg C n r2 d 1 for the top and bottom 

traps, respectively (Fig. 3.1, Appendix B). The average POC flux was higher into the



Table 3.1. Split-plot analysis of variance results for sediment trap fluxes, constituents and ratios for station C6B 
during 1991 and 1992.

Variables df
TPM**
P > F

POC 
P> F

PON**
P>  F

Pigment**
P > F

TOC** 
P> F

C:N 
P> F

FPC: POC 
P > F

Pr< W 52 0.8555 0.1871 0.9763 0.8906 0.8764 0.0874 0.9766

Model 33 0.0005* 0.2726 03174 0.0005* 0.0001* 0.0001* 04865

Main Plot***
-

Year 1 0.0060* 0.0771 0.4397 0.4165 0.0051* 0.0071* 0.9217
Season 2 0.0001* 0.1431 0.0519* 0.0007* 0.0002* 0.0001* 0.0097*
Year* Seas on 2 0.0001* 0.0043* 0.0003* 0.0012* 0.6768 03166 0.0337*
Date (Y ear*Season) 22 0.4174 0.7718 0.8982 0.0781 0.3123 0.0025* 0.7671

Sub-plot
Depth 1 0.0145* 0.0231* 0.0052* 0.0392* 0.0001* 0.0001* 0.1341
Year* Depth 1 0.1677 0.3363 0.7586 03217 0.0969 0.1251 0.1431
Season*Depth 2 0.4821 0.3145 03391 0.0673 0.2893 0.0004* 0.1274
Year*Season*Depth 2 0.6816 0.2482 0.9715 0.0961 0.8381 0.0178* 03434

TPM = total paniculate material flux * significant at alpha error = 0.05
POC = paniculate organic carbon flux ** loglO transformed data
PON = particulate organic nitrogen flux *** test of hypothesis with error = Date (Y ear* Seas on)
Pigment = total pigment flux
TOC -  weight percent of total organic carbon
FPC = fecal pellet carbon flux ( from Chapter 2)



Table 3.2. Tukey’s studentized range test for sediment trap fluxes, constituents and ratios for station C6B during 1991 
and 1992, Means with same letter within each variable are not statistically different at alpha = 0.05.

Variables
Number

Of
Samples

TPM*
mg/mA2/d

means

POC
mg/m "2/d

means

PON*
mg/mA2/d

means

Pigment*
mg/mA2/d

means

TOC*
%

means

C:N Ratio 

means

FPC
mg/tnA2/d

means

FPC:POC
%

means

Year
1991 30 54131.0 a 1064.0A 138.3 A 3.9A 3.3 B 8.1 A 230.8 a 44.8 a
1992 23 21 146.0 b 753.3 A 126.6 A 1.4 B 9.0 a 6.7 b 98.6 a 34.5 a

Season
Spring 13 38833.0 b 1258.0 A 175.5 A 6.8 A 7.3 a 7.9 b 350.8 A 42.8 a
Summer 24 11360.0 b 611.2 a 106.3 B 0.9 B 7.2 a 6.5 c 42.1 B 28.6 b
Fall 16 83301.0 A 1138.8 a 139.2 A 2.5 b 2.4 b 8.6 a 236.1 AB 56.0 A

Depth 
Top-5-6 m 27 26441.0 b 1283.4 A 197.1 A 3.0 a 9.3 a 6.9 b 229.8 A 45.7A
Bottom-15 m 26 53707.0 a 561.2 B 66.9 B 2.6 b 2.1 B 8.2 a 119.9 a 65.3 a

* analysis was performed on loglO transformed data but means are presented as untransformed data
TPM = total particulate material flux
POC = particulate organic carbon flux
PON -  particulate organic nitrogen flux
Pigment = total pigment flux
700= weight percent of total organic carbon
FPC = fecal pellet carbon flux (from Chapter 2)
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Figure 3.1. Temporal variation of total particulate material (TPM), particulate organic carbon (POC), and particulate organic 
nitrogen (PON) fluxes (mg m ^ d 1) collected at 5-6m (top) and 15 m (bottom) depths at station C6B during 
1991 and 1992. Arrows delineate dates included in each season; ND is no data.



top trap in both years (Fig. 3.1, Tables 3.1 and 3.2). Although the average 1991 POC 

flux was an order of magnitude greater than the 1992 POC flux, the difference was not 

statistically significant. Similarly, the average spring POC flux was higher than either 

fall or summer, but the differences were not statistically significant The POC flux was 

highest in the top trap in 1992 for the summer collections on June 6, June 17 and July 6, 

when pteropods composed a majority of the trap sample.

Particulate Organic Nitrogen - The total organic nitrogen (PON) flux ranged 

from 1.9*10l to 1.0* 103 and from 9.0*101 to 1.7*102 mg N n r2 d_1 for the top and 

bottom traps, respectively (Figure 3.1, Appendix B). The average PON flux into the 

top trap was higher in both years (Fig. 3.1, Tables 3.1 and 3.2). Average PON fluxes 

were not significantly different between years, but were significantly different between 

seasons with a significant year*season interaction (Table 3.1). The PON flux was 

significantly lower in summer than either spring or fall (Table 3.2). The same peak 

seen in TPM and POC in the June 17 sample was also evident in the PON fluxes.

Total Pigments - The total pigment fluxes were composed primarily of 

phaeopigments (Figure 3.2, Appendix B). The total pigment fluxes ranged from 0.06 to 

36.00 and from 0.20 to 12.99 mg n r2 d 1 for the top and bottom traps, respectively. 

Fluxes of total pigments were higher into the top trap than into the bottom trap in both 

years (Fig. 3.2, Tables 3.1 and 3.2). Average total pigment flux was higher in 1991 

than in 1992 (Table 3.2), but the ANOVA model for year differences was not 

significant (Table 3.1). The total pigment flux was significantly higher in spring than in 

either summer or fall (Tables 3.1 and 3.2).

Phvtoplankton Carbon - Phytoplankton carbon flux (Pcen) was estimated for 

1991 samples (Q. Dortch unpubl. data). The P ^  flux ranged from 1.2 to 250.8 and 

from 0.9 to 86.0 mg C n r2 d '1 for the top and bottom traps, respectively (Fig. 3.3, 

Appendix B). The Pceu flux was higher into the top trap than into the bottom trap, but 

the difference was not statistically significant (single factor ANOVA, P > F = 0.27).



Figure 3.2. Temporal variation in total pigment flux (mg m ^ d 1): chlorophyll a  and phaeopigment fluxes are stacked to 
show the total pigment flux at 5-6 m (top) and 15 m (bottom) depths at station C6B during 1991 and 1992. 
Arrows delineate dates included in each season; ND is no date.
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Figure 3.3. Comparison of fecal pellet carbon (FPC, from Chapter 2) and phytoplankton carbon (PceI|, 1991 only, Q.
data? d uxes (“ B m-2d->) collected at 5-6 m (top) and 15 m depths at station C6B during 1991 

and 1992. Arrows delineate dates included in each season; ND is no data.



Top trap fluxes were similar between spring and fall, but both were much higher than in 

summer; bottom trap fluxes were highest in fall, lowest in summer, with spring 

intermediate. The P ^ j fluxes (log10 transformed) were significantly different between 

seasons both in the top as well as in the bottom trap (P > F = 0.015 and P > F = 0.011, 

respectively).

Comparison of Fecal Pellet Carbon and Phytoplankton Carbon Fluxes

Fecal pellet carbon flux (FPC, described in Chapter 2) into both traps was 

higher than the PceU flux, except for a single sample date for the bottom trap in 

September 1991 (Fig. 3.3, Appendix B). The differences between the FPC and P^u 

fluxes were not statistically significant for the top trap (single factor ANOVA, P > F = 

0.059), but were for the bottom trap (P > F = 0.002). The Pcen followed temporal 

variation of fecal pellet carbon flux with high flux in spring and fall and low flux in the 

summer (Fig. 3.3). The same seasonal trends were seen in fecal pellet carbon flux and 

phytoplankton carbon flux — that is, spring > fall > summer for the top trap and fall > 

spring > summer for the bottom trap.

Sediment Trap Total Organic Carbon and C:N

The percent total organic carbon (%TOC) ranged from 0.80 to 34.23 and from 

0.50 to 4.92 for the top and bottom traps, respectively (Figure 3.4, Appendix B). The 

%TOC was significantly different between years, seasons and depths (Table 3.1). The 

%TOC was higher in 1992 than in 1991, was higher in both spring and summer than in 

fall, and was higher in the top trap than in the bottom trap (Table 3.2).

The C:N ratios ranged from 5.17 to 9.01 and from 6.16 to 13.03 for the top and 

bottom traps, respectively (Figure 3.4, Appendix B). There was a significant 

difference in the C:N ratios between years, seasons, and depths (Table 3.1). The C:N 

ratios were higher in 1991 than in 1992, were higher in the fall than in the spring which
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were both higher than the summer, and were higher in the bottom trap than in the top 

trap (Table 3.2).

Contribution of Fecal Pellet Carbon (FPC) Flux and Phytoplankton Carbon (Pceii) Flux 
to Particulate Organic Carbon (POC) Flux

The contribution of fecal pellet carbon flux (%FPC) to the particulate organic 

carbon flux (POC) ranged from 0.4 to 99.8% and from 0.3 to 99.9% in the top and 

bottom traps, respectively (Fig. 3.5, Appendix B). There were major fluctuations 

between dates and no obvious seasonal trends. The seasonal average for summer across 

both years, however, was significantly lower than the averages for either spring or fall 

(Table 3.2). There were no year or depth-related differences in %FPC:POC (Table 3.2)

The %Pceu contribution to POC ranged from 0.2 to 19.8 % and from 0.5 to 14.6 

% in the top and bottom traps, respectively (Figure 3.5, Appendix B, 1991 data only). 

Overall, the %Pceu contribution to POC was lower than the FPC in the top and the 

bottom trap. There were somewhat higher %Pccn contributions to POC in late summer 

and early fall in both the top and the bottom traps (Fig. 3.5), but there was no 

significant difference between seasonal averages for traps (P > F = 0.56 and P > F = 

0.70, respectively, single factor ANOVA). There was no significant difference in 

%PceU:POC between the top and the bottom trap (P > F = 0.80).

Relationships between Sediment Trap Flux Variables

The FPC in to the top trap for 1991 was correlated with top trap TPM, POC, 

PON and total pigment fluxes and with the bottom trap C:N ratio (Table 3.3). The 

bottom trap FPC for 1991 was correlated with the top and bottom trap TPM, POC and 

total pigment fluxes and with the bottom trap PON flux and C:N ratio. The top trap 

P^u fluxes for 1991 were not correlated with any other trap fluxes, constituents or 

ratios. The bottom trap Pcen fluxes for 1991 were correlated with bottom trap TPM,



Table 3.3. Pearson correlation coefficients matrix showing relationship between different fluxes, constituents and ratios
for sediment traps at station C6B during 1991.

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top
TPM TPM POC POC PON PON Pigment Pigment Pcell Pcell FPC FPC TOC TOC C.N

Top TPM
Bottom TPM 0.45
Top POC 0.64* -0.02
Bottom POC 0.53* 0.95 * 0.20
Top PON 0.60 * -0.04 1.00* 0.18
Bottom PON 0.42 0.94* 0.14 0.98* 0.13
Top Pigment 0.79* 0.12 0.77* 033 0.76 * 0.24
Bottom Pigment 0.87 • 0.64* 0.40 0.73 * 0.35 0.61 • 0.69 •
Top Pcell 0.32 0.26 0.33 0.12 0.32 0.12 0.33 0.17
Bottom Pcell -0.06 0.73 * 0.00 0.77* -0.06 0.79* 0.21 0.36 0.14
Top FPC 0.62* 0.15 079* 0.35 0.80 * 0.30 0.92 * 0.50 * 0.33 0.32
Bottom FPC 0.82 * 0.55* 0.54 • 0.70* 0.50 0.59 • 0.67* 0.92 • 0.21 0.38 0.48
Top % TOC -0.44 -0.63* 0.14 -0.54* 0.17 -0.51 • -0.19 -0.55 • -0.12 -0.26 -0.15 -0.35
Bottom % TOC -0.46 -0.60* -0.24 -0.55 * -0.21 -0.53 * -0.19 -0.46 -0.40 -0.45 -0.17 -0.49 0.30
TopCN 0.44 0.68* -0.04 0.56 * -0.08 0.54 * 0.03 0.50 * 0.11 0.31 -0.01 0.39 -0.59 * -0.59 *
Bottom C:N 0.93* 0.62* 0.61 • 0.73* 0.58 • 0.64 * 0.78* 0.93* 0.32 0.42 0.68* 0.87 * -0.48 -0.59 • 0.54 *

* significant at alpha error=0.05 
TPM s  total particulate materia] flux 
POC = particulate organic carbou flux 
PON = particulate organic nitrogen flux 
Pigment = total pigment flux
Pcell = phytoplankton carbon flux (Q. Dortch unpubl. data) 
FPC= feed pellet carbon flux (from Chapter 2)
TOCs weight percent of total organic carbon



f r a r i  M  tap PeN  ComrtkypBii k  Bodcm Trap 1MI H w k  f fC  C—Wtmiow la Tap Trap 1M2

MIN

N

r*  41

1 '—faO
N n m i PTC and t a d  ComrtbadM la Top Tnp m i

100

•0

I "* 40

rw « i rrv mtm r%n M NmwH

m
•a

i ”* 40

aa

mm ■* * s ■

O f K f O C )

too

00

ao

40

00
mm mm mm mm m Ma Mm mm

Figure 3.5. Percent contribution of fecal pellet carbon flux to the total particulate organic carbon flux (%FPC:POC), and 
percent contribution of phytoplankton carbon flux to total particulate organic carbon flux (%Pce]i: POC) (data 
presented only for 1991), collected in sediment trap at 5-6 m (top) and 15 m (bottom) depths at station C6B 
during 1991 and 1992. Arrows delineate dates included in each season; and ND is no data.

M
U

t/O
L



POC and PON fluxes. Temporal variations in each of the top trap fluxes (TPM, POC, 

PON, total pigments and FPC) (Figs. 3.1-3.3) were fairly similar in 1991; consequently, 

there were positive correlations between most of these variables (Table 3.3). Similarly, 

the bottom trap fluxes for 1991 (TPM, POC, PON, total pigments and FPC) were all 

closely related.

There were fewer correlations between sediment trap flux variables in 1992 than 

in 1991 (Table 3.4). The top trap FPC for 1992 was correlated with top and bottom trap 

TPM, top trap total pigment fluxes and with the bottom trap POC, FPC and C:N ratio. 

The bottom trap FPC for 1992 was correlated with the top trap total pigment fluxes and 

the top and bottom trap TPM and C:N ratio. The top and bottom trap fluxes for 1992 

(TPM, POC, PON, total pigments and FPC) were not as closely related to each other as 

they were in 1991.

A few relationships were consistent across both years. These were: (1) the top 

trap FPC was related to the top trap TPM and total pigments fluxes and with the bottom 

trap C:N, and (2) the bottom trap FPC was related to the top and bottom trap TPM and 

with the bottom trap total pigment fluxes and C:N.

Relationships between Sediment Trap Variables and Environmental Variables

Fluxes of most top trap constituents in 1991 (POC, PON, total pigments, FPC, 

but not TPM or P^u) were positively correlated with the upper water column dissolved 

oxygen and total pigment concentrations (Table 3.5). Elevated concentrations of these 

hydrographic and biological variables would likely be present in spring. Similar 

relationships were not seen in 1992 (Table 3.6). Fluxes of most bottom trap 

constituents in 1991 (TPM, POC, PON and Pceli (not calculated) but not FPC or total 

pigments) were positively correlated with the lower water column dissolved oxygen 

(i.e., mixed water column) and negatively correlated with the lower water column 

salinity (i.e., stratified water column) (Table 3.5). Similar relationships were seen in



Table 3.4. Feaison correlation coefficients matrix showing relationship between different fluxes, constituents and ratios
for sediment traps at station C6B during 1992.

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top
TPM TPM POC POC PON PON Pigment Pigment FPC FPC TOC TOC C:N

Top TPM
“

Bottom TPM 0.66 *
Top POC 0.62 * -0.11
Bottom POC 026 0.78 * -0.37
Top PON 0.54 -0.22' 0.99 * -0.43
Bottom PON 0.05 0.49 -0.36 0.92 * -039
Top Pigment 0.83 * 0.79 * 030 0.37 0.18 0.12
Bottom Pigmern -0.25 0.17 -0.55 034 -0.54 034 -0.16
Top FPC 0.73 * 0.96* 0.00 0.62 * -0.12 034 0.92* 0.03
Bottom FPC 0.71 * 0.88 * 0.02 036 -0.09 0.28 0.86* -0.09 0.92*
TopfcTOC -0.37 -0.59 * 030 -0.56 0.34 -0.41 -0.22 -0.41 -0.47 -0.43
Bottom % TOC -0.51 •0.45 -0.30 -0.18 -0.24 -0.03 •0.49 0.27 -0.49 -037 0.08
TopC:N 0.19 0.88 * -0.48 0.69 * -0.54 0.41 0.40 039 039 0.72* -0.68 * •0.20
Bottom C:N 0.51 0.77 * -0.24 0.38 -0.32 0.04 0.61 * 0.01 0.77* 0.75 * -039 -0.41 0.85 *

* significant at alpha error=0.05
TPM = total particulate material flux
POC = particulate organic carbon flux
PON = particulate organic nitrogen flux
Pigment = total pigment flux
FPC = fecal pellet carbon flux (from Chapter 2)
T O O  weight percent of total organic carbon
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Table 3.5. Pearson correlation coefficients matrix between sediment trap fluxes, 
constituents and ratios with environmental variables for station C6B 
during 1991.

TPM POC PON Pigment FPC Pcell TOC C:N

____Top Trap____
Temp-U -033 -0.06 -0.05 -0.16 -039 -0.07 0.63 * -036 •

Salinity-U 0.06 -0.38 -0.42 -0.47 * -036 030 -0.48 0.64 •

Dissolved oxygen-U 0/49 035 • 036 • 0.68 • 0.72 * 0.17 -036 0.15

Delta Sigma t -0.04 035 038 0.42 032 -034 0X5 -0.60 •

Chlorophyll a-U 031 037 039 0.61 • - 032 0.02 -039

Phneoplgment-U 0.36 0.89 • 0.89 * 0.41 - 0.01 0X7 -036

Total plgments-U 0.33 0.85 * 0.87 • 0.63 * 0.82 * 032 036 -0.33

Salinity-UV -0.25 0.03 0.06 -038 • 0.04 -0.11 0.04 033

__Bottom Trap_
Temp-U -0.74 * -0.70* ■0,79 * -039 -0.14 -0.77 * 0.61 • -0X6
Temp-L -033 -0.48 -0.60 • -0.07 035 -0.62 * 031 -0.19

Salinity-U 033 035 038 0.09 0.17 0X2 -0.47 0.07
Sallnlty-L -0.70 * -0.71 • -0.77 * -033 -0X5 -0.76 • 0.66 * •0X4

Dissolved oxygen-U 035 0/49 034 * 036 0.15 0X5 -0X0 039 *
Dissolved oxygen-L 0.69 * 0.73 * 0.76 • 032 0.42 0.71 * -0.69 • 039 *

Delta Sigma t -039 * -0.43 -0.49 -0.65 * -035 -036 034 * -0.10

Chlorophyll a-U 0.10 031 037 0.11 _ 0.46 -033 0.38
Chlorophyll a-L 037 038 0.70 * 0.02 - 0.82 * -0.35 0.07

PhaeoplgmeM-U -0.09 0.08 0.10 0.09 _ -0,06 -0.17 033
Phaeopigment-L 036 0.39 0.41 032 — 030 -0.19 039

Total plgments-U 0.02 035 039 0.12 0X1 038 -034 0X3
Total plgments-L 039 0.63 * 0.74 • 0.07 030 0.82 * -0.36 0.14

030 0.41 038 -0.33 039 0X7 -033 -0.09

* tignifictnt a  elptu error «  0.0S TPM ■ tout psiticulite m itertil f lu
U ■ «vtr«|od rot eurfece tod 6.3 m depth POC ■ puliculite orgenic caiboallux
L -  «v«i|gd  (or 14 m end bottom PON ■ perticultl* orjtnk: rutrojen ttru
S»liniry-UV « upp« weter column telinity l>u«d ooe month Pigment ■ toul pigment flux

Pesil s  Pbytopluktao cvboo fla t (Q. Dartcb unpuM. d in ) 
FPC ■ fecal pellet cnbon flux (from Q ilfU r 2)
TOCa weight percent of toul orjenic carbon



Table 3.6. Pearson correlation coefficients matrix between sediment trap fluxes, 
constituents and ratios with environmental variables for station C6B 
during 1992.

Variables TPM POC PON Pigment FPC TOC C:N

_____ TopT
Temperature-U 0.22 031 031 0.01 •0.13 0.19 -037

Salinity-U 036 036 0.19 038 036 -0.16 0.03

Dissolved oxygen-U -0.54 •043 -038 -0,43 -0.36 036 -0.09

Delta Sigma t -030 0.01 0.09 -0.81* 0.86* 034 -043

Chlorophyll a-U -031 -041 -0.36 -045 - 0.08 -0.09

Phaeopigment-U -0.48 -0.46 -0.42 -0.32 - 036 -0.05

Total pigment-U -033 •0.43 -0.38 -045 -0.34 0.11 -0.09

Salinity-UV 0.45 041 035 -042 031 -035 0.11

____Bottom T_rup_ ___
Temperature-U -033 -0.17 -0.10 0.11 -031 0.68 * •031
Temperature-L 022 047 0.46 0.18 0.47 0.07 030

Salinity-U 021 0.45 0.48 •036 0.69* -035 0.16
Salinity-L -0.88* -0.89* -0.89* -0.74* -0.66* 0.04 -0.73 *

Dissolved oxygen-U -0.34 -0.32 -039 -0.35 -0.12 -036 0.10
Dissolved oxygen-L 0.72* 0.68* 039 0.19 0.79* -037 0.81 •

Delta Sigma t -029 -033 -035 -0.08 -0.91 * -0.16 4)35

Chlorophyll a-U -035 -0.36 -042 -0.17 _ -033 0.04
ChloropbyU a-L -035 -032 -0.19 0.31 — 0.35 -041

Phaeopigment-U -030 •0.16 -033 -0.01 _ -033 034
Pbaeopigment-L -032 •0.10 -0.07 039 — 0.94 • -0.11

Total pigment-U -034 -0.34 -0.40 -0.15 -0.30 •034 0.08
Total pigment-L -031 •033 -0.19 034 -0.42 0.76* -036

Salinity-UV 030 0.02 0.01 0.03 0.07 -0.10 •0.14

■significant at alpha error ■ 0.03 TPM « toul paniculate material flux
U -  averaged for surface and 6.5 m depth POC ■ paniculate organic carbon flue
L ■ averaged for 14 m and bottom PON ■ particulate organic nitrogen flux
Salinity-UV * upper water column salinity lagged one month Pigment ■ total pigment flux

FPC ■ fecal pellet carbon flux (from Chapter 2) 
TOO weight percent of toul organic carbon



1992 for bottom trap TPM, POC, PON, total pigments and FPC, but not P^y, with 

higher fluxes associated with oxygenated bottom waters and lower fluxes associated 

with higher bottom water salinities (i.e., stratified).

The best fit models that explain the greatest variability for sediment trap fluxes 

and %TOC and C:N ratios are given in Table 3.7. Upper water column dissolved 

oxygen and pigment levels were important in explaining the variability in the top 

sediment trap characteristics in 1991, but not in 1992. The variability in bottom trap 

samples in both 1991 and 1992 were explained best by a combination of bottom water 

dissolved oxygen, temperature and sigma t.

Sediment Resuspension Potential

The measured currents at 1 m above the seabed from May 10 to August 24,

1992 (W. J. Wiseman, Jr. unpubl data) ranged from 3 to 30 cm s_1, and, in only 2-3 

short intervals, currents were > 30 cm s_l (Appendix A). The critical velocity required 

to resuspend 6 <|> to 1 <|) sized particles averages 24.S cm s*1 in comparison to fecal 

pellets which can be resuspended at an average current velocity of 7 cm s_1 (Chapter 2: 

66). Thus, resuspension of sediments would be less likely during the period of summer 

currents recorded for 1992. Spring and fall current meter data were not available, but 

winds from cold front passages that occur more frequently during these seasons, can be 

potentially high and are sustained long enough to resuspend sediments (Adams et al. 

1987).

DISCUSSION

Depth Related Variation

Sediment traps collections are integrated over time and depth. Differences in 

sedimentation with depth may result from biological and physical processes related to



Table 3.7. Best fit linear regressions for sediment trap fluxes, constituents and 
ratios with environmental variables at station C6B during 1991 and 
1992.

Variable* Model P > F r*2 n

Tog trap 1991 
LOG TPM -  
POC - 40205 +17035 DO-U + 409.9 phaeopigment-U 0.0009* 0.86 15
PON - 638.1 + 109.9 DO-U + 59.29 phaeopigment-U 0.0006* 0.88 15
logFPC = 5.4 + 23 log cblorophyll-U -1 .4  log total pigment-U 0.0405* 0.60 15
Pcell b - 3066.9 + 65.8 temperature-U + 235.9 DO-U 0.0082* 0.91 15

Pigment “
- 32.8 del tigma t -15.03 phaeopigment-U 
-6152+10.2 DO-U 0.0111* 058 15

TOC 235 - 3.2 DO-U + 0.41 total pigment-U 0.0129* 0.71 15
C:N ratior = 5.38 + 0.076 calinlty-U 0.0481- 0.41 15

Bottom bag 1991 
log’TTM = 7.75 + 1.91 log DO-L 0.0011* 0.75 15
POC 11260-3145 ulinity-L 0.0222* 050 15
PON 1115.02 - 31.09 lalinity-L 0.0111* 057 15
logFPC b 2.9 + 1,64 log DO-L 0.0079* 0.61 15
Pcell 607.3-55 temperature-L-13.1 salinity-L 0.0008* 0.87 15
log Pigment = 0.011 + 0.89 log DO-L 0.0226* 050
TOC 2.86-053 DO-L 0.0274* 0.48 15
C:N ratio* u - 63.7 + 2.01 talinity-L + 156 DO-L 0.0266* 0.65 15

Tog bag  1992 
Tog TPM b 11.05 - 1.15 log total pigment-U 0.0177* 053 12
POC
PON
logFPC 80.2 -18.9 log salinity-U - 6.2 log delta tigma t 0.0018* 0.84 12
Pigment = 2.63 - 0.27 del sigma t 0.0051* 0.65 12
TOC
C:N ratio* = 34.81 - 0.78 salinity-U - 0.84 del *igma t 0.0041* 0.79 12

Bottom bag 1992 
LOGTPM ■"= 1397811 -39271.6*alinity-L + 7162 DO-L 0.0012* 0.89 11
POC 11365 - 314.2 *alinity-L + 48.1 DO-L 0.0017* 0.88 11
PON 1428.9- 39.03 *aliaity-L 0.0015* 0.79 11
logFPC 8.84 + 2.11 log delta sigma t 0.0042* 0.64 11
Pigment = 59.85 - 1.69 lalinity-L + 0.24 del sigma t 0.0021* 0.87 11
log TOC 0.52 + 0.39 log total pigmcnt-L 0.0120* 0.62 11
C:N ratio* » 45.06- 1.07 salinity-L 0.0269* 053 11

TPM “  total particulate material flux * significant a t alpha »  0.05
POC ■ particulate organic carbon flux U b  averaged for aurface and 6 5  m
PON b  particulate organic nitrogen flux L “  averaged for 14 m and bottom
Pigment» total pigment flux
Pcell b  Phytoplankton carbon flux (Q. Dortch unpub. data)
FPC b  fecal pellet carbon flux (from Chapter 2)
TOCb  weight percent of total organic carbon



water column stratification, resuspension of sediments, inclusion of zooplankton 

material in the trap material, and zooplankton behavior. The total particulate material 

flux in shallow water coastal and open ocean environments is composed partly of 

material settled from the euphodc zone and partly from resuspended material 

(Blomqvist & Larsson 1994). Up to 60 to 80% of material collected in bottom traps in 

coastal environments is fine grained resuspended material (Gardner & Richardson 

1994, Blomqvist & Larsson 1994). Because the sediment traps were deployed in a 20- 

m water column, I determined the potential for sediment resuspension. The potential 

was extremely low for the mid-summer current meter record available for 1992. The 

bottom current records for the remainder of the two years of the study were not 

available, but frequent frontal passages during spring and fall along with sustained 

winds would likely resuspend and transport sediments then (Adams et al. 1987). 

Material collected from April to December 1992 from sediment traps deployed within 7 

km of station C6B (Gardner & Richardson 1994) was fine grained silt (grain size = 5 <|>, 

60% and 80% of the material collected at 13 m and 19 m, respectively) and was likely 

material that had been resuspended. These depths are similar to my 15 m trap.

Bottom sediments in the study area are primarily silts with a low total organic 

content and a high C:N ratio (Chapter 2). Resuspension of sediments would likely 

produce a dilution effect in the bottom sediment trap with lower %TOC and higher C:N 

ratios compared to those of the top trap, especially in the spring and fall. The %TOC in 

bottom trap materials was significantly lower than the %TOC in top trap materials. The 

%TOC within the bottom trap materials was lower in the fall than the spring and both 

were lower than in the summer. Similarly, the C:N ratio was significantly higher in the 

bottom trap materials than the top trap materials, with C:N ratios in the bottom trap 

being higher in either the fall or the spring compared to the summer. Thus, the quality 

of material collected in the bottom trap materials was influenced by resuspension of



sediments to a much greater extent than in the top traps, and the potential influence was 

greater in the fall and/or the spring than in the summer.

Accumulation of bottom sediments in the traps could affect the total particulate 

material fluxes. Increases in mass flux with depth have been observed in many coastal, 

shelf and slope environments attributable to turbulent flow near the bottom (Smetacek 

1980, Davies & Payne 1984), Harding et al. 1987, Bhosle et al. 1989, Monaco et al. 

1990a,b). Overall averages for total particulate material fluxes (TPM) were higher in 

the bottom trap than in the top trap, and there were seasonal differences that would 

indicate the effects were primarily seen in the bottom traps. The TPM in fall 1991 was 

much greater in the bottom trap than in the top trap. Both the spring and summer TPM 

fluxes in the top traps exceeded those of the bottom traps, but these were primarily 

biological materials (i.e., mass attributable to POC and PON fluxes were higher in the 

top traps than the mass in the bottom traps contributed by sediments). The bottom trap 

TPM exceeded that of the top trap in 1992, especially in the spring and fall. The 

seasonal differences observed in the top trap in 1991, related to higher phytoplankton 

biomass in the surface waters, were not seen during 1992.

Other differences were found in sediment trap collections from the upper water 

column versus the lower water column that were not necessarily related to the potential 

of sediment resuspension. The average fluxes of POC, PON, FPC, Pceii and total 

pigments (and TPM for spring and summer of 1991) were greater in the top traps than 

in the bottom traps. The %TOC was higher in the top traps than the bottom traps, and 

the C:N ratio was higher in the bottom traps than in the top traps (as mentioned above). 

Lower fluxes of POC and PON in the bottom trap could be due to bacterial 

remineralization of sinking particulate material in the water column. The top trap C:N 

ratios were especially lower than in the bottom trap in the summer (Fig. 3.4). Higher 

C:N ratios in the bottom trap materials might represent the preferential removal of 

nitrogen in comparison to carbon by bacterial remineralization and recycling within the



bottom water. Alternatively, or in addition, the decrease in %TOC with depth and 

negative correlations between %TOC and TPM, POC, PON and total pigment fluxes 

for the top and the bottom trap indicate that particulate carbon is not the only 

mechanism for carbon export from the surface layer. Some unknown fraction of 

dissolved organic carbon may leach out of particulate material by diffusive and 

advective processes (Knauer & Asper 1989, Lee et al. 1992, Peterson et al. 1993, 

Miquel et al. 1994).

The higher POC, PON, FPC and Peeu fluxes into the top traps compared to the 

bottom traps indicates that more biogenic particles (including zooplankton) flux 

through the upper water column than the lower water column. The depth related 

differences in FPC and Pceii fluxes were not statistically significant, but those for POC 

and PON were. A preservative (glutaraldehyde) used to inhibit degradation of organic 

material within the trap may have attracted zooplankton 'swimmers' (Lee et al. 1988, 

Lee et al. 1992) that are known to cause problems in sediment trap sampling (Knauer et 

al. 1979,1984, Karl & Knauer 1984, Skjoldal & Wassmann 1986, Lee et al. 1988) and 

create ambiguity as to what is the true flux. The longer deployments for our study 

necessitated the use of a preservative to prevent organic degradation so that the actual 

flux could be measured (Gardner et al. 1983, Wakeham et al. 1993, Hedges et al. 1993). 

Any trap preservative treatment that effectively limits microbial activity usually results 

in some swimmer artifact (Wakeham et al. 1993). Detrital and whole zooplankton 

material were present in the sediment trap samples; their presence was more frequent 

during the summer and in the top trap.

Microscopic hand picking and removal of the 'swimmers' has been used and 

recommended, but may not always be satisfactory (Knauer et al. 1984, Knauer & Asper 

1989, Michaels et al. 1990, Lee et al. 1992). It is difficult to distinguish between 

'swimmers' and 'sinkers', and removal of zooplankton by any physical barrier tends to 

underestimate a significant portion of flux that is contributed by 'sinkers'. Possible



mechanisms for including zooplankton in traps include: sinking of dead organisms into 

the trap, flocculation of material or formation of 'marine snow' that includes 

zooplankton carcasses, exuviae, fecal pellets and other detrital material, as well as some 

active 'swimmers' being trapped in the snow or being directly trapped in the sediment 

trap (Knauer & Asper 1989). The exact designation of 'swimmer' against 'sinker' is 

very difficult and therefore, in this study, only organisms larger than 5 mm were picked 

during sample handling, and smaller zooplankton particles in the sample were retained. 

An exception to this procedure was that during the massive sedimentation of pteropods 

in the June 6 through July 6,1992 samples it was not possible to remove all the 

organisms without also removing attached particulate materials. Comparatively more 

zooplankton in the top trap in the spring and the summer may be related to the greater 

abundance of zooplankton abundance in the water then (Chapters 4 and 5) and 

potentially greater POC and PON fluxes in the top trap.

Seasonal Variability

The flux of materials (TPM, POC, PON, FPC, Pceu and total pigments) varied 

between seasons, with higher sedimentation in either spring or fall compared to summer 

(Fig. 3.1, Table 3.2). [Higher fluxes of TPM into the bottom traps, especially in the fall 

periods, is most likely the result of sediment resuspension (see above).] There were 

also inter-annual differences, with fluxes of all the above being greater in 1991 than in 

1992 (except Pceii which was not calculated for 1991). Spring is characterized by high 

primary and net production (Lohrenz et al. 1990, Justic' et al. 1993). The spring freshet 

of the Mississippi River was much higher in 1991 (20,000-35,000 m3 s-1) than in 1992 

(10,000-20,000 m3 s-1) at Tarbert Landing, Mississippi (Dinnel 1993). High fluxes 

occurred in spring 1991 compared to fall, and both spring and fall 1991 fluxes were 

higher than those in summer. Spring fluxes in 1992, while higher than fall and summer, 

were not as high as in spring 1991. The POC and PON fluxes in the upper water



column might be high in spring (sometimes in summer) in 1991 because of the 

horizontal advection of organic material produced in the Mississippi River plume 

region that moved downfield in a westward direction (Rabalais et al. 1994b). However, 

significant and positive correlations between top and bottom trap fluxes indicate that 

material collected in the top trap and the bottom appeared to be derived from the same 

surface production. High spring Mississippi River discharge occurred in late May 1991 

(Chapter 1, Fig. 1.2), likely stimulating higher primary production that lagged 

temporally and spatially by one month resulting in higher fluxes. The total Mississippi 

River discharge in 1992 was considerably less than in 1991 (Dinnel 1993). If the 

general relationship of one month lagged surface water net productivity to the peak 

river flow (Justic' et al. 1993) existed for 1991, then the higher fluxes of organic 

material indicate a riverine influence on the amount of material collected in the 

sediment traps.

The linkage of particulate material flux and surface production cycles has been 

reported for other areas (Eppley & Peterson 1979, Deuser & Ross 1980). Given that 

productivity in the euphotic zone will regulate the vertical flux of biogenic as well as 

abiogenic particles in the ocean (Deuser et al. 1981,1983, Honjo 1982), it is logical to 

expect higher sedimentation from the euphotic zone in an area of a higher integrated 

primary productivity (IPP) (Eppley & Peterson 1979, Walsh et al. 1989).

Another factor that can contribute to the temporal difference in the 

sedimentation of particulate materials from the surface is a difference in the 

phytoplankton community (Redalje et al. 1994). The sediment trap sampling started in 

mid-April 1991 and early March 1992. It is possible that a massive sedimentation of a 

spring bloom was not captured, especially in 1991. A seasonal change in species 

composition from large heavily silicified diatoms to lightly silicified diatoms (because 

of possible silica limitation) has been observed especially in surface waters in a gradient 

away from the river plume (Dortch et al. 1992, unpubl. data). Dortch et al. (1992)



measured phytoplankton flux into floating traps deployed in the Mississippi plume 

region and hypoxic shelf region, and into moored traps at station C6B in spring and fall 

1990. The phytoplankton flux was an order of magnitude higher in the plume region 

than in the hypoxic region and was comprised mostly of diatoms (Skeletonema 

costatum). The temporal changes in species composition from a higher flux of diatoms 

in spring (likely to be silicate limited in late spring Q. Dortch pers. comm.) to lower 

fluxes in summer and fall were observed in the moored traps (Dortch et al. 1992) and 

may follow seasonal progression of diatom population abundances (Dortch 1994).

On the other hand, both fecal pellet carbon and phytoplankton carbon fluxes 

were lower in summer than in spring and fall. This is likely related to the reduction in 

food availability (phytoplankton biomass in the surface waters) and/or retention and 

remineralization of particles in the upper water column of a highly stratified system. 

The %FPC of the total particulate carbon was also less in summer than spring and fall. 

Although there were no statistically significant seasonal differences in the %Pceii 

contribution to POC fluxes, there were somewhat higher Pceu:POC ratios in late 

summer and early fall in both the top and the bottom traps. These may result from the 

sedimentation of larger aggregates formed during this period (obvious, large marine 

snow aggregates observed by SCUBA divers, N. N. Rabalais, pers. comm.) that 

facilitate the flux of smaller phytoplankton cells that predominate (e.g., cyanobacteria, 

Q. Dortch pers. comm.).

Differences in mesozooplankton grazing and microzooplankton grazing can 

affect the amount of POC exported to the seabed (Redalje et al. 1994). Dagg and 

Ortner (1992) found higher mesozooplankton community ingestion rates in July/August 

1990 in the plume region than in the shelf/hypoxic region and concluded that one of the 

principal fates of the primary production was to be grazed by the mesozooplankton 

community. Microzooplankton grazing rates were higher in summer (July/August 

1990) than in spring (March 1991) (Dagg & Ortner 1992, Fahnenstiel et al. 1992).



High microzooplankton grazing was linked to higher ammonium regeneration rates in 

July/Aug 1990 than in March 1991 (Benner et al. 1992, Gardner et al. 1994). Low 

export of primary production as POC in summer, when microzooplankton grazing rates 

and bacterial regeneration rates were higher, suggests a tightly coupled heterotrophic 

system where production was closely coupled with regenerated production, which 

would result in low POC export from the surface. Grazing by microzooplankton 

produces small fecal pellets with negligible sinking rates (Stoecker 1984) and results in 

lower losses via sedimentation. In comparison, a high %IPP exported from the surface 

layer in spring could be related to low microzooplankton grazing and low bacterial 

regeneration rates (Redalje et al. 1994). Mesozooplankton grazing is more likely to 

dominant during spring especially in the coastal region (Ortner et al. 1989) when 

primary production is grazed and integrated into fecal pellets that have faster sinking 

rates and could increase the organic load to the sea floor.

Relationships between Fluxes

There were highly significant and positive correlations between TPM, POC, 

PON, total pigment and FPC fluxes in both the top and the bottom trap which indicated 

that sedimentation rates of the components were related with each other (Tables 3.3 and 

3.4). This result demonstrates the importance of surface waters as a source of material 

found in both the top and the bottom traps. The significant negative correlation 

between %TOC and TPM, POC, PON, total pigment, FPC fluxes in the top and the 

bottom traps in 1991 indicates that the particulate material caught in the trap was 

derived from material lower in %TOC, due to loss of soluble organic and inorganic 

components within the water column and/or dilution of trap material (especially near 

the bottom) from resuspended material of low organic content (Peterson et al. 1993). 

The negative, but not always significant, correlation in 1992 (Table 3.3 and 3.4) also 

indicates a biogenic origin. The average %TOC in the top trap was 10% and reached



up to 30% during summer, indicating that the possible source of particles reaching the 

traps was biogenic (zooplankton) material produced in the water column (Buscail et al. 

1990, Peterson et al. 1993).

The significant and positive correlation between fecal pellet carbon flux and the 

total pigment flux in both traps in 1991 and in the top trap in 1992 (Tables 3.3 and 3.4) 

may be the result of herbivore grazing and defecation (Lorenzen et al. 1983, 

Welschmeyer et al. 1984). The positive correlation between total pigment and FPC 

fluxes indicates a higher grazing rate associated with higher primary productivity. High 

mesozooplankton grazing rates have been measured from this region (Dagg & Ortner 

1992). Zooplankton grazing control on phytoplankton has been suggested for some 

time (Harvey et al. 1935). If zooplankton grazing is not coupled with the 

phytoplankton production, especially during bloom development, a massive 

sedimentation of phytoplankton cells may result. There were significant and positive 

correlations between Pcell flux in the bottom trap and TPM, POC, and PON fluxes in the 

bottom trap (Table 3.3). The P ^ j flux, although positive, was not significandy 

correlated with fecal pellet carbon flux in 1991 (r2 = 0.21 to 0.38, Table 3.5) and 

indicates higher grazing and production of fecal pellets when primary production was 

high. The positive relationship between fluxes in the bottom trap indicate fluxed 

particulate material was likely originating from the surface primary producdon.

Relative Importance of Fecal Pellet Carbon (FPC) and Phytoplankton Carbon (Pceii) 
Fluxes to the Export of Primary Production

Redalje et al. (1994) used floating sediment traps for short (1 to 2 d) 

deployments and observed high variability in the ratios of POC flux to integrated 

primary production (IPP) in the Mississippi River plume and adjacent shelf (hypoxic) 

regions. They observed high ratios of export of particulate organic carbon when IPP 

was low and low ratios when IPP was high (Redalje et al. 1992,1994). Considerable



variability exists in primary production within the study area (Lohienz et al. 1990), 

and, therefore, greater temporal information is needed to find a conclusive relationship 

between rates of IPP and POC export ratios.

Redalje et al. (1994) found low ratios of POC export to IPP when the system 

was highly stratified compared to high ratios when the system was mixed. High POC 

export when IPP was low, and vice versa, indicated that other factors may affect the 

export ratio. Horizontal advection of particulate material is one likely factor. Rabalais 

et al. (1994b) found a significant correlation between two days lagged daily averaged 

dissolved oxygen data at C6A (near my study site C6B off Terrebonne Bay) and daily 

averaged data from station WD32E, situated 77 km east and closer to the Mississippi 

River delta. They suggested that downplume transport brought organic material 

derived from areas where phytoplankton biomass is three to seven times greater (Dagg 

& Whitledge 1991, Hitchcock & Whitledge 1992, Rabalais et al. unpubl. data) than at 

the shelf station (C6A or C6B). [N.B., the sinking rate of mesozooplankton fecal 

pellets is on the order of 101 to 103 m d-1 (Bienfang 1980, Madin 1982, Laws et al. 

1988, Dilling & Aldredge 1993).]

Although no simultaneous primary production data were taken to provide a 

direct comparison at the study site between fluxes and primary production, IPP data 

from previous studies were used to determine the range of relationships between 

surface primary production and fluxed carbon. Monthly primary production data from 

the southeastern shelf region (Sklar 1976) were used to obtain integrated primary 

production for the seasonal periods corresponding to the 1991-1992 sediment trap data. 

The data of Sklar (1976) were collected in the early 1970s, which is a mid-point in the 

period from the early 1950s to the early 1990s, during which nutrient concentrations 

and ratios in the lower Mississippi River changed dramatically (Turner & Rabalais 

1991) and overall productivity in the surface waters increased as a consequence (Turner 

& Rabalais 1994). As a consequence of these nutrient changes and biological



responses, the IPP values used (i.e., Sklar 1976) may be an underestimation of the 

current primary production rates.

I estimated the fraction of integrated primary production that would be exported 

out of the surface layer in each season (spring, summer and fall) by comparing the 

1991-1992 FPC and PmU fluxes to seasonal averages of IPP (Sklar 1976). The ratios of 

POC, FPC and PceU to estimates of surface primary production are given in Table 3.8. 

The ratio of POC flux to primary production ranged from 10 to 277%; the average for 

both years was 40% at 6 m and 25% at 15 m depth. The ratio of the flux of fecal pellet 

carbon to estimated primary production ranged from 1 to 128%; the average for both 

years was 19% at 6 m and 15% at 15 m depth. Similar calculations showed that the 

ratio of the flux of phytoplankton carbon (Pceu) to primary production ranged from 

0.24 to 8.6% ; the average for both years was 4.4% at 6 m and 1.9% at 15 m depth. The 

fraction of primary production exported in POC varied with season and was higher than 

other shallow water regions but comparable to other data from the area (Table 3.9) 

which ranged from 6% in July/August 1990 to 270% in March 1991 (Redalje et al. 

1992,1994).

The amount of organic material exported varied considerably during the two 

years (Table 3.8). For example, the flux of POC in spring 1991 exceeded twice the 

estimated IPP, and the FPC flux accounted for a large fraction (127%) of the estimated 

IPP into the top trap compared to the bottom trap. The POC flux into the bottom trap 

was nearly half (47%) of the estimated IPP of which FPC flux comprised 29%. The 

ratio of POC fluxed to the estimated primary production was lower in summer than in 

spring and fall; ratios were 28% for the top trap in summer and a third of that amount 

(10%) for the bottom trap. The fraction of estimated primary production exported in 

POC flux in fall 1991 was very high (277%) in the top trap and exceeded almost three 

times the IPP; the amount of POC exported for the bottom trap was two times the 

estimated IPP (191%). The pattern was different in 1992. The percent export of



Table 3.8. Average particulate organic carbon (POC), fecal pellet carbon (FPC) and phytoplankton carbon (Pcell) fluxes 
measured in top (5-6 m) and bottom (15 m) sediment traps at station C6B, and estimated percent fraction of 
integrated primary productivity (IPP) during 1991 and 1992; nd= no data.

POC
gCftnA2/d

POC
gC/inA2/d

FPC
gC/mA2/d

FPC
gC/mA2/d

Pcell
gC/mA2/d

Pcell
gC/mA2/d

Days
in season

IPP/season* 
g C/mA2/season

5 - 6m 15 m 5-6m 15 m 5 - 6 m 15 m
1991

spring 3.73 0.79 2.17 0.50 0.07 0.02 60 101.62
summer 0.49 0.18 0.16 0.07 0.01 0.004 60 105.09

fall 1.42 0.98 0.41 0.34 0.07 0.04 90 46.00

____1992____
Spring 0.50 0.27 0.03 0.18 nd nd 75 120.42

summer 1.32 0.46 0.02 0.09 nd nd 75 120.00
fall 1.06 0.87 0.93 0.62 nd nd 45 37.00

POC/IPP POC/IPP FPC/IPP FPC/IPP Pcell/IPP Pcell/IPP
% % % % % %

5 -6m 15 m 5-6m 15 m 5-6m 15 m
____ 1991____

spring 219.94 46.82 127.95 29.29 4.09 1.02
summer 28.03 10.11 9.36 4.05 0.55 0.24

fall 277.24 190.96 79.43 65.74 8.64 4.67

____ 1992____
spring 31.06 16.82 1.81 11.09 nd nd

summer 82J5 28.50 1.31 5.56 nd nd
fall 128.60 106.30 113.35 75.41 nd nd

* estimates of IPP for each season are summed monthly data to match sediment trap seasons (Sklar 1976)



Table 3.9. Comparison of sediment trap fluxes (g/mA2/d) for total particulate material (TPM), particulate organic carbon (POC) 
and the fraction of primary production (PP) exported (POC:IPP) in shallow water regions.

Location Depth 
of trap (m)

PP
(g C/mA2/d)

TPM
(g/mA2/d)

POC 
(g C/mA2/d)

POC:IPP
(%)

Source

Departure Bay B. C., 30 0.55 8.22 0.55 100 Stephens et al. 1967
Canada

Loch Ewe, Scotland 30 0.25 0.16 64 Steel & Baird 1972

Bedford Basin, N. S., 20 0.603 2.16 0.16 27 Hargrave et al. 1976
Canada

70 0.55 0.21 38 Hargrave & Taguchi 1978

Undaspollene (Fjord) 10 0.26 1.16 0.14 54 Wassmann 1983
Norway

Dabob Bay, n o 0.53 0.29 55 Welschmeyer &
Puget Sound Lorenzen 1985

a. Plume region 15 4 to 8 0.3 to 1.8 3 to 225 Redalje et aL 1994
b. Hypoxic region 15 0.12 to 3 0.18 to 0.4 6 to 270
Gulf of Mexico

Inner continental Shelf, 5 to 6 1.5 to 138 0.12 to 7 31 to 277* This study
Gulf o f Mexico 15 3.3 to 289 0.06 to 1.9 10 to 191*

* monthly primary production data from Sklar (1976)



estimated IPP via POC was much lower in spring (31%) in the top trap and was nearly 

half in the bottom trap (17%). The high %POC:IPP seen in fall 1991 was paralleled by 

high ratios in both top and bottom traps in 1992,129% and 106%, respectively.

One pattern that emerged from this study and Redalje et al.'s (1994) is that the 

export ratios were lower in summer when the water column was more strongly 

stratified. Low fluxes associated with stratified water columns have been reported for 

shallow coastal waters in the northern Adriatic Sea (Puskaric et al. 1992). Physical 

features such as density stratification, either with a thermocline or halocline, were 

associated with the retention and recycling of particles within the upper water column. 

The importance and effect of water column density structure on particulate fluxes has 

also been observed for the open ocean in the Ligurian sea off Corsica, where three to 

four times higher fluxes were observed during periods when the water column was 

mixed than during the stratified period (Miquel et al. 1994).

The highest %FPC:IPP ratios were in the top trap in 1991, especially in spring 

(127% of total estimated IPP). The highest %PceU:IPP was in the top trap and peaked in 

fall in the top trap (Table 3.8). The %FPC:IPP in 1992 was very low (2%) and was 

lower in the top trap than in the bottom trap; the highest ratio occurred in fall in the top 

trap (Table 3.8). The low %FPC:IPP corresponded to a low POC:IPP ratio in 1992; 

however, the higher POC:IPP ratios in the spring and summer (especially in the 

summer) corresponded to the capture of pteropod shells in the upper water column trap 

which influenced the POC flux. The high ratio of FPC fluxes to estimated primary 

production emphasizes that the importance of seasonally variable grazing by meso- and 

microzooplankton as the system alters between an exporting and a recycling system.

The comparison of export ratios with available seasonal data (Sklar 1976) 

showed variation in fluxes with seasons were closely related to biological and physical 

processes. The biological and physical processes on the Louisiana continental shelf are 

under the influence of Mississippi river flow. Biological factors influence the export



ratios through various mechanisms, phytoplankton and zooplankton community 

structure, that will affect phytoplankton cell flux, fecal pellet carbon flux, and therefore, 

particulate organic carbon flux. The importance of export of primary production from 

the surface waters alternates with the importance of recycling remineralization 

processes. These processes are regulated by physical processes, and hydrodynamic 

singularities that occur over a wide range of spatial and temporal scales and play a 

major role in favoring export of primary production to in situ recycling processes 

(Miquel et al. 1994). Examples of hydrodynamic singularities on the vertical scale 

include pycnoclines, and eddies, fronts and upwelling regions on the horizontal scale, 

and temporal transitions in vertical stability structure with periodicities ranging from 

annual to semidiurnal (tidal) and sometimes smaller (Langmuir circulation) (Legendre 

& Le Ferve 1989). Legendre and Le Ferve (1989) explained that new and regenerated 

production, given their different temporal and spatial scales, could operate side by side 

in a bifurcation model. The fate of primary production appears to follow the five 

bifurcation model where production is channeled into export pathways and 

hydrodynamic singularities play an important part at each bifurcation to favor export or 

recycling of primary production (Legendre & Le Ferve 1989). In their model, the first 

bifurcation sets a condition for production of large phytoplankton that are expected to 

rapidly sink from the euphotic region. The second bifurcation sets a condition for 

entrainment of larger phytoplankton cells at density gradients (pycnoclines), or 

channeled into different heterotrophic pathways. The third bifurcation sets a condition 

where larger cells do not sink but are transferred to higher trophic levels, or are 

remineralized in the upper water column due to coupling or uncoupling resulting in 

changes in pelagic food chains. The fourth bifurcation gives a condition under which 

very small cells are produced and instead of entering the microbial loop are aggregated 

and channeled to higher trophic levels. At the fifth bifurcation, the aggregates either 

sink and provide a source of organic matter to the lower water column or seabed or are



recycled in the euphotic zone. These conditions are set by different hydrodynamic 

processes occurring at various spatial and temporal scales that control the relative 

importance of export versus recycled production in oceans (Legendre & Le Ferve 

1989).

Potential of Fecal Pellet Carbon (FPC) and Phytoplankton Carbon ( P c e i i )  Fluxes to 
Induce Hypoxia

Justic* et al. (1993) estimated an oxygen depletion rate of 2.4 ml 0 2 1'1 month'1 , 

by assuming a sedimentation to primary production ratio of 0.5 for the shelf area 

(Rabalais et al. 1991) and an RQ of 1, and estimated that 412 g 0 2 m_l y r l can be 

consumed by benthic and epibenthic respiration. Oxygen depletion rates were 

estimated using the same assumptions from POC and FPC fluxes collected in the 

sediment traps (Table 3.10). The potential oxygen depletion rates in spring were higher 

(0.30 and 0.10 ml 0 2 l '1 d*1, at 15 m depth in 1991 and 1992, respectively) than the 

apparent oxygen depletion rate (0.08 mi 0 2 W d 1) calculated by Justic' et al. (1993). 

The potential oxygen depletion rate for fecal pellets collected in the bottom trap (0.18 

ml 0 2 1'2 d '1) was high in spring 1991, and the amount of fecal pellet carbon flux in 

spring in the bottom trap appeared to be sufficient to induce hypoxia. The potential 

oxygen depletion rate for PceU flux at 15 m depth was low, 0.006 ml 0 2 1'2 d_1, and was 

much lower in the summer. These lower rates were not sufficient to induce hypoxia but 

may add to fecal pellet carbon and deplete oxygen in the bottom waters. The potential 

oxygen depletion rate in summer was low because FPC flux (and POC flux) was low in 

summer. It appears that respiration of. POC and FPC fluxes in spring will create low 

dissolved oxygen bottom waters or hypoxia, and this hypoxia is then sustained and 

maintained through summer in a stratified water column. Although the flux of FPC 

(and POC flux also) and the oxygen depletion rates were also high in fall, the vertical
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Table 3.10. Relationship of particulate organic carbon (POC), fecal pellet carbon 
(FPC), and phytoplankton carbon (Pcell) fluxes with oxygen depletion 
rates based on carbon fluxed at 3-6 ra and IS ra depths at station C6B 
during 1991 and 1992. Analysis assumes: (1) all C is respired, not buried 
or in biomass or organisms, and (2) only vertical fluxes deliver carbon to 
the lower water column and seabed.

POC POC FPC FPC Pcell Pcell
5 - 6 m 15 m 5 - 6 m 15 m 5 - 6m 15 m

Fluxes: mgC/mA2/d mgC7mA2/d mgC/mA2/d
?00a mgCAnA2/d mgCAnA2/d

___1991___
spring 3725 793 2167 496 69 17

summer 491 177 164 71 10 4
faU 1417 976 406 336 66 36

Average 1878 649 912 301 48 19
___1992___

spring 499 270 29 178 nd nd
summer 1321 456 21 89 nd nd

fall 1057 874 932 620 nd nd
Average 959 533 327 296 nd nd

Potential Oxygen Depletion Rates*
1991 ml 02/L/d ml 02/1/d ml 02/1/d ml 02/1/d ml 02/l/d ml 02/l/d

spring 0.46 0.30 0.27 0.18 0.009 0.006
summer 0.06 0.07 0.02 0.03 0.001 0.002

fall 0.18 0.36 0.05 0.13 0.008 0.013
Average 0.23 0.24 0.11 0.11 0.01 0.01

___1992___
spring 0.06 0.10 0.01 0.07 nd nd

summer 0.16 0.17 0.01 0.03 nd nd
fall 0.13 0.33 0.12 0.23 nd nd

Average 0.12 0.20 0.04 0.11 nd nd

* oxygen depletion rate of 0.08 ml 02/1/d, based on 50% sedimentation (Jusdc' et al. 1993).



mixing of the water column because of cold front passages breaks down the density 

stratification and keeps the water column well mixed and oxygenated (Table 3.10).

Hie fecal pellet carbon flux into the bottom trap was low in spring in 1992. The 

oxygen depletion rate for this FPC flux was 0.07 ml 0 2 l'2 d*1, close to the calculated 

oxygen depletion rate (0.08 ml 0 2 1'2 d-1) (Table 3.10). Phytoplankton carbon flux data 

are not available for 1992 to calculate the resulting oxygen depletion rates. However, 

the POC flux into the bottom trap in spring 1992 (which includes phytoplankton) is 

high enough to induce hypoxia that is sustained through the stratified summer period. 

The 1992 P ^  flux data may show a greater contribution of fluxed carbon via sinking 

phytoplankton cells that may have been missed in 1991, because sampling started later 

in the year (April 17, 1991 cf. March 2,1992). A massive flux of ungrazed 

phytoplankton cells in the spring cannot be ruled out as a source of carbon fueling 

hypoxia, but flux calculations for the spring through fall period of 1991 indicated that 

fecal pellet carbon flux far exceeded the contribution of carbon to the seabed by 

phytoplankton cells. The results support the hypothesis that development of summer 

hypoxia is associated with the decomposition of organic matter accumulated in spring 

primarily by the sedimentation of a phytoplankton bloom via fecal pellets rather than as 

intact phytoplankton cells.

CONCLUSIONS

Moored sediment traps were deployed in a 20-m water column on the 

continental shelf influenced by the effluent of the Mississippi River and subject to 

seasonally severe hypoxia. Fluxes of total particulate material (TPM), particulate 

organic carbon and nitrogen, total pigments, fecal pellet carbon (FPC) and 

phytoplankton carbon (Pceii) (one year only) were measured over a 2-yr period within 

the upper (~ 5-6 m -  top) and lower (16 m = bottom) water column.



The average fluxes of total particulate material, particulate organic carbon and 

fecal pellet carbon (Chapter 2) were high compared to other coastal regions. Estimates 

of the proportion of primary production exported in POC were also higher than other 

shallow water regions, but comparable to previous estimates (short-term deployments) 

from the area (i.e., less spatial and temporal information). Highly significant and 

positive correlations between TPM, POC, PON, total pigment and FPC fluxes in both 

the top and the bottom traps indicated that sedimentation rates of the components were 

related to each other. This result also suggested the importance of surface waters as a 

source of material sedimented into both traps.

The flux of TPM, POC, PON, FPC, Pceii and total pigments varied similarly 

between seasons, with lowest sedimentation in summer. There were also inter-annual 

differences, with fluxes of all the above (except Pceu which was not calculated for 1991) 

being greater in 1991 than in 1992. Higher fluxes of TPM into the bottom traps, 

especially in the fall, was most likely the result of sediment resuspension, as identified 

from dilution of the trap materials with sedimentary %TOC and C:N ratios. Surface 

fluxes were positively correlated with indicators of high surface water production 

(dissolved oxygen and pigment concentrations) for the 1991 series, but not for 1992. 

High surface water production occurs in spring, and the yearly differences in the 

strength of relationships to indicators of surface water productivity can be related to the 

differences in the spring freshet of the Mississippi River, which was much greater in 

1991 than in 1992. Fluxes of most bottom trap materials were positively correlated 

with the lower water column dissolved oxygen (i.e., mixed water column) and 

negatively correlated with the lower water column salinity (i.e., stratified water 

column). Fecal pellet carbon flux contributed approximately 55% of the particulate 

organic carbon flux. The flux of fecal pellet carbon in the spring is likely directly 

related to food availability. Lower fluxes in summer, during periods of greatest 

stratification, may be due to the retention or remineralization of fecal pellets in the



upper water column. Higher overall fluxes of most constituents in the fall compared to 

summer may result from resuspended sediments. The evidence for resuspension was 

greater in the fall, especially in the bottom traps.

Fecal pellet carbon flux was higher in both traps than the phytoplankton carbon 

flux (1991 comparison), except for a single sample. The differences were not 

statistically significant for the top trap but were for the bottom trap. The same seasonal 

trends were seen in phytoplankton carbon flux and in fecal pellet carbon flux. The 

contribution of fecal pellet carbon to the particulate organic flux ranged from near 0 to 

100%, but averaged 55%. The phytoplankton carbon flux contribution to particulate 

organic carbon flux was substantially lower and ranged from near 0 to 17%, and 

averaged 4%. The relative differences between FPC and Pceii fluxes were most 

pronounced in spring, somewhat lower in summer, and lowest in fall. Comparative 

data for these fluxes were available only for 1991, when sediment trap deployments 

began in mid-April. A massive flux of ungrazed phytoplankton cells from high surface 

production earlier in the spring cannot be ruled out, but peak river flow occurred later in 

spring 1991 than normally (early May cf. March to April, Fig. 1.2). The long-term 

trend is for net surface water production to lag one month behind peak river flow and 

for bottom water oxygen deficiency to lag two months behind peak river flow (Justic' et 

al. 1993). Overall, the flux of fecal pellet carbon to the seabed far exceeded that of 

phytoplankton cells. A massive sedimentation of carbon via phytoplankton cells is 

unlikely to occur, because the surface primary production is not uncoupled from 

grazing as in northern latitudes. Several features of the system indicate that it is closely 

coupled: (1) abundant zooplankton grazers exist, even in spring (Chapters 4 and 5), (2) 

mesozooplankton grazing rates are high, (3) the larger fecal pellets that are more likely 

to sink are produced, and (4) even if grazing does not substantially reduce the 

phytoplankton standing stock, sufficient fecal pellet production occurs to facilitate a 

high percentage of the surface water primary production to the seabed. The ratios of



fecal peUet carbon flux to estimated primary production averaged 19% at 5-6 m and 

15% at 15 m depth; those for phytoplankton carbon flux were 4% and 2%, respectively. 

Export ratios were lowest in summer when the water column was stratified.

I estimated oxygen depletion rates for the carbon fluxed at 5-6 m and 15 m for 

particulate organic carbon, fecal pellet carbon and phytoplankton carbon. The oxygen 

depletion rate for fecal pellets collected in the bottom trap was high in spring 1991 and 

far exceeded the potential rate due to phytoplankton carbon. Fecal pellet carbon fluxes 

in spring 1991 were sufficient to create low dissolved oxygen bottom waters or hypoxia 

which is then sustained and maintained through the summer in a stratified water 

column. The fecal pellet carbon flux into the bottom trap was low in spring in 1991 and 

phytoplankton carbon flux was not calculated. However, POC flux (which includes 

both fecal pellet and phytoplankton carbon) was sufficient to deplete the bottom water 

oxygen. A massive sedimentation of phytoplankton cells cannot be ruled out for 1992, 

but fecal pellet carbon far exceeded the contribution of carbon to the seabed by 

phytoplankton cells in 1991. POC and PFC fluxes were lower in summer, but also 

sufficient to deplete oxygen, especially if the concentrations were already lower. The 

data and calculations support the hypothesis that development of summer hypoxia is 

associated with the decomposition of organic matter accumulated in spring primarily by 

the sedimentation of a surface water organic material via fecal pellets, rather than as 

intact phytoplankton cells.

The export of carbon from surface waters to the lower water column and 

sediments on the southeastern Louisiana shelf in the influence of the Mississippi River 

is high (approximately 67%) and exceeds the estimate of Suess (1980) for coastal 

waters. Of the particulate material exported vertically, 55% is contained in fecal 

pellets. The carbon fluxed via fecal pellets is sufficient to deplete the bottom water 

oxygen reserves in spring, thus creating hypoxic conditions that then prevail through 

the stratified summer period. Lower fluxes of organic material in summer are sufficient



to deplete dissolved oxygen concentrations, especially if they are already delpeted. 

Temporal and spatial variability is high on the continental shelf adjacent to the 

Mississippi River. Long term deployments, like this data set that encompassed over 

two years (approximately 66 to 70% of each year), were amenable to statistical analyses 

that facilitated identification of seasonal trends of the important biological processes 

and carbon budgets for a riverine influenced continental shelf.
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CHAPTER 4

MESOZOOPLANKTON IN THE SURFACE WATERS OF A RIVERINE- 
INFLUENCED CONTINENTAL SHELF

INTRODUCTION

Freshwater inflow and nutrient flux to the Louisiana and Texas continental shelf 

is dominated by the Mississippi-Atchafalaya River system. Peak runoff occurs in 

spring (March - May) and low flow occurs in summer-fall (July - November) (Dinnel & 

Wiseman 1986). Inter-annual variability in the magnitude and the timing of flow can 

be high. There is a seasonal signal in nutrient flux to the adjacent shelf (Turner & 

Rabalais 1991, Dinnel & Bratkovich 1993), as well as long-term trends in the annual 

and seasonal nutrient concentrations, ratios and fluxes (Turner & Rabalais 1991,1994, 

Justic' et al. 1994).

The influence of the Mississippi-Atchafalaya riverine inputs is seen in stratified, 

highly productive coastal waters. High nutrient concentrations are correlated with high 

chlorophyll a biomass and high primary productivity (Riley 1937, Sklar & Turner 1981, 

Lohrenz et al. 1990, Turner & Rabalais 1994). High chlorophyll a biomass is typical of 

Gulf of Mexico waters close to the Mississippi River delta, but with great seasonal 

variability (200-3000 mg m-3) (Bogdanov et al. 1969). Correspondence between 

chlorophyll a and high copepod naupliar abundance has been observed (Dagg et al. 

1987). The significance and importance of this to the marine ecosystem, in general, and 

larval recruitment of commercial species, specifically, is well recognized (Shaw et al. 

1985, Govoni et al. 1989, Ortner et al. 1989). Local conditions, such as winds and 

currents, affect the distribution of river runoff, with subsequent variation in the 

composition and abundance of plankton that can be observed from year to year. In 

addition, physical stratification of coastal and nearshore waters provides a mechanism
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for the establishment of high concentrations of zooplankton, by providing an 

environment in which prey aggregation can occur (Dagg et al. 1987).

Zooplankton quantitatively and qualitatively enhance sedimentation by 

producing fecal pellets with faster sinking rates (Madin 1982) than phytoplankton cells 

and are a major vehicle of transport of carbon to the seafloor (McCave 1975, Turner & 

Ferrante 1979, Noji 1991). Zooplankton, on the other hand, are also responsible for 

recycling of pelagic organic material by grazing, remineralizing and fragmenting fecal 

pellets (Larapittet al. 1990, Noji 1991). Zooplankton can, furthermore, influence 

sedimentation by selective and discriminant feeding of particles (Haberyan 1985, Noji 

1991), and by migration, or 'biological pumping’, which can also affect and enhance 

sedimentation to the seafloor (Walsh et al. 1988, Dagg & Walser 1987, Longhurst & 

Harrison 1988).

Organic loading to the bottom, by phytoplankton cells or by larger particles, 

fecal pellets and aggregates, along with a stratified and stable water column contributes 

to the episodes of hypoxia observed during summer on the inner continental shelf of the 

northern Gulf of Mexico (Rabalais et al. 1991). Respiration rates, combined water 

column and sediment, are sufficient to deplete the bottom water oxygen within days to 

months, depending on the season and location (Turner & Allen 1982, Dortch et al.

1994). The contribution of fecal pellets to the total organic material flux to the sea floor 

varies from 1% to 90% (Pilskaln & Honjo 1987, Bathmann et al. 1987, Chapter 3), and 

is a function of seasonal surface productivity, zooplankton community structure and 

grazing activity of meso- and microzooplankton.

I have determined that the export of carbon from surface waters to the lower 

water column and sediments on the southeastern Louisiana shelf under the influence of 

the Mississippi River is high (Chapter 3). Further, the flux of carbon via fecal pellets 

averages 55% of the total particulate carbon flux from surface waters to the lower water 

column. This study was designed to identify the mesozooplankton inhabiting the study



area and to identify potential source organisms that were producing the fecal pellets 

collected in the sediment traps.

The objectives of this study were to (1) determine the surface water 

mesozooplankton community structure, (2) determine the copepod species composition, 

and (3) determine the seasonal variation in the mesozooplankton community. The 

samples were taken in the vicinity of the moored sediment traps. The composition of 

the mesozooplankton community was examined in relationship to environmental 

variables to identify the most important features of the system that determine seasonal 

patterns. Knowledge of the mesozooplankton community composition should provide 

insight to the potential sources of fecal pellets collected in the moored sediment traps 

(Chapters 2 and 3).

METHODS

Mesozooplankton samples were collected at monthly intervals from May to 

September 1992. Five minute surface tows were made with a standard plankton net 

(mouth diameter of 0.5 m and 234 pm mesh) to collect mesozooplankton (> 200 pm) in 

the vicinity of an instrument mooring at station C6B (28°50.41'N, 90°26.03'W). The 

instrument mooring included sediment traps from which materials were analyzed for 

fecal pellet number and carbon flux (Chapters 2 and 3). Flowmeter readings were 

recorded for each tow. The sample was concentrated and stored in 4% buffered 

formalin pending laboratory processing. Ancillary data included salinity, temperature, 

dissolved oxygen, nutrients and chlorophyll a and phaeopigment concentrations.

In 1991 zooplankton samples were collected using a smaller standard net (0.3 m 

mouth diameter, 200 pm mesh) without a flowmeter from July through September. The 

1991 samples provided qualitative information of the zooplankton community structure 

for comparison to 1992.



Zooplankton samples were subsampled by adding water to bring the samples to 

a known volume (500 or 1000 ml). Each sample was then agitated and dispersed 

evenly. If the sample was very dense, it was split in a Folsom plankton splitter. An 

aliquot of 2 ml was collected from the sample or subsample (i. e., split) by Stemple 

pipette and placed in a counting wheel for identification and enumeration of organisms. 

Three to four replicate subsamples were examined and were averaged. 

Mesozooplankton were identified to the lowest possible taxon (order, planktonic form, 

family, genus). Copepods were more abundant and were identified to species. Larval 

stages of copepods (nauplii and copepodites when present) were also recorded. Flow 

meter readings were used to calculate abundance (no. n r3), assuming 100% filtering 

efficiency.

In order to characterize zooplankton and copepod communities, the Shannon- 

Wiener diversity index (H) (Shannon & Weaver 1963) and the equitability index (J) 

(Pielou 1969) were used:

where p, is the proportion of total sample belonging to /th species, and / is equal to 1 to 

s number of species. Equitability can be measured in several ways. The simplest is:

where Hmax is equal to species diversity under conditions of maximal equitability or 

maximum species diversity, S is number of species in the community. Equitability (J) 

(range 0-1) is defined as:

H = -£ i=i.s (Pi) (logioPi) Equation 4.1

-  l°8loS Equation 4.2

J = H/Hmax Equation 4.3
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RESULTS

The average total mesozooplankton abundance in 1991 was 179 sample*1 (non- 

quantitative sampling) and was 9353 m*3 in 1992 with the highest number in June 1992 

(41,529 m*3) and the lowest number in July 1992 (843 m*3) (Table 4.1). The abundance 

of mesozooplankton increased in August and September (Fig. 4.1).

Copepods were the dominant mesozooplankters, contributing 60% of the total 

mesozooplankton in 1991 (an average of 106 m*3) and 50% of the total 

mesozooplankton in 1992 (an average of 4352 m*3) (Table 4.1). Exceptions were 

August 1991 and July 1992, when percent copepods were the lowest (23% and 12%, 

respectively) and the larvaceans (Oikopleura) were the dominant organisms (Fig. 4.2). 

Other zooplankton groups that alternated in dominance after copepods included 

larvaceans, doliolids, chaetognaths, decapod larvae and meroplankton (larvae of 

polychaetes and brittle stars, and juveniles of brittle stars) (Fig. 4.2).

The percentage of copepods in 1991 was high in July, lower in August and 

increased in September (Figs. 4.2 and 4.3). The percentage of copepods in 1992 was 

high in May, was the lowest in July, corresponding to the low total mesozoooplankton 

abundance, and increased from August through September (Figs. 4.2,4.4 - 4.5). 

Fourteen species of copepods were identified, representing three orders (calanoids, 

cyclopoids and harpacticoids). Calanoids were the dominant copepods, with Acartia 

tonsa and Paracalanus sp. being the most abundant, followed by Labidocera scotti, 

Centropages furcatus. Among the cyclopoids, Temora turbinata and Corycaeus clausi 

alternated in abundance (Figs. 4.6 - 4.8).

The population parameters of the mesozooplankton community and copepods, 

diversity and evenness, are given in Table 4.1. The Shannon-Wiener diversity index 

was low in both years (average of 0.40 and 0.56, respectively, for 1991 and 1992), with
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Table 4.1. Mesozooplankton and copepod abundance, percent copepod of the total (%), diversity (Shannon- 
Wiener Index) and equitability for samples collected near station C6B during 1991 and 1992.

Date
Mesozooplankton

Abundance
Mesozooplankton

Diversity
<H)

Mesozooplankton
Equitability

( J )

Copepod
Abundance

Percent
Copepod

(%)

Copepod
Diversity

(H)

Copepod
Equitability

( J )

1991 no./sample no./sample
7.09.91 77 0.41 0.44 60 78 0.61 0.72
8.13.91 186 0.39 0.32 45 23 0.56 0.68
9.17.91 275 0.40 0.44 214 78 0.40 0.52

Mean 179 0.40 0.40 106 60 0.52 0.64

1992 no./mA3 no./mA3
5.26.92 1172 0.49 0.47 806 70 0.73 0.77
6.17.92 41529 0.71 0.59 17327 42 0.51 0.51
7.20.92 843 0.53 0.46 103 12 0.65 0.77
8.01.92 2212 0.82 0.74 866 41 0.58 0.68
8.12.92 5135 0.46 0.44 2779 55 0.55 0.70
9.18.92 5228 0.34 0.28 4229 81 0.53 0.47

Mean 9353 0.56 0.50 4352 50 0.59 0.65

00
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Figure 4.1. Abundances of mesozooplankton and copepods (no. sample-1 and no. m-3,
respectively, in 1991 and 1992) in the vicinity of station C6B. Arrows
delineate seasons corresponding to the sediment trap data (Chapter 2).
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no
Jm

AJ 
no

Jta
»*

J

154

A. July 0,1091

10000

1000

100

100

10000

1000

100

100000

10000

»  1000  c

100

B. A ugust 13 ,1991

fill
C. S sp tsm b sr 17 ,1991

9//////''s.S/s

H l f l

too

•0

SO *  

40 

80 

0

100 

80 

90 £  

40 

20

1 1  h i t  If if
Figure 4.6. Abundance (no. sample*1) and percent composition of copepods at station

C6B during July - September 1991.



no
Jt

nO

155
A. Miy 2t, 1N2

1000

100

w m m
B. J u m  17, 1982

10000

1000

100
ec

10
w m w M M
w m t i m

C. July 20, 1892

100

10

1 1 1

I l f

100

II h i it !
Figure 4.7. Abundance (no. m'3) and percent composition of copepods at station C6B

during May - July 1992.



1000  ■■ 

100 

10

1 ■

10000 

1000 

100 

10 

1

10000 

1000 

100 

10 

1

Figure 4.8.

A. August 1,1992

100

B. August 1 2 ,1 9 9 2

■ • I

100

SO

SO

40

20

0
C. Ssptsm bor IB, 1992

V ///////////,

Abundance (no. m-3) and percent composition of copepods at station C6B 
during August - September 1992.



low equitability (average of 0.40 and 0.50, respectively, for 1991 and 1992) (Table 4.1). 

The highest diversity in early August 1992 (0.82) corresponded to a high evenness 

(0.74), and the lowest diversity (0.34) in September 1992 corresponded to the lowest 

evenness (0.28) (Table 4.1). Copepod diversity values were similar to the overall 

mesozooplankton community diversity. The average diversity index for copepods 

species was lowest in September 1991 (0.40) and was highest in May 1992 (0.73). The 

copepods were fairly evenly distributed in both years (average equitability of 0.64 and 

0.65, respectively, for 1991 and 1992); and were the lowest in September 1992 (Table 

4.1).

Station C6B is influenced by the effluents of the Mississippi River and surface 

salinities are frequently less than 30 ppt. Abundances of mesozooplankton were 

strongly and negatively related with surface water salinity, when the June data were 

excluded from the comparison (r2 = 0.78), which indicated that higher 

mesozooplankton abundances occurred at lower salinities (Fig. 4.9). The correlations 

between zooplankton abundance and copepod abundance with chlorophyll a and 

phaeopigments were very weak (not significant and low r2). Copepod abundance was 

negatively related to salinity (very weak relationship with June data included, r2 =

0.09). Copepod dominance of the community was indicated by a strong positive 

correlation between mesozooplankton and copepods (r2 = 0.78) (Fig. 4.10).

DISCUSSION

Data Limitations

The ability to describe zooplankton communities is biased by the sampling 

program and the equipment. Another bias is the inherent assumption of an even 

distribution of the subsampled population, which is rare, because of the patchy 

distribution of zooplankton. Differences in abundance at fine (few meters) to coarse
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Figure 4.9. Relationship between total mesozooplankton (no. n r3) and surface water 
salinity (ppt) at station C6B during 1992.
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scales (10 -100 km) have been reported (Longhurst 1981, Wiebe 1970, Govoni et al. 

1989). Embedded in this spatial distribution is variability due to diel vertical migration 

Samples in this study were collected from the surface waters at a single station, 

near the instrument mooring and, thus, represent a limited horizontal and vertical scale. 

The temporal scale was also limited in both monthly frequency and duration within 

either year. Samples were collected for part of the year and did not cover the whole 

period corresponding to the sediment traps. The mesozooplankton samples were 

sufficient, however, to describe what was present at the times sampled and were useful 

in identifying dominant zooplankters which were potentially responsible for fecal 

pellets produced in the area and collected in the sediment trap samples. The 

mesozooplankton collected near the instrument mooring very likely represent a portion 

of the community contributing to the fecal pellet flux.

Temporal Variability

There were monthly differences in the mesozooplankton community and 

abundances of organisms but no clear seasonal trends, possibly because of the limited 

number of samples and short duration of the study. Overall, most zooplankton 

abundances ranged between 103 and 104 n r3. The highest abundances occurred in June 

1992, well over 105 n r3. Copepod abundances were more variable, ranging between 

102 and 10s n r3, but following the same pattern as the total abundances.

Temporal variations and seasonality in the abundance of zooplankton and 

copepods have been observed for both coastal and oceanic waters in the Gulf of Mexico 

(Fleminger 1956, Houde & Chitty 1976). Increased concentrations of 

microzooplankton (copepod nauplii) have been observed within the frontal regions of 

Mississippi plume where nutrient-rich turbid water, mixed with nutrient-depleted non 

turbid water, enhances primary productivity (Dagg & Whitledge 1991). Some of these 

variations seen in the zooplankton were possibly due to year-to-year variability in



environmental factors related to the flow of the Mississippi River. There was a 

negative relationship between zooplankton abundances and salinity (r2 = -0.78) 

(zooplankton abundance in June 1992 was very high and was not included in the 

calculations). Most of the water leaving the Mississippi River through Southwest Pass 

courses in a westerly direction (Dinnel & Wiseman 1986). The study site near the 

mooring is directly under the influence of this discharge. The Mississippi river 

discharge, with its high nutrient load, plays an important part in stimulating primary 

production and in ultimately sustaining high zooplankton biomass and abundance in 

near-surface samples (Dagg et al. 1987, Dagg & Whitledge 1991, Ortner et al. 1989, 

Govoni et al. 1989). Nutrients and chlorophyll a concentrations were high in the 

surface waters in May 1992 (Chaper 2). This was possibly responsible for the high 

zooplankton abundance in the next month (June) (Fig. 4.1).

The relationship between surface chlorophyll a concentration with zooplankton 

abundance has been difficult to establish (Dagg et al. 1987, Dagg & Whitledge 1991, 

Pieper et al. 1990), but a weak relationship between naupliar abundance and 

chlorophyll concentrations in the Mississippi outflow region was observed by Dagg et 

al. (1987). The correlations between zooplankton abundance and copepod abundance 

with chlorophyll a and phaeopigments were very weak in this study. Dagg and 

Whitledge (1991) found no relationship between naupliar concentration and chlorophyll 

a concentration in the Mississippi plume area, and suggested a complex link between 

phytoplankton production and grazing transfer, attributable to greater trophodynamic 

complexity. Roman et al. (1986) also found no relationship between zooplankton 

abundance and phytoplankton biomass, however, they did find zooplankton biomass 

and grazing maxima generally occurred at the depth of the highest primary production.

The mid-summer low zooplankton abundances, especially in copepods, suggest 

the possible control of zooplankton by predation and or by food limitation (Villate

1991). It has been also suggested that an enhanced food environment, evident by high



zooplankton biomass in the mixed water near the Mississippi River plume, allows for 

the enhanced survival and growth for fish larvae (Shaw et al. 1985, Dagg et al. 1987, 

Govoni et al. 1989). The high zooplankton biomass would support high 

ichthyoplankton concentrations, and microzooplankton, including copepod nauplii and 

copepodites, are known to be an important component of larval fish diets (Govoni & 

Chester 1990). Elevated predation by fish larvae and zooplankton will terminate high 

secondary and primary production. If nutrient resupply is not continued, this would 

also create a food limitation in summer. This predation pressure not only controls the 

abundance of zooplankton but can also change the composition and size spectrum of 

the zooplankton community (Villate 1991).

Copepods were the dominant mesozooplankters (Fig. 4.1) comprising 50 - 60% 

of the total mesozooplankton (Table 4.1). Copepods composed up to 87% of the 

zooplankton in the nearshore region of the Mississippi River outflow (Ortner et al. 

1989). The dominant copepod species at station C6B were Acartia tonsa, Paracalanus 

sp., Temora turbinata, Centropages Jurcatus and Labidocera scotti. These species are 

characteristic coastal, less saline water species. Other species observed, like 

Classocalanus sp., Oncaea venusta, and Corycaeus clausii, are transition water species 

found at higher salinities (Ortner et al. 1989).

Population parameters are valuable tools in characterizing zooplankton 

communities (Howey 1976). Low diversity indices for the mesozooplankton 

community, as well as the copepods, were comparable to the low diversity observed at 

the Mississippi outflow region (Ortner et al. 1989). Ortner et al. (1989) found that 

diversity indices, based on functional groups, represented a gradient of low diversity in 

the Mississippi outflow, to intermediate diversity at Cape San Bias, and high diversity 

in the central Gulf. The number of types found did not vary greatly, and the gradient in 

diversity index from the central Gulf of Mexico to the Mississippi River outflow region 

was due to a change in evenness of the distribution (Ortner et al. 1989).



Mesozooplankton Grazing Potential

Grazing by zooplankton is an important factor that regulates phytoplankton 

biomass. Dagg and Ortner (1992) measured the grazing pressure of mesozooplankton 

by extrapolating individual grazing rates of important copepod species to community 

grazing rates coupled with abundance and distribution data from the plume region and 

the hypoxic region in July 1990. The copepod community grazed an average of 17.8% 

of the primary production in the plume area, where ingestion and primary production 

both were higher compared to, an average of 14%, on the shelf in the hypoxic region 

(Dagg & Ortner 1992). They suggested an immediate initial fate of enhanced 

phytoplankton production in July 1990 was to be grazed by the copepod community in 

both the plume and the hypoxic regions. I estimated that fecal pellet carbon accounted 

for 55% of the total particulate organic matter flux from surface waters to the lower 

water column (Chapter 3). I also estimated much higher percentages of integrated 

primary production to be fluxed via fecal pellets (40% at 5-6 m and 25% at 15 m) 

(Chapter 3).

Copepods comprised a large percentage of the total mesozooplankton in this 

study but were lower than others (87%) reported from the same region (Hopkins 1982, 

Ortner et al. 1989, Dagg & Ortner 1992). There were temporal shifts in the dominants 

of the mesozooplankton community. Low abundances of copepods in summer were 

usually replaced by larvaceans (Oikopleura). Both taxa were present in significant 

enough numbers to exert high grazing pressure on the phytoplankton community (Dagg 

& Ortner 1992, M. Dagg pers. comm.). Mesozooplankton grazers produce larger fecal 

pellets, and these fecal pellets sink rapidly to the bottom and thus contribute to the flux 

of organic material.

Fecal pellet flux into the moored sediment traps was higher in the spring and fall 

compared to the summer (Chapter 2). The mesozooplankton abundances did not follow 

this same general trend, but surface water zooplankton samples were not taken at the



same regularity or frequency as the sediment trap samples. The meso- and 

microzooplankton samples collected at discrete depths on a monthly schedule during 

1992 from March - September, however, did exhibit the same seasonal trends as the 

fecal pellet flux data for 1992 (Chapter 5 cf. Chapter 2). The discrete depth sampling 

design represented the whole water column, whereas the surface zooplankton tows 

sampled only a small percentage of the zooplankton community. A large proportion of 

the zooplankton community resided in the lower water column (Chapter 5), and the 

surface mesozooplankton collections enumerated the part of the water column where 

the lowest proportions resided (Chapter 5).

The high coherence among total organisms, copepods, copepod nauplii and 

fecal pellet abundances in the discrete depth sampling study (Chapter 5) indicated that 

the organisms collected were the source of the fecal pellets. Copepod nauplii 

dominated the total organism abundances (high concentrations of > 1200 no. I*1), and 

there were more fecal pellets in the > 20 pm size fraction (Chapters 2 and 5). These 

fecal pellets, because of their size and density, are more likely to be retained within the 

water column and recycled (coprophagy, fragmentation, etc.), especially when food 

availability is low. Fahnenstiel et al. (1992) studied microzooplankton grazing and 

found that higher growth rates occurred in the plume compared to lower growth rates in 

the hypoxic region and that much of this growth is recycled within the surface layer by 

microzooplankton grazing. Higher microzooplankton grazing rates in summer and fall 

in the Mississippi River plume region indicated a more tightly coupled system during 

summer and fall compared to spring (Dagg & Ortner 1993). The strong similarities 

between the seasonal trends in fecal pellet carbon fluxes and meso- and 

microzooplankton communities and the high percentage of estimated primary 

production exported via fecal pellets, however, suggest that there is a strong coupling of 

zooplankton grazing with primary production in the spring.



CONCLUSIONS

Mesozooplankton distribution and community composition were studied in the 

vicinity of the moored sediment traps to identify the organisms which were the 

potential sources of fecal pellets collected. Samples were collected in 1991 (three 

month non-quantitative sampling) and in 1992 (six quantitative samples over a five 

month period).

The abundance and composition of the mesozooplankton community varied 

considerably between sample dates. Mesozooplankton were lowest in early to mid- 

July. This was possibly related to predation pressure or low food resources. The 

mesozooplankton samples did not show the same seasonal trends as the fecal pellet 

fluxes, but zooplankton abundances from the meso- and microzooplankton discrete 

sampling did. These differences were very likely the result of different sampling 

frequencies and methods.

Copepods were the dominant zooplankton, comprising 50 - 60% of the total, 

followed by oikopleurans, chaetognaths and meroplankton. Copepod numbers were 

strongly related to zooplankton abundance. There was a negative relationship between 

mesozooplankton abundance and surface water salinity. Copepod abundances were 

lower when the salinity was higher. This indicated an influence of the Mississippi 

River discharge on the distribution of copepod communities, which would likely result 

in high mesozooplankton abundances in spring following the high spring flow.
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CHAPTER 5

VERTICAL DISTRIBUTION OF FECAL PELLETS AND MESO- AND 
MICROZOOPLANKTON OF STRATIFIED WATERS ON THE LOUISIANA 

CONTINENTAL SHELF SUBJECT TO HYPOXIA

INTRODUCTION

The inner to mid-regions of the southeastern Louisiana continental shelf are 

subject to the freshwater effluents and nutrient fluxes of the combined flows of the 

Mississippi and Atchafalaya Rivers. Consequently, stratified, highly productive coastal 

waters dominate for much of the year (Rabalais et al. 1991,1992,1994a). Degradation 

of fluxed organic matter from surface waters to the lower water column and to the 

seabed contributes to the annual depletion of dissolved oxygen in the lower water 

column (Rabalais et al. 1991, Justic' et al. 1993, Kemp et al. 1992). Bottom water 

hypoxia (defined as < 2 mg 0 2 1'1) is extensive and often severe during mid-summer 

along most of the Louisiana coast (Fig. 1.1) (Rabalais et al. 1991). On the southeastern 

shelf off Terrebonne Bay, hypoxia develops as early as February - March, is persistent, 

extensive and severe from June - August, and sometimes may persist through 

September - October (Rabalais et al. 1991,1992,1994a).

The presence of oxygen-depleted bottom water may affect, either directly or 

indirectly, the abundance and distribution of zooplankton and, subsequently, the flux of 

organic matter from productive surface waters to the bottom. Copepods and copepod 

nauplii were in low abundance or absent from the oxygen depleted bottom waters 

(< 1 mg 0 2 1'1) of the Chesapeake Bay (Roman et al. 1993). Conversely, copepod 

abundances were highest in reaerated bottom waters during spring and summer (0900 - 

1500 hours). Anoxia (no detectable oxygen) in the bottom waters disrupted normal diel 

migratory behavior of copepods which normally reside near the bottom during the day 

and migrate into the surface waters at night. Copepod abundances were highest at the
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pycnocline throughout the day and the night when bottom waters were anoxic (Roman 

et al. 1993).

The importance of zooplankton in regulating primary production has been 

recognized. Mesozooplankton as well as microzooplankton graze a large proportion of 

the primary production stimulated by nutrients from the Mississippi River discharge 

(Dagg & Ortner 1992,1993). The contribution of fecal pellets to the total amount of 

organic material flux to the sea floor varies from 1% to 90% (Pilskaln & Honjo 1987, 

Bathmann et al. 1987, Chapter 3), and is a function of seasonal surface productivity, 

zooplankton community structure and grazing activity of meso- and microzooplankton. 

The export of carbon from surface waters to the lower water column and sediments on 

the southeastern Louisiana shelf under the influence of the Mississippi River is high 

(approximately 67%) and exceeds the estimates of Suess (1980) for coastal waters 

(Chapter 3). Further, the fecal pellet carbon flux constitutes an average of 55% of the 

total particulate organic carbon flux from surface waters to the seabed (Chapter 3).

High temporal and spatial variability exists within the study area in the levels of 

primary production and distribution of phytoplankton biomass because of circulation 

patterns, winds, changes in freshwater and nutrient flux, and the variable interacting 

effects of nutrients, light and temperature on primary production. Variability at the 

base of the food web is likely to influence zooplankton distributions, and, conversely, 

variations in the zooplankton communities may affect the fate of primary production. 

Correspondence between chlorophyll a and high copepod naupliar concentrations was 

observed in the Mississippi River plume (Dagg et al. 1987). In addition, physical 

stratification of coastal and nearshore waters influenced by the Mississippi River 

provides a mechanism for the establishment of high concentrations of zooplankton 

(Dagg et al. 1987). Very little information is available on the temporal variability of 

zooplankton communities within the study area, and spatially broad studies are non­



existent. Even fewer studies address the distribution of zooplankton communities in 

relationship to hypoxia.

Indications of how the presence of low dissolved oxygen conditions in bottom 

waters might affect zooplankton distributions is seen in the work of Roman et al. (1993) 

from the Chesapeake Bay, where seasonal bottom water hypoxia is a dominant feature 

of the system. Copepod abundances were lowest in Chesapeake Bay in May - June 

when maximum chlorophyll biomass was available to support sufficient numbers of 

zooplankton (Roman et al. 1993). Possible mechanisms proposed for reduced 

zooplankton abundances were increased predation, reduced habitat (i.e., oxygen 

deficient bottom waters), inhibition of copepod egg hatching in oxygen depleted bottom 

waters and reduced copepod recruitment. Shifts in the abundance and distribution of 

zooplankton in a stratified water column where oxygen depletion is common and often 

severe in mid-summer could have two very different indirect effects on carbon flux. 

Lower copepod abundance (from reduced egg hatching and recruitment) could 

uncouple the grazing pressure from the primary production and more organic material 

might sink through the water, as cells or in aggregates. Shifts of zooplankton 

populations into the upper water column would likely lead to more remineralization and 

recycling of pelagic material by fragmentation and grazing of fecal pellets and, 

therefore, a reduction in the amount of material fluxed to the bottom. Concentrations of 

zooplankton just above the pycnocline might facilitate the biological pumping of fecal 

material into the lower water column. Any single or multiple combination of the 

potential effects could have positive or negative effects on organic material flux and, 

consequently, bottom water hypoxia.

I have examined the importance of fecal pellet flux in the transport of carbon to 

the lower water column where hypoxia is a dominant seasonal feature (Chapters 2 and 

3). I now examine the distribution of meso- and microzooplankton communities and



the instantaneous occurrence of fecal pellets and how these differ temporally (both diel 

and seasonal) and spatially during the maximum extent of hypoxia.

OBJECTIVES

The objectives of this study were to:

1. determine the effect of water column stratification and oxygen deficiency in bottom 

waters on the distribution and abundance of meso- and microzooplankton and fecal 

pellets, at diel and monthly scales;

2. determine the effect of a range of bottom water oxygen values across a broad spatial 

scale in an area subject to hypoxia, ranging across a continuum from severe depletion to 

normoxic conditions;

3. determine the relationships between meso- and microzooplankton abundances and 

the instantaneous occurrence of fecal pellets;

4. examine the linkage between distributions of meso- and microzooplankton and the 

flux of fecal pellets at one location; and

5. examine how the distribution of meso- and microzooplankton and fecal pellets 

sampled in 'snapshots' might influence the fecal pellet flux into the sediment traps 

(Chapter 2).

METHODS

Sample Collections

Temporally intense collections were made monthly (March through September

1992) at station C6B off Terrebonne Bay within the core of hypoxic waters that forms 

annually on the southeastern Louisiana shelf (Fig. 1.1) (Rabalais et al. 1992,1994a). 

Additionally, station C6B was sampled for 24 hours at approximately 6 hour intervals



during late July 1992 to examine diel variability. A broad spatial coverage of stations 

within a 2500 km2 area, including station C6B, was targeted during late July and early 

August of 1991 and 1992, to examine zooplankton and fecal pellet distributions at 

stations from within and outside of the main hypoxic water mass CTable 5.1, Fig. 5.1). 

All times are reported as Central Daylight Savings Time, except the one on March 21, 

1992, which is reported in Central Standard Time.

Water samples collected at station C6B were surface, 6.5 m, 14 m and bottom 

(19 m). Mid-water depths were selected to parallel the depth of the opening of the 

moored sediment traps at that station (Chapters 2 and 3). Surface and bottom water 

samples were collected at all other stations. Mid-water depths at stations other than 

C6B were targeted for above and below the pycnocline (or oxycline). Where a strong 

pycnocline (or oxycline) was not present, target depths were spaced evenly within the 

upper and lower water column, or above and below where the pycnocline was likely to 

occur.

Samples (10 to 151) were collected by bucket for surface or by Niskin bottles 

(triplicate 51 on a CTD rosette sampler) or 301 on an wire attached with a Hydrolab 

Surveyor 3 to determine depth. Water samples were transferred to spigotted carboys, 

and total volumes were recorded. The water sample was filtered through a nested series 

of 153 fim, 63 |im and 20 |im Nitex screens. The water in the carboy was continuously 

agitated to ensure a mixed sample. Zooplankton and fecal pellet samples collected on 

each screen were backwashed with filtered seawater (0.2 J im )  into 60 ml bottles, 

preserved in 2.5% glutaraldehyde and refrigerated until further analysis.

Samples collected on the > 153 J im  size fraction were analyzed under a 

dissecting microscope, and all organisms (meso- and microzooplankton) and fecal 

pellets were counted. The sample was split using a Folsom Plankton splitter if it was 

particularly dense, and the subsample was analyzed. The > 63 J im  and the > 20 J im
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Table 5.1. List of sample stations, dates, times collected, station depths, bottom 
water dissolved oxygen (DO mg I-1) and for a continuum of dissolved 
oxygen concentrations

Date Time Day/Night Depth
m

Bottom DO 
mg/1

Station
RF2 8.3.92 16:55 D 16.3 0.05
C8 7.29.91 9:40 D 23.0 0.07
D2 7.28.91 21:10 N 12.5 0.07
C6B-4 7.27.91 16:20 D 19.0 0.14
C6B-5 7.31.91 0:01 N 19.0 0.54
C9 7.26.91 8:30 D 27.6 0.68
D2A 7.30.91 16:00 D 16.5 0.69
D6 7.30.91 0:35 N 71.7 1.80
C7 8.6.92 3:13 N 20.8 1.98
C6B-1 7.31.92 16:30 D 19.0 2.09
C11B 7.28.91 3:28 N 47.6 2.31
D’3 7.27.91 1:40 N 17.6 2.89
E2 8.2.92 11:09 D 8.3 3.53

D id____
C6B 7.31.92 10:05 D 19.0 2.02
C6B-1 7.31.93 16:30 D 19.0 2.09
C6B-2 7.31.94 23:30 N 19.0 1.82
C6B-3 8.1.92 6:15 D 19.0 1.84

Monthly
C6B 3.21.92 9:25* D 19.0 0.86-1.39
C6B 4.10.92 16:15 D 19.0 1.14
C6B 5.26.92 11:02 D 19.0 2.36
C6B 6.17.92 17:25 D 19.0 0.07
C6B 7.31.92 16:30 D 19.0 2.09
C6B 8.12.92 11:03 D 19.0 0.12
C6B 9.18.92 11:36 D 19.0 4.56

* all times except this one time are Central Daylight Savings Time
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Figure 5.1. Location of stations sampled in late July and early August 1991 and 1992. Outlines of bottom water dissolved 
oxygen < 2 mg l '1 for survey periods 7/16-20/91 and 7/245-28/92 are shown; nearshore distribution of hypoxia 
extends to the coastline in 1992.



samples were stained with proflavin and filtered through an S fim cellulose filter which 

was mounted on a slide for enumeration on an epifluorescence microscope. Whole or 

part of the slide was analyzed, and Equations 2.1 and 2.2 in Chapter 2 were used to 

calculate the concentration of organisms and fecal pellets in the sample. The final 

concentrations (no. H ) of organisms and fecal pellets were calculated from the volume 

of water filtered.

Ancillary hydrographic data, including temperature, salinity, density and 

dissolved oxygen, were recorded with a Hydrolab Surveyor 3 or Sea Bird CTD unit 

during water column sampling. Biological data, which included water column pigment 

(chlorophyll a and phaeopigments) and nutrient concentrations, were collected at the 

same depths as the zooplankton sample and analyzed as described in Chapter 2.

Statistical Analyses

Data were categorized into total organism, copepod, copepod nauplius and fecal 

pellet concentrations (no. I*1). Temporal variability was tested at two scales: (1) diel 

variability from station C6B (July 31 - August 1,1992) and (2) monthly variability 

from station C6B (March through September 1992). Spatial variability was tested 

among stations collected with varying degrees of bottom water dissolved oxygen, 

ranging from 0.05 to 3.53 mg H  (Table 5.1, Fig. 5.1).

Each data set was tested for variability in the three main effects using a 

completely randomized design ANOVA with three factorial (4*4*3) treatment 

arrangements. The main effects and their interaction terms were fixed (tested by the 

random statement in the General Linear Model procedure of SAS (S AS Institute 

1985)); therefore, each main effect and all the interaction terms were tested by the mean 

square error. The highest order interaction term was used as the error term, because 

there was no replication. The assumptions for normally distributed data and 

homogeneity of variance were tested for all dependent variables. Data were



transformed to logio values to obtain normality and stabilize variance, when data were 

not normally distributed (Shapiro-Wilk statistics, Pr > F = 0.0001) and the mean values 

were proportional to their variances. The Type III sum of squares was used to compute 

mean square errors, because of the unbalanced data (Steel & Torrie 1980).

Tukey's studentized range test, a pair-wise comparison of means, was employed 

to specify variability within a treatment, when main effects were significant, because it 

is a more conservative test and has a family-wise error rate. However, the plots for 

each treatment were analyzed for variability when interaction terms were significant

Relationships among the total number of organisms, copepods, copepod nauplii, 

and fecal pellets for each depth combination were determined by correlation analysis. 

The depth/date data were also correlated with environmental parameters of the water 

column, including temperature, salinity, dissolved oxygen, chlorophyll a and 

phaeopigment.

All statistical analyses were done using PC SAS version 6.04 (SAS Institute

1985).

RESULTS 

Diel Variability

The vertical profiles of water column temperature, salinity and dissolved 

oxygen did not change substantially during the 24-h sampling at station C6B (Fig. 5.2). 

The water column was stratified, with a strong halocline, thermocline and oxycline at 

10-11 m. The bottom water dissolved oxygen varied around 2 mg I*1, the cut off for 

hypoxia, but it was not severely depleted.

The highest diversity occurred in the > 153 |im size fraction and was comprised 

of mesozoopankton, which were absent from the > 20 iim size fraction. 

Microzooplankton, represented by copepod nauplii, constituted the majority of
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Figure 5.2. Vertical profiles of temperature (degree C), salinity (ppt), dissolved oxygen
(DO mg I'1) for 24 hour sampling at station C68 on July 31 - August 1,1992.



organisms collected in the > 63 pm and the > 20 jam size fractions with occasional 

appearances in the > 153 pm size fraction. Most fecal pellets were collected in the > 20 

|im size fraction.

Mesozooplankton in the > 153 pm size fraction were composed of copepods, 

copepod nauplii, oikopleurans, chaetognaths, meroplankton, and miscellaneous others. 

Copepods constituted an average of 32% of the total mesozooplankton in the> 153 pm 

size fraction, ranging from 10 to 50%. The relative proportions of taxonomic groups 

were similar in all depths with the exception of the surface, 6.5 m and 14 m samples at 

10:05. Meroplankton dominated at 14 m at 10:05, constituting ~ 90% of the total 

organisms and comprising ~ 25% of the total at other times. Meroplankton included 

barnacle nauplius, zoea, protozoea, polychaete larva, balanoglossus tomaria, pilidium 

larva of nemertean, and ophiopluteus (echinoderm larva). Meroplankton constituted 

more than ~ 30% of the total zooplankton in the surface waters except at 10:05 (Fig.

5.3). There was a greater percentage of oikopleurans at 6.5 m at all times with the 

exception of 10:05, when copepods formed the dominant group (Fig. 5.3).

The average total organisms by depth was 119 l l (± 94 SD) ranging between 

200 to 7001-1 with the lowest and highest values both at 14 m (26 to 398 I-1). The 

densities of total organisms were significantly different between times, depths and size 

fractions (Tables 5.2 and 5.3). The highest concentration of total organisms occurred at 

16:30, at 14 m and in the > 63 pm size fraction (Table 5.3, Fig. 5.4). The time*depth 

interaction term was also significant. The total organisms were lowest at 10:05, in all 

depths and size fractions. The mean concentration of total organisms was highest in the 

> 63 pm size fraction and lowest in the > 153 pm size fraction (Fig. 5.4). The densities 

of total organisms were higher in the lower water column than in the upper, because of 

a high number of total organisms at 14 m in the > 63 pm and the > 20 pm size fractions 

(Fig. 5.4). Numbers of total organisms in the upper water column were elevated at 

23:30 at 6.5 m and at the surface because of higher densities in the > 20 pm size



Table 5.2. Three factorial completely randomized design ANOVA (P > F) for
concentration (no. /liter) of total organisms, copepods, copepod nauplii and 
fecal pellets for diel samples at station C6B (July 31 - August 1,1992).

df Total 
Organisms 

P >  F

Copepods 

P >  F

Copepod 
Nauplii 
P >  F

Fecal 
Pellets** 

P>  F

Pr<  W 0.8311 0.7363 0.3594 0.7337
Model 29 0.0188* 0.0345* 0.1281 0.0382*

Time 3 0.0143* 0.0165* 0.1488 0.2471
Depth 3 0.0135* 0.0200* 0.4751 0.0340*
Size Fraction (SF) 2 0.0085* 0.3619 0.0077* 0.0001*
Time*Depth 9 0.0210* 0.0722 0.1175 0.8452
Time*SF 6 0.6311 0.1711 0.8951 0.8571
Depth*SF 6 0.8201 0.6257 0.7707 0.3801

♦ significant at alpha = 0.05 
** log 10 transformed data



Table 5.3. Tukey's studentized range test for concentration (noTliter) of total organisms, 
copepods, copepod nauplii, and fecal pellets collected from station C6B during 
24 hours (July 31 - August 1,1992). Means with the same letter are not 
significantly different (alpha = 0.05).

Number Total Organisms Copepods * Copepod Nauplii" Fecal Pellets* 
noJ liter noJ  liter no7 liter no7 liter

Time
10:05 10 17.36 B 3.395 B 12.13 A 7.04 A
16:30 12 58.66 A 21.605 A 35.99 A 38.8 A
23:30 12 46.97 AB 8.929 AB 34.55 A 12.6 A
6:15 12 35.54 AB 4.419 B 27.82 A 19.7 A

Degth_
Surface 12 22.15 B 2.487 B 18.16 A 14 AB
6.5 m 11 27.66 AB 3.204 B 20.58 A 2.83 B
14 m 11 59.85 A 21.733 A 40.04 A 55.1 A
Bottom 12 48.87 AB 13.103 AB 32.97 A 9.82 AB

Size Fraction
>153 pm 15 20.29 B 7.743 A 2.61 B 1.63 B
>63 |im 15 55.14 A 12.579 A 35.03 A 3.83 B
>20 pm 16 43.46 AB na 42.04 A 52.6 A

* analysis was performed on log 10 transformed data but means arc presented as untransformed data
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fraction (mostly copepod nauplii). A very high r2 (0.98) existed between total 

organisms and copepod nauplii concentrations.

The average copepod density by depth was low 19 H  (± 28 SD) during the 24-h 

sampling, being highest at 14 m depth and ranging from 1 to 100 H . The copepod 

concentrations varied with time and with depth (Table 5.2). Highest concentrations of 

copepods occurred in the lower water column (at 14 m and the bottom) at 16:30 in both 

the > 153 pm and > 63 pm size fractions (Table 5.3, Fig. 5.5).Copepods were not found 

in the > 20 pm size fraction, as expected given the sampling technique. Copepod 

abundance was lowest at 10:05 in both size fractions and mostly distributed in the upper 

water column (surface and 6.5 m) (Fig. 5.5). There was a shift of copepods to the upper 

water column at 23:30 and 06:15 compared to 16:30 when copepods were concentrated 

in the lower water column.

The average copepod nauplii density by depth was 79 W (± 63 SD) ranging 

from 11 to 251 H. There were no significant differences in the concentrations of 

copepod nauplii with time or depth, probably due to the high variances. The densities 

of copepod nauplii were significantly higher in the > 63 pm and > 20 pm size fractions 

than in the > 153 pm size fraction, as expected given the sampling technique (Table

5.3). The concentration of copepod nauplii was higher in the lower water column (14 

m and bottom) in all size fractions at 16:30 and 06:15 compared to at 23:30 and 10:05 

when more copepod nauplii were in the upper water column (surface and 6.5 m)

(Fig. 5.6).

The average fecal pellet concentration by depth was 5 8 1'1 (± 98 SD) ranging 

from 1 to 398 fecal pellets H . The concentrations of fecal pellets were significantly 

different between depths and between size fractions (Table 5.2). Fecal pellet numbers 

were highest at 14 m depth in the > 20 pm size fraction (Table 5.3, Fig. 5.7). There 

were more smaller fecal pellets, which dominated the > 20 pm size fraction, than the 

larger fecal pellets in other size fractions (Table 5.3). The highest numbers of fecal
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pellets occurred at 16:30, and were mostly at 14 m depth (Fig. 5.7); this paralleled high 

concentrations of copepods and copepod nauplii in the lower water column at the same 

time (Fig. 5.6). The low number of fecal pellets at 10:05 was related to lower number 

of organisms. The higher number of fecal pellets in the surface waters at 23:30 in all 

size fractions and at 06:15 in the lower water column (14 m and the bottom) were also 

related to higher numbers of copepods and copepod nauplii in the upper water column 

at 23:30 and their movement back to depth at 06:15.

Total organisms were positively correlated with the number of copepods and 

copepod nauplii (Table 5.4). Fecal pellet concentrations were positively correlated with 

the number of total organisms, copepods and copepod nauplii. Relationships between 

organisms and hydrographic data were not significant, because there was not much 

difference in the water column structure during the 24-h sampling (Fig. 5.2).

Monthly Variability

The water column at station C6B from March through September was usually 

stratified, and the density structure was controlled primarily by the salinity (Figs. 5.8 

and 2.2). The pycnocline was usually located between 8 and 15 m. Continuous bottom 

oxygen data for C6B indicated fluctuations above and below 2 mg l '1 from March 

through August (Fig. 2.4). Sampling on March 21, while conducted during a period of 

hypoxia, followed several days of aerated bottom waters (Figs. 5.8 and 2.4). Bottom 

water dissolved oxygen was low during and several days prior to the sampling in April. 

The May sample was collected when the bottom waters were near 2 mg l*1, but 

followed a severely hypoxic period. The June sample was in the middle of an extended 

period of severely hypoxic, anoxic bottom waters. Bottom water during the July 

sample fluctuated around 2 mg l*1 The reoxygenation resulted from the intrusion of 

colder, saltier water from offshore (N. N. Rabalais pers. comm.), but was followed by 

another severely hypoxic period during which the August sample was taken. Hurricane



Table 5.4. Pearson correlation coefficients matrix showing relationship between
concentration (no./liter) of total organisms, copepods, copepod nauplii and 
fecal pellets with zooplankton constituents, fecal pellets and ancillary 
hydrographic data from station C6B during 24 hours 
(July 31 - August 1,1992); (n = 28).

Total
Organisms

Copepods Copepod
Nauplii

Fecal
Pellets

Total Organisms 1.00
Copepods 0.86* 1.00
Copepod Nauplii 0.96* 0.70* 1.00
Fecal Pellets 0.78* 0.69 * 0.77 1.00
Dissolved oxygen (mg/1) -0.47 * -0.49 * -0.39 -0.21
Salinity (ppt) 0.41 0.45 0.33 0.20
Temperature (degrees C) -0.45 * -0.48 * -0.38 -0.24
Chlorophyll a (ftg/1) -0.24 -0.12 -032 -0.12
Phaeopigment Q<g/1) 0.11 0.22 0.01 0.16

* significant at alpha = 0.05
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Andrew moved through the study area on August 25 and mixed the water column, a 

condition which persisted through September, because of the passage of several cold 

fronts.

Mesozooplankton in > the 153 pm size fraction were composed of a high 

percentage of copepods and copepod nauplii at all depths, but the percent composition 

varied with month and depth (Fig. 5.9). Copepods comprised an average of 55% of the 

total concentration ranging from 15 and 85%. Meroplankton (included mostly benthic 

larvae) comprised nearly 80% of the total community in the bottom waters in June 

when the lower 3 m of the water column were severely hypoxic, but decreased to 

~ 20% in July when the mesozooplankton community was more diverse. Meroplankton 

comprised ~ 90% of the total community at 14 m in August, when bottom waters were 

also severely hypoxic (lower 7 m).

The average density of total organisms by depth was 189 W (± 147 SD), ranging 

from 12 to 575 H . The concentration of total organisms was significantly different 

between months and between size fractions with a significant month*size fraction 

interaction, but did not differ by depth (Table 5.5). The total concentration of 

organisms were highest in March and April and lowest in June (Table 5.6). The high 

concentration of total organisms in the > 63 pm and the > 20 pm size fractions was due 

to a high abundance of copepod nauplii (Figs. 5.10 and 5.12). The total organisms were 

evenly distributed at all depths across all months (Table 5.6). There were more total 

organisms in the upper water column (surface and 6.5 m) in June, August and 

September, and more in the lower water column (14 m and bottom) in March, April, 

May and July (Fig. 5.10).

The average density of copepods by depth was 3 3 1'1 (± 47 SD), ranging 

between 1 and 2451-1. Copepod concentrations varied between months and with 

depths, but there were no significant differences in copepod concentrations between 

size fractions (copepods were not found in the > 20 pm size fraction) (Tables 5.5 and



Table 5.5. Three factorial completely randomized design ANOVA (P > F) for
concentration (no./liter) of total organisms, copepods, copepod nauplii and 
fecal pellets collected from station C6B from March - September 1992.

df Total 
Organisms 

P >  F

Copepods** 

P >  F

Copepod 
Nauplii** 

P >  F

Fecal
Pellets**

P > F

Pr<  W 0.6602 0.7329 0.8823 0.9162
Model 47 0.0011* 0.0007* 0.0001* 0.0002*

Months 6 0.0018* 0.0003* 0.0001* 0.0418*
Depth 3 0.1825 0.0113* 0.3453 0.5746
Size Fraction (SF) 2 0.0001* 0.3564 0.0001* 0.0001*
Month*Depth 18 0.1425 0.0012* 0.0479* 0.2854
Month*SF 12 0.0088* 0.6731 0.8756 0.4192
Depth* SF 6 0.4241 0.0602 0.6265 0.3588

* significant at alpha = 0.05
** log 10 transformed data
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Table 5.6. Tukey's studentized range test for concentration (noTliter) for total organisms, 
copepods, copepod nauplii, and fecal pellets collected from station C6B 
during March - September 1992. Means with the same letter are not significantl) 
different (alpha = 0.05).

Number Total Organism* Copepods * Copepod Nauplii* Fecal Pellets* 
no J liter no./ liter no J  liter no./ liter

Month
March 12 125.92 A 25.09 A 99.93 AB 125.7 AB
April 10 99.90 AB 8.01 BDC 100.22 A 114.1 A
May 12 56.58 ABC 40.75 AB 23.26 BC 85.57 AB
June 12 24.26 C 6.89 D 20.34 C 80.11 AB
July 10 58.66 ABC 14.40 BCD 35.99 ABC 38.79 B
August 12 51.79 BC 12.19 CD 43.74 B 34.75 AB
September 11 44.61 BC 17.40 ABC 30.17 ABC 122.8 AB

Depth
Surface 21 64.91 A 8.25B 55.29 A 33.89 A
6.5 m 19 61.44A 9.69 B 48.35 A 88.41 A
14m 20 88.38 A 20.04 a 71.77 A 71.96 A
Bottom 19 51.44 a 34.07 A 32.96 A 151.5 A

_Size FracUon_
>153 iim 24 20.27 B 12.30 A 3.15 B 3.03C
>63 |im 27 77.62 A 25.78 A 50.33 A 55.76 B
>20 |im 28 104.56 A 4.00A 101.32 A 186.9 A

* analysis was performed on log 10 transformed data but means are presented as un transformed data
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S.6). Highest mean concentrations of copepods occurred in March and May, were 

lowest in April and June, and were intermediate in July, August and September (Table 

5.6, Fig. 5.11). More copepods were found in the lower water column (14 m and 

bottom) except in June when bottom waters were severely hypoxic (0.1 mg l-1). The 

extremely low oxygen concentrations in the lower water column in August, however, 

did not exclude copepods (Figs. 5.8 and 5.11).

The average density of copepod nauplii by depth was 1351'1 (± 134 SD) ranging 

from 5 to 548 H . The densities of copepod nauplii were significantly different between 

months and between size fractions, but not depth (Tables 5.5 and 5.6). Concentrations 

of copepod nauplii were significantly highest in March and in April, decreased from 

May to June and increased again in July through September (Fig. 5.12). The 

concentrations of copepod nauplii were significantly higher in both the > 63 |im and the

> 20 pm size fractions CTable 5.6, Fig. 5.12).

The average fecal pellet concentration by depth was 231 H  (± 340 SD), ranging 

between 1 and 12251'1. Fecal pellet concentrations were significantly different 

between months and between size fractions, but not by depth (Table 5.5). 

Concentrations of fecal pellets were highest early in the year (March through April), 

declined in May through June, were lowest in July and August, then increased 

substantially in September (Table 5.6, Fig. 5.13). More fecal pellets were present in the

> 20 pm size fraction. More fecal pellets were usually present in the lower water 

column (14 m and bottom) except in June and September when more were present in 

the upper water column (surface and 6.5 m) (Fig. 5.13).

Copepod nauplii comprised most of the total organisms at all depths except the 

bottom where copepods were more abundant (Table 5.7). The number of copepods was 

not related with the number of organisms or copepod nauplii as it was in the 24-h 

sampling. Fecal pellet concentration was positively correlated with copepod nauplii at 

the bottom. The concentrations of total organisms and copepod nauplii were negatively
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Table 5.7. Pearson correlation coefficients matrix showing relationship between 
concentration (no. 1*1) of total organisms, copepods, copepod nauplii 
and fecal pellets with zooplankton constituents, fecal pellets and 
ancillary hydrographic data from station C6B during March - 
September 1992.

Total
Organisms

Copepods Copepod
Nauplii

Fecal
Pellets

Surface: n » 7
Total Organisms 1.00
Copepods 0.28 1.00
Copepod Nauplii 0.99 * 0.13 1.00
Fecal Pellets -0.49 -0.41 -0.44 1.00
Dissolved oxygen (mg/1) 0.46 0.05 0.44 -0.30
Salinity (ppt) -0.90* -0.30 -0.89 * 0.18
Temperature (degrees C) -0.73 -0.26 -0.72 0.36
Chlorophyll a (ji.g/1) 0.07 -0.14 0.11 -0.28
Pbaeopigment (pg/1) 0.46 -0.08 0.54 -0.16

6.5 m: n ■ 7
Total Organisms 1.00
Copepods 0.34 1.00
Copepod Nauplii 0.99 * 0.54 1.00
Fecal Pellets -0.23 0.18 -0.21 1.00
Dissolved oxygen (mg/1) 0.51 0.81 * 0.5 i -0.22
Salinity (ppt) -0.36 -0.30 -0.36 0.22
Temperature (degrees C) -0.59 -0.92 * -0.59 0.12
Chlorophyll a (Ji.g/1) 0.31 0.64 0.30 -0.26
Pbaeopigment (jJ.g/1) 0.01 0.45 0.02 -0.28

14m:n = 7
Total Organisms 1.00
Copepods 0.53 1.00
Copepod Nauplii 0.97 * 0.33 1.00
Fecal Pellets -0.12 0,41 -0.23 1.00
Dissolved oxygen (mg/1) 0.74 * 0.18 0.79 * -0.26
Salinity (ppt) -0.60 0.29 -0.74* 0.50
Temperature (degrees Q -0.73 • -0.30 -0.74 * -0.20
Chlorophyll a (pg/1) 0.97 * 0.37 0.98 * -0.21
Pbaeopigment (pg/1) -0.46 -0.48 -0.39 -0.11

Bottom: n ■ 7
Total Organisms 1.00
Copepods 0.71 1.00
Copepod Nauplii 0.42 -0.23 1.00
Fecal Pellets 0.41 -0.17 0.90* 1.00
Dissolved oxygen (mg/1) 0.52 0.02 0.41 0.40
Salinity (ppt) 0.30 0.43 -0.22 •0.21
Temperature (degrees C) -0.46 0.01 -0.78 -0.79 *
Chlorophyll a (jig/1) 0.23 -0.05 0.18 •0.16
Pbaeopigment (pg/1) -0.15 -0.10 -0.23 -0.05

* significant at alpha * 0.05
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correlated with salinity in surface waters, which would represent a higher spring (lower 

salinities) to lower summer (higher salinities) progression in zooplankton abundances. 

The number of copepods at 6.5 m were positively related to higher dissolved oxygen 

and negatively related to lower water temperatures, both conditions more likely in 

spring. Numbers of total organisms and copepod nauplii at 14 m were positively 

related to dissolved oxygen and chlorophyll a (concentration of food below the 

pycnocline?) and negatively related to water temperature and salinity (i.e., lower water 

column conditions during summertime stratification).

Spatial Variability

The samples were collected from varying degrees of bottom waters dissolved 

oxygen, depths and times, including day and night samples (Table 5.1, Figs. 5.1 and

5.14). The water column was strongly stratified in most cases with a halocline located 

at 6 to 12 m, depending on the total depth. Gradients in dissolved oxygen paralleled 

most closely changes in temperature with depth. Bottom waters were oxygenated at 

station E2, which was the shallowest station.

Mesozooplankton in the > 153 |im size fraction were composed of an average of 

45% copepods, ranging from 5 to 80% (Fig. 5.15). More meroplankton were present in 

the bottom waters at all stations with the exception of stations D6 and C l IB; neither 

station was severely hypoxic and both were in deeper water than the other stations 

(Table 5.1). Meroplankton contributed 80 to 95% in the lower water column (below 

pycno-/oxycline and the bottom) at station D2A, a station with severe hypoxia (Fig.

5.15). Copepod nauplii were usually excluded from the lower waters (below pycno- 

/oxycline and bottom) in the > 153 |i.m size fraction at stations that were severely 

hypoxic, but were present in the bottom waters at stations that were less hypoxic to 

normoxic (Fig. 5.15).
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The concentrations of total organisms were significantly different for all main 

effects: stations, depths and size fractions (Tables 5.8 and 5.9); the station+depth 

interaction was also significant The highest concentration of total organisms was at 

station D2. The concentration of total organisms was lowest in the bottom waters, but 

did not appear to be related to day/night differences, but possibly somewhat the severity 

of hypoxia. More total organisms were present in the upper water column (surface and 

above pycno-/oxycline) in all size fractions especially at stations with severe hypoxia 

(Fig. 5.16, Tables 5.8 and 5.9). Station that were not severely hypoxic had more 

organisms in the lower water column (below pycno-/oxycline and bottom) than 

severely hypoxic stations (Fig. 5.16).

The copepod concentrations were significantly different for all the main effects: 

stations, depths and size fractions; the interaction between station+depth and 

station*size fraction were also significant (Tables 5.8 and 5.9). Copepod 

concentrations were significantly higher at station D2 than other stations (Table 5.9). 

Copepods were mostly present in the upper water column (surface and above pycno- 

/oxycline) with few exceptions (stations C6B-4, C6B-1, C9, C8), where more copepods 

were present at the bottom layers (below pycno-/oxycline and bottom) (Fig. 5.17). The 

stations that were the exceptions were sampled during the day, and diel vertical 

migration by the copepods may have caused the vertical distributions.

The average copepod nauplii concentrations by depth were 6 2 1-1 (± 77) ranging 

from 1 to 3981'1. The copepod nauplii concentrations were significantly different for 

all main effects: stations, depths and size fractions (Tables 5.8 and 5.9); the interactions 

between station+depth and station*size fraction were also significant Highest 

concentrations of copepod nauplii occurred at station D2. Copepod nauplii 

concentrations followed the trends of total organism concentrations (Fig. 5.18). Most 

copepod nauplii were present in the upper water column (surface and above pycno-
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Table 5.8. Three factorial completely randomized design ANOVA (P>F) for
concentration (no. 1"1) of total organisms, copepods, copepod nauplii 
and fecal pellets collected from stations with varying degrees of 
bottom water dissolved oxygen concentrations during two cruises in late 
July and August of 1991 and 1992.

df Total
Organisms

P > F

Copepods**

P > F

Copepod
Nauplii
P > F

Fecal 
Pellets** 

P> F

Pr < W 0.3334 0.9213 0.9223 0.2861
Model 83 0.0001* 0.0001* 0.0001* 0.0001*

Station 12 0.0066* 0.0001* 0.0002* 0.0009*
Depth 3 0.0002* 0.0275* 0.0001* 0.8288
Size Fraction (SF) 2 0.0001* 0.0001* 0.0001* 0.0001*
Station*Depth 36 0.0001* 0.0001* 0.0001* 0.0046*
Station+SF 24 0.0638 0.0065* 0.0050* 0.0029*
Depth*SF 6 0.9064 0.8334 0.6343 0.0001*

* significant at alpha = 0.05
** log 10 transformed data
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Table 5.9. Tukey's studentized range test for concentration (no. 1*1) of total 
organisms, copepods, copepod nauplii and fecal pellets collected 
from stations varying in bottom water dissolved oxygen concentrations 
on the inner continental shelf during two cruises in late July and August of 
1991 and 1992. Means with the same letter are not significantly different 
(alpha st 0.05).

Time Number Total Organisms4 
no./ liter

Copepods*
no J  liter

Copepod Nauplii* 
naJ liter

Fecal Pellets* 
no J  liter

___Stadons___
RF2 D 12 36.53 ABC 9.89 BC 2437 BC 21.60 a b

C8 D 12 75.30 ABC 10.02 BCD 47.63 AB 1935 AB
D2 N 12 264.90 AB 109.50 a 206.88 AB 28.94 a

C6B-4 D 12 38.83 ABC 5.70 B 74.88 ABC 3.45B
C6B-5 N 12 84.85 ABC 20.24 B 68.68 A 30.21 AB
C9 D 8 31.03 C 7.43 BCDE 22.46 C 20.01 AB
D2A D 12 104.61 ABC 6.04 CDE 77.54 ABC 32.96 AB
D6 N 12 90.55 ABC 14.97 B 57.06 AB 13.65 AB
C7 N 12 46.20 ABC 5.66 BCDE 4536 ABC 2539 AB
C6B-1 D 12 58.66 ABC 14.40 BC 35.99 ABC 38.79 AB
C11B N 12 35.88 BC 5.27 CDE 29.63 BC 934 AB
D’3 N 12 82.79 ABC 2.41 DE 38.87 ABC 26.60 AB
E2 D 12 122.72 A 20.21 B 96.73 AB 4.21 B

____ D epth___
Surface 37 98.35 A 21.88 AB 65.84 A 13.07 A
Above pycno-Zoxycline 37 113.11 A 24.59 A 78.90 A 15.92 A
Below pycno-/oxycline 39 69.97 A 10.50 B 72.06 AB 33.80 A
Bottom 39 56.33 B 11.73 AB 40.76 B 23.38 a

_ SjM_Fraction_
>153 pm 52 21.20 B 1136 B 2.66 B 335 C
>63 pm 50 105.60 A 24.66 A 7030 A 5.64B
>20 pm 50 12735 A 0.00 111.17 a 54.08 A

* analysis were performed on log 10 transformed data but means are presented as untransformed data 
Time: D ■ day, N = night
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/oxycline) (Fig. S. 18). More copepod nauplii were present in both the > 63 |im and the 

> 20 |im size fractions (Fig. 5.18).

Fecal pellet concentrations were significantly different between stations and 

between size fractions, with a significant interaction term, but not by depth (Table 5.8). 

Fecal pellet concentrations were high at stations C6B-5 and C6B-1, which were 

sampled at night. Most fecal pellets were present in the > 20 pm size fraction, and in 

the lower water column (below pycno-/oxycline and bottom) (Fig. 5.19).

There were positive correlations between total organisms, copepods, copepod 

nauplii and fecal pellets in the upper water column, surface and above pycno*/oxycline 

(Table 5.10). There were few positive correlations between the zooplankton 

constituents and the water column hydrography. This result is not too surprising, since 

the water column structure was very similar across the study area (few exceptions). 

Numbers of total organisms and copepod nauplii were positively related to surface 

water temperature, but this feature varied little, except between day and night. There 

were negative relationships between organisms, copepods and copepod nauplii and 

dissolved oxygen and positive relationships with chlorophyll a at the above pycno- 

/oxycline depths. These correlations could represent concentrations of organisms at a 

subsurface oxygen minimum where food (chlorophyll a biomass) is higher. Below 

pycno-/oxycline numbers of copepods and copepod nauplii showed opposite 

relationships with dissolved oxygen; the reasons for this are not apparent.

DISCUSSION

The water column was stratified throughout the study period, and the density 

structure was controlled primarily by salinity. The water column was thermally mixed 

in March, April and September and at station E2, the shallowest station among those 

sampled for broad spatial coverage. A strong oxycline existed from March through
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Table 5.10. Pearson correlation coefficients matrix showing relationship between 
concentration (no. 1" )̂ of total organisms, copepods, copepod nauplii 
and fecal pellets with zooplankton constituents and fecal pellets and 
ancillary hydrographic data obtained during late July and early 

August of 1991 and 1992.

Total Organisms Copepods Copepod Nauplii Fecal Pellets

Surface: n ■ 14
Total Organisms 1
Copepods 0.88 • 1
Copepod Nauplii 0.97 * 0.87 * 1
Fecal Pellets 0.72* 0.64* 0.76 * 1
Dissolved oxygen (mg/1) *0.02 •0.08 0.11 -0.23
Salinity (ppt) -0.3B -0.31 -0.41 -0.21
Temperature (degrees C) 0.54 * 0.48 0.56 * 0.56 *
Chlorophyll a (JJ.g/1) -0.05 0.18 •0.06 -0.25
Pbaeopigment (pg/1) 0.04 0.24 0.01 -0.12

Above pycno-/oxycline: n ■ 13
Total Organisms 1
Copepods 0.66 * 1
Copepod Nauplii 0.92 * 0.34 1
Fecal Pellets 0.54* 0.26 0.46 1
Dissolved oxygen (mg/1) -0.62 • -0.87 * -0.36 -0.13
Salinity (ppt) -0.07 -0.15 0.01 -0.29
Temperature (degrees C) 0.07 -0.19 0.15 0.35
Chlorophyll a (pg/1) 0.67 * 0.52 0.63 * 0.16
Phaeopigment (pg/1) 0.56 * 0.48 0.51 0.15

Below pycno-/oxycline: n = 13
Total Organisms 1
Copepods 0.59 * 1
Copepod Nauplii 0.34 -0.16 1
Fecal Pellets 0.46 0.58 * -0.25 1
Dissolved oxygen (mg/1) -0.09 -0.52 • 0.54 • -0.45
Salinity (ppt) -0.56 • 0.04 -0.47 0.2
Temperature (degrees C) 0.26 -0.02 0.48 -0.54 *
Chlorophyll a (pg/1) 0.5 0.12 0.47 0.64
Phaeopigment (pg/1) 0 J 0.19 0.63 * 0.53

Bottom: n = 13
Total Organisms 1
Copepods 0.33 1
Copepod Nauplii 0.91 • 0.17 1
Fecal Pellets 0.12 -0.25 -0.13 1
Dissolved oxygen (mg/1) 0.19 -0.21 -0.15 0.79 *
Salinity (ppt) 0.08 -0.02 0.14 -0.04
Temperature (degrees C) -0.16 •0.01 -0.26 0.23
Chlorophyll a (pg/1) 0.22 0.2 0.29 -0.25
Phaeopigment (pg/1) -0.27 -0.22 -0.19 -0.21

* significant at alpha ■ 0.05
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August, but not in September. Sampling in September occurred after the passage of 

Hurricane Andrew and the passage of several cold fronts. Spatial and diel variability 

data were collected in late July and early August when the water column was strongly 

stratified at station C6B as well as most other stations.

The nested filtration through different mesh sizes isolated organisms according 

to size classes. Mesozooplankton were present in the > 153 pm size fraction, and were 

the most diverse there, with the dominant groups of organisms including copepods, 

copepod nauplii, oikopleurans, meroplankton (mostly included benthic larvae), 

chaetognaths and others (medusae, amphipods, cladocerans, ostracods, doliolids, and 

fish larvae and eggs). The > 63 pm and > 20 pm size fractions usually retained 

microzooplankton of which only copepod nauplii were counted. Fecal pellets were 

isolated according to size, and most were collected in the > 20 pm size fraction.

Diel Variability

The diel vertical migration of zooplankton has long been recognized and various 

groups such as copepods, chaetognaths, euphausiids, medusae, and fishes undergo diel 

vertical migration. This migration is usually influenced by exogenous (light, gravity, 

oxygen, food, predation) and or endogenous (biological rhythms) factors (Andersen & 

Nival 1991). Diel vertical migration can influence the downward flux of particulate 

organic material (Angel 1984, Fowler & Knauer 1986, Turley 1992). Zooplankters act 

as 'biological pumps', by feeding in surface layers and defecating at depth, thus 

accelerating the fecal pellet flux to the benthos (Walsh et al. 1988, Dagg & Walser 

1987, Longhurst & Harrison 1988, Turley 1992).

The water column was highly stratified and did not change over the 24-h 

sampling at station C6B. Bottom water dissolved oxygen levels fluctuated around 

2 mg H . Most of the organisms were copepod nauplii, but a high percentage of 

copepods was also present. Highest numbers of all organisms, including copepods and



copepod nauplii, occurred at 16:30, and they were concentrated in the lower water 

column. Copepod nauplii moved up into the water column at 23:30 and were more 

evenly distributed across all depths, but copepods remained in the lower water column. 

The copepod nauplii moved back into the lower water column at 06:15, which is where 

the copepods remained concentrated. Numbers of organisms were extremely low at 

10:05, but evenly distributed in the water column. Thus, copepod nauplii migrated into 

the upper water column at night and remained in the lower water column during the 

day, while the copepods were concentrated in the lower water column for the full 24-h 

period. Bottom water oxygen concentrations were not stressful and did not disrupt diel 

vertical migration (sensu Chesapeake Bay results, Roman et al. 1993).

There number of organisms were lowest at 10:05 (1 h before apparent noon) in 

all size fractions. The low density of organisms collected then might be related to 

avoidance of sampling gear (Niskin bottle). Bishop et al. (1987) reported > 60% of the 

copepods in the upper 100 m water column avoided gear (a Large Volume Filtration 

System used in comparison to samples collected by a MOCNESS (Wiebe et al. 1976)).

Copepods stayed in the lower water column (14 m and bottom) and did not 

vertically migrate over 24 hours. Swarms of Acartia have been reported close to the 

bottom, and the reasons for this behavior are not clearly understood (Kimoto et al. 

1984). An investigation of Acartia tonsa's vertical migratory behavior in response to 

food patchiness showed an ability to remain within thin food layers and produce fecal 

pellets as in homogeneous food conditions (Tiselius 1992). Copepods reduced feeding 

activity, but still stayed in the patch.

Fecal pellet concentrations were highest at 16:30 and in the lower water column 

(more at 14 m depth). Also, the abundance of fecal pellets was related to the numbers 

of total organisms, copepods and copepod nauplii. The number of fecal pellets has 

been used as an index of grazing intensity, and reflects the influence of food 

concentration and feeding rates (Haney & Trout 1990). The organisms in the lower
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water column were the likely producers of the fecal pellets collected there. Entrainment 

of particles at the density gradient may result in feeding activity at that depth so that 

more fecal pellets were accumulating below the pycnocline where organisms were 

feeding. Feeding on entrained particles near a density interface has been reported from 

various regions (Walsh et al. 1988, Gardner 1989, Youngbluth et al. 1989). Jackson 

(1993) proposed the concept of flux feeders (larvaceans, pteropods, and copepods) 

residing below the euphotic zone and likely controlling carbon recycling by 

intercepting sinking particles. These flux feeders are also likely producing fecal pellets 

in the lower water column. The significant positive correlations between the 

concentration of fecal pellets and densities of total organisms, copepods and copepod 

nauplii, over the 24-h period indicates that fecal pellets were produced by copepod and 

copepod nauplii, and the fecal pellets were likely freshly produced and were at a 

recognizable state and were not disintegrated remineralized and recycled by copepods 

or other mesozooplankton.

Monthly Variability

The water column was strongly stratified with a strong oxycline throughout the 

study period, except in September. The total number of organisms was dominated by 

copepod nauplii, but a high percentage of copepods occurred in the samples as well.

The total organisms, either copepod nauplii or copepods, were highest in March and 

April. There was a seasonal decline in summer and into fall. The negative correlation 

of abundances with surface water salinity parallels the progression from a spring high 

Gower salinities) to summer and fall lows (higher salinities). The seasonal trend is also 

related to the food availability in the surface waters (i.e., higher chlorophyll a biomass 

in spring and much lower values in summer and fall, Fig. 2.8). The most severely 

oxygen deficient bottom waters occurred in June and August; numbers of organisms



were most reduced in the lower water column during those two collections with the 

exception of copepods at 14 m in August

Copepod and copepod nauplii concentrations averaged 3 3 1*1 and 1351*1, 

respectively over the study period. Copepod nauplii abundances were highest in March 

and April (approximately 1001*1 in both months). Naupliar densities in this study 

exceeded those reported by Dagg et al. (1987) for the Mississippi River delta in spring 

and winter, as well as those reported from stations very near C6B in April 1988 (Dagg 

andWhitledge 1991).

The total fecal pellet concentrations were higher in the bottom waters (but not 

significantly) and were positively correlated with numbers of copepod nauplii. More 

smaller fecal pellets in the > 20 pm size fraction and a high copepod nauplii density in 

the > 20 pm size fraction indicated that copepod nauplii were the likely producers of 

the smaller fecal pellets. Concentration of fecal pellets in the lower water column was 

similar to the results of the diel study. An exception to this was the presence of more 

fecal pellets at 6.5 m in September, which was likely related to higher abundances of 

copepod nauplii in the upper water column. High fecal pellet flux into the top trap in 

fall (Table 2.3, Fig. 2.9) paralleled the high concentration of fecal pellets in the upper 

water column in September. Similarly, higher fluxes of fecal pellets into the sediment 

traps occurred in spring, when microzooplankton abundances were higher. Some other 

possible explanations for concentration of fecal pellets in the lower water column 

include higher feeding activity near the pycnocline (as discussed for diel variability), as 

well as possible resuspension of fecal pellets (Chapter 2).

Effect of Hypoxia on the Distribution of Zooplankton

The positive correlations of total organisms and copepod nauplii with dissolved 

oxygen in the lower water column in the monthly collections (but not the diel and 

spatial, because of uniformity of water column characteristics) indicated that higher



densities of organisms would occur in more oxygenated waters and/or organisms would 

avoid bottom waters low in dissolved oxygen. Organism abundances (except for 

copepods at 14 m) were extremely low in the bottom water column in June and August 

when hypoxia was most severe and extended 3 m and 7 m above the bottom, 

respectively. Low oxygen concentrations paralleled reduced copepod abundances in the 

mesohaline region of Chesapeake Bay, and densities of copepods increased with an 

increase in oxygen in the bottom waters (Roman et al. 1993).

Roman et al. (1993) demonstrated that Acartia tonsa is more limited in its 

ability to survive low oxygen concentration compared to Oithona colcarva.

Apparently, a low respiration rate and metabolism (Lampitt & Gamble 1982) enables 

Oithona to survive low oxygen conditions more easily. Roman et al. (1993) also 

observed the displacement of copepod nauplii into the surface waters, concentration of 

copepod eggs into the thermocline area and inhibition of copepod egg hatching at 

dissolved oxygen < lmg 0 2 1"1. The inhibition of hatching in low oxygen would likely 

reduce recruitment of copepods. The idea that reduced abundance of copepods in the 

mesohaline region of Chesapeake Bay in May, which was previously suggested to be 

related to ctenophore predation on the copepod standing stocks, was rejected by a 

recent predation study (Purcell et al. 1994). Purcell et al. (1994) found no limitation on 

abundance of Acartia tonsa due to predation by gelatinous zooplankton. However, a 

decrease in oxygen concentration correlated with a decrease in abundance of copepod 

nauplii could be explained by an inhibition in hatching of copepod eggs under low 

oxygen conditions and an ultimate reduction in copepod recruitment (Roman et al, 

1993). It is very likely that more than one factor influences zooplankton distribution in 

the stratified water column under the influence of hypoxic bottom waters. A 

combination of factors: food availability, predation, and low-oxygen bottom waters 

may act synergistically to reduce copepod abundance in summer months (Roman et al. 

1993), and would also influence the amount of carbon flux.



Meroplankton, which included mostly benthic larvae: polychaete larvae, 

balanoglossus larvae, pilidium larvae of nemerteans, and ophiopleuteus (brittle star 

larvae) were present. The presence of a high percentage of meroplankton in the lower 

water column, especially during severe hypoxia (June and August) indicated that these 

larvae either delayed their settlement or were not able to settle due to unfavorable 

environmental conditions.

Spatial Variability

The percent contribution to the total in the > 153 |im size fraction showed 

greater percentage of meroplankton in the lower water column at stations with severely 

delpeted bottom water dissolved oxygen (Fig. 5.15), similar to the results of the 

monthly collections during severe hypoxia. Although copepods were present in the 

bottom waters at all stations and at all depths, copepod nauplii were not present in the 

lower water column at stations that were severely depleted in bottom water depletion 

(Station RF2 to D2A in Fig. 5.15).

Station D2 (severely hypoxic) had the highest densities of total organisms, 

copepods, copepod nauplii in the upper water column (surface and 6.5 m). This might 

be due to displacement of organisms from severely hypoxic bottom waters. Secondly, 

this station was sampled at night, and zooplankton may have migrated into surface 

waters for feeding. The distributions of total organisms, copepods, copepod nauplii and 

fecal pellets were significantly different across the broad area of bottom water dissolved 

oxygen cencentrations, but there were no significant differences in abundances over a 

continum of bottom water dissolved oxygen concentrations. However, most of the 

organisms were present in the upper water column in almost all stations and in all size 

fractions, with a few exceptions when copepods were present in the lower water 

column. The concentrations of total organisms, copepods and copepod nauplii were 

evenly distribution at all depths at stations where bottom water oxygen concentrations



varied from 1 to 3 mg l '1. More displacement of organism into the upper water column 

occurred when the lower water column was severely hypoxic. Dagg et al. (1987) 

observed aggregations of copepod nauplii in upper layers at stations that very strongly 

physically stratified and homogeneous vertical distributions at stations lacking physical 

stratification.

The number of fecal pellets were positively correlated with the abundances of 

total organisms, copepods and copepod nauplii, which indicates that these organisms 

are the likely source. This result is consistent with the diel and monthly collections.

CONCLUSIONS

The influence of Mississippi-Atchafalaya riverine inputs is seen in stratified, 

highly productive coastal waters. The vertical stability and high organic load depletes 

bottom water oxygen, and hypoxic bottom water prevails much of the year. In a 

stratified water column where oxygen depletion is severe, any shift in the abundance 

and distribution of zooplankton can have direct and indirect effects on carbon flux. The 

distribution of meso- and microzooplankton and fecal pellets was determined on a 

monthly and diel scale of variability at station C6B, and on a broad spatial scale across 

a variety of stations in mid-summer over a continum of bottom water dissolved oxygen 

concentrations.

Copepod nauplii migrated into the upper water column at night and remained in 

the lower water column during the day, while the copepods remained concentrated in 

the lower water column for the full 24-h period. Bottom water oxygen concentrations 

were not stressful during the 24-h collections and did not disrupt diel vertical migration. 

Highest densities of total organisms, copepods and copepod nauplii occurred during 

March and April when chlorophyll a concentrations in the upper water column were 

highest and decreased in summer and fall when food resources were reduced. Other



possible mechanisms for reduced zooplankton abundances are increased predation, 

reduced habitat (i.e., oxygen deficient bottom waters), inhibition of copepod egg 

hatching in oxygen depleted bottom waters and reduced copepod recruitment. The 

positive correlations of total organisms and copepod nauplii with dissolved oxygen in 

the lower water column in the monthly collections indicated that higher densities of 

organisms would occur in the more oxygenated waters and/or organisms would avoid 

bottom waters low in dissolved oxygen. Within the stations sampled across the hypoxic 

zone in mid-summer, there were no significant differences in abundances between 

stations which varied over a continuum of bottom water dissolved oxygen 

concentrations. Although copepods were present in the bottom waters at all stations 

and at all depths for the spatial survey, copepod nauplii were not present in the lower 

water column at stations that were severely hypoxic.

The number of fecal pellets were positively correlated with the abundances of 

total organisms, copepods and copepod nauplii, which indicated that these organisms 

are the likely source. Similarities were observed between the seasonal pattern of tneso- 

and microzooplankton and the flux of fecal pellets into the moored sediment traps at 

station C6B. High fecal pellet flux into the top trap in fall paralleled the high 

concentration of fecal pellets in the upper water column in September. Similarly, 

higher fluxes of fecal pellets occurred into the sediment traps in spring, when 

microzooplankton abundances were higher.
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CHAPTER 6

CONCLUSIONS

The influence of Mississippi-Atchafalaya riverine inputs is seen in stratified, 

highly productive coastal waters. The vertical stability and high organic load depletes 

bottom water oxygen, and hypoxic bottom water prevails much of the year. In this 

framework, I hypothesized that zooplankton fecal pellet carbon was the primary source 

of carbon to the seabed. In this study, I examined the temporal variability of fecal 

pellet and fecal pellet carbon fluxes and evaluated the contribution of fecal pellet 

carbon to the total carbon flux and determined the potential of fecal pellets to oxidize 

and induce hypoxia. The data set, covering over two years (approximately 66 to 70% 

of each year), and obtained from the long-term deployment of sediment traps moored at 

a permanent station (C6B) in the core of the hypoxic region increased understanding of 

the temporal variation in the production exported to the seabed on the inner continental 

shelf under the influence of the Mississippi-Atchafalaya system. In a stratified water 

column where oxygen depletion is severe, physical and biological processes directly or 

indirectly affect the flux of carbon, and any shift in the abundance and distribution of 

zooplankton communities can have direct and indirect effects on carbon flux.

There was considerable inter-annual and temporal variability in the fecal pellet 

number and carbon flux. I hypothesized that the summertime flux of fecal pellets 

would exceed that of spring and summer, because a mature zooplankton population 

would be likely to produce larger fecal pellets that would sink quickly from the upper 

layers. Instead, carbon fluxes as fecal pellets ranged from 1.5 to 4818 mg C n r2 d*1, 

were highest in the spring and lowest in the summer with fall being intermediate. 

Although statistically not significant, both fecal pellet and fecal pellet carbon fluxes 

were higher in 1991 than in 1992. More fecal pellets were collected in the bottom trap
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compared to the top trap. The deposition rates of fecal pellets collected in the top and 

bottom traps ranged from 1.5*10* to 4.7*106 n r2 d '1 , and from 2.1*10* to 2.2*107 

m -2 d-i respectively. More smaller than larger fecal pellets were collected at both 

depths. The highest fecal pellet carbon flux, however, was accounted for by the larger 

pellets.

More fecal pellets were collected in the bottom trap compared to the top trap, 

which is likely due to depth integration, zooplankton feeding on the particles entrained 

at the pycnocline, zooplankton acting as 'biological pumps', and/or collection of 

iesuspended material in the bottom trap. Fecal pellet carbon flux was dominated by 

larger particles, as I had predicted, but the percentage of smaller fecal pellets exceeded 

that of the larger size fraction.

The size and shape of fecal pellets collected in the sediment traps and 

knowledge of the meso- and microzooplankton communities in the study area (Chapters 

4 and 5) indicated that the fecal pellets in the traps were likely produced by the 

dominant zooplankters, copepods and larvaceans. The smaller fecal pellets were more 

in number but the mid-sized, ellipsoidal fecal pellets were probably an important 

component of fecal pellet carbon flux. Larger, tubular fecal pellets, however, were 

occasionally abundant and periodically influenced the carbon flux values.

Comparison of the flux data with water column hydrographic data indicated that 

fecal pellet carbon flux was greater during periods of higher surface water production 

(as indicated by high dissolved oxygen and pigment concentrations). Higher fecal 

pellet carbon flux in 1991 compared to 1992 can also be linked to productivity in the 

surface waters since the spring freshet of the Mississippi River was much greater in 

1991 than in 1992. The number and carbon flux of fecal pellets in the spring are likely 

directly related to food availability and high phytoplankton biomass stimulated by the 

nutrient rich Mississippi River waters.



The negative relationship between fecal pellet and fecal pellet carbon fluxes 

with delta sigma t indicates less flux during periods of greatest stratification (i.e. 

summer) and higher fluxes during periods when the water column was mixed. Lower 

fluxes in summer may be due to reduced zooplankton abundance, food availability, 

retention or remineralization of fecal pellets in the upper water column, or reduced 

potential of resuspension in the absence of spring and fall mixing events. The higher 

values in spring, compared to fall, although resuspension might occur during both 

seasons, are more likely related to greater food availability. Phytoplankton biomass in 

the surface waters is generally higher in spring than in fall.

Further evidence for seasonal differences in flux through the water column was 

seen in the seasonal differences in fecal pellet carbon in the surficial sediments. Both 

spring and summer sediment fecal pellet carbon were much higher than in the fall. 

Summertime accumulation of fecal pellets in the surficial sediments was facilitated by 

minimal bottom currents, although fecal pellets could be resuspended from the 

sediment surface. Resuspension of fecal pellets would likely occur for a large portion 

of mid-summer 1992 based on calculations of critical velocity from a limited current 

meter record. Larger fecal pellets dominated the surficial sediments, possibly due to 

winnowing of smaller fecal pellets or selective utilization by benthic organisms.

The average fluxes of total particulate material (TPM), particulate organic 

carbon (POC) (Chapter 3) and fecal pellet carbon (FPC) (Chapter 2) were high 

compared to other coastal regions. Highly significant and positive correlations between 

TPM, POC, PON (particulate organic carbon), total pigment and FPC fluxes in both the 

top and the bottom traps indicated that sedimentation rates of the components were 

related to each other. These results also demonstrated the importance of surface waters 

as a source of material sedimented into both traps. The flux of TPM, POC, PON, FPC, 

pceU (phytoplankton carbon flux) and total pigments varied similarly between seasons, 

with lowest sedimentation in summer. There were also inter-annual differences, with



228

1991 fluxes (except PceU which was not calculated for 1992) exceeding those of in 

1992. Higher fluxes of TPM into the bottom traps, especially in the fall, were most 

likely the result of sediment resuspension, as determined from dilution of the trap 

materials with sedimentary %TOC and C:N ratios. Similar to FP and FPC fluxes, 

surface fluxes were positively correlated with indicators of high surface water 

production (dissolved oxygen and pigment concentrations) for the 1991 series, but not 

for 1992. High surface water production occurs in spring, and the yearly differences in 

the strength of relationships to indicators of surface water productivity can be related to 

the differences in the spring freshet of the Mississippi River, which was much greater in 

1991 than in 1992. Fluxes of most bottom trap materials were positively correlated 

with the lower water column dissolved oxygen (i.e. mixed water column) and 

negatively correlated with the lower water column salinity (i.e. stratified water column). 

These results indicate that a decrease in the export of primary productivity was related 

to density structure and low export ratios were seen in summer when the water column 

was highly stratified.

The greatest potential for sinking of organic material derived from in situ 

production exists in the spring when riverine nutrient delivery stimulates increased 

phytoplankton production. The export of carbon from surface waters to the lower water 

column and sediments on the southeastern Louisiana shelf under the influence of the 

Mississippi River is high (approximately 67%) and exceeds the estimate of Suess 

(1980) for coastal waters, but comparable to previous estimates (short-term 

deployments) from the area. Of the particulate material exported vertically, 55% is 

contained in fecal pellets. Export ratios were lowest in summer when the water column 

was stratified. These results indicate that the system alternates between favoring 

production export under the influence of increased nutrient availability in spring and in 

situ recycling and retention during summer.



The contribution of fecal pellet carbon to the particulate organic flux ranged 

from near 0 to 100%, but averaged 55%. The phytoplankton carbon flux contribution 

to particulate organic carbon flux was substantially lower and ranged from near 0 to 

17%, and averaged 4%. The relative differences between FPC and fluxes were 

most pronounced in spring, somewhat lower in summer, and lowest in fall. The same 

seasonal trends were seen in phytoplankton carbon flux and in fecal pellet carbon flux. 

Comparative data for these fluxes were available only for 1991, when sediment trap 

deployments began in mid-April (Q. Dortch pers. comm., Chapter 3), and showed that 

the flux of carbon in fecal pellets was an order of magnitude greater than phytoplankton 

cell carbon flux for both top and bottom traps in 1991. These fluxes may occur directly 

as phytoplankton cells, or indirectly as fecal pellets and aggregates (which may include 

phytoplankton cells as well as fecal pellets). A massive flux of ungrazed phytoplankton 

cells from high surface production earlier in the spring cannot be ruled out, but peak 

river flow occurred later in spring 1991 than usual (early May cf. March - April, Fig, 

1.2). The long-term trend is for net surface water production to lag one month behind 

peak river flow and for bottom water oxygen deficiency to lag two months behind peak 

river flow (Justic1 et al. 1993). Overall, the flux of fecal pellet carbon to the seabed far 

exceeded that of phytoplankton cells.

Estimated oxygen depletion rates for the particulate, fecal pellet and 

phytoplankton carbon fluxed at 15 m were high in spring 1991. The oxygen depletion 

rates for fecal pellets far exceeded the potential rate due to phytoplankton carbon. Fecal 

pellet carbon fluxes in spring 1991 alone were sufficient to create low dissolved oxygen 

bottom waters or hypoxia which was sustained and maintained through the summer in a 

stratified water column. The fecal pellet carbon flux into the bottom trap was low in 

spring in 1992 and phytoplankton carbon flux was not calculated. However, POC flux 

(which includes both fecal pellet and phytoplankton carbon) was sufficient to deplete 

the bottom water oxygen. POC and FPC fluxes were lower in summer, but were



sufficient to deplete oxygen, especially if the oxygen concentration was already low. 

The data and calculations support the initial hypothesis that development of summer 

hypoxia is associated with the decomposition of organic matter accumulated in spring, 

primarily by the sedimentation of a surface water organic material via fecal pellets, 

rather than as intact phytoplankton cells.

Mesozooplankton distribution and community composition were studied in the 

vicinity of the moored sediment traps to identify the organisms which were the 

potential sources of fecal pellets. The abundance and composition of the 

mesozooplankton community varied considerably between sample dates. Copepods 

were the dominant zooplankton, comprising 50 - 60% of the total, followed by 

oikopleurans, chaetognaths and meroplankton. Copepod numbers were strongly related 

to zooplankton abundance. There was a negative relationship between 

mesozooplankton abundance and surface water salinity. This indicated an influence of 

the Mississippi River discharge on the distribution of copepod communities, which 

would likely result in high mesozooplankton abundances in spring following the high 

spring flow. The mesozooplankton samples did not show the same seasonal trends as 

the fecal pellet fluxes, but zooplankton abundances from the meso- and 

microzooplankton discrete sampling did. These differences were very likely the result 

of different sampling frequencies and methods.

The distribution of meso- and microzooplankton and fecal pellets at discrete 

depths was determined on a monthly and diel scale of variability at station C6B, and on 

a broad spatial scale across a variety of stations in mid-summer over a continuum of 

bottom water dissolved oxygen concentrations. Copepod nauplii migrated into the 

upper water column at night and remained in the lower water column during the day, 

while the copepods remained concentrated in the lower water column for the full 24-h 

period. Bottom water oxygen concentrations were not stressful during the 24-h 

collections and did not disrupt diel vertical migration. Highest densities of total



organisms, copepods and copepod nauplii occurred during March and April when 

chlorophyll a concentrations in the upper water column were highest, and decreased in 

summer and fall when food resources were reduced. Other possible mechanisms for 

reduced zooplankton abundances were increased predation, reduced habitat (i.e., 

oxygen deficient bottom waters), inhibition of copepod egg hatching in oxygen 

depleted bottom waters and reduced copepod recruitment. The positive correlations of 

total organisms and copepod nauplii with dissolved oxygen in the lower water column 

in the monthly collections indicated that higher densities of organisms would occur in 

the more oxygenated waters and/or organisms would avoid bottom waters low in 

dissolved oxygen. Within the stations sampled across the hypoxic zone in mid­

summer, there were no significant differences in abundances between stations varying 

in bottom water dissolved oxygen concentrations. Although copepods were present in 

the bottom waters at all stations and at all depths for the spatial survey, copepod nauplii 

were not present in the lower water column at stations that were severely hypoxic.

The positive correlation of number of fecal pellets with the abundances of total 

organisms, copepods and copepod nauplii indicated that these organisms are the likely 

source. Similarities were observed between the seasonal pattern of meso- and 

microzooplankton and the flux of fecal pellets into the moored sediment traps at station 

C6B. High fecal pellet flux of smaller > 20 pirn fecal pellets into the top trap in fall 

paralleled the high concentration of fecal pellets (present in > 20 p.m fraction) in the 

upper water column in September, and were strongly correlated with abundance of 

microzooplankton. Similarly, higher fluxes of fecal pellets occurred into the sediment 

traps in spring, when meso- and microzooplankton abundances were higher.

This long term study elucidated an important feature of the system, that 

alternates between a system favoring production export in spring when the water 

column is mixed to in situ recycling system in summer when it is stratified. Sediment



trap flux data as well as meso- and microzooplankton discrete depth data illustrated that 

variation in the export ratios were closely related to biological and physical processes.



APPENDIX A

RESUSPENSION POTENTIAL OF SEDIMENTS AND FECAL PELLETS

Sediment Resuspension Potential

I examined the potential of bottom currents to resuspend sediments by 

determining the critical bed shear stress from Shield’s entrainment function 0C, which is 

related to the threshold condition for sediment motion, critical shear stress, t c (dynes 

cm 2) by:

Tc (dynes cnr2)= 0C (pg - p) g D Equation A.l

where

6C( Shield's entrainment function, was obtained from the empirical Shield's curve 

(Miller etal. 1977)

pg is the density of inorganic sediment (quartz) particle (2.65 g cm-3, Dyer 1986) 

p is the density of water (1 g cm*3) 

g is the gravity (980 cm s-2)

D is the diameter of average sediment grain in cm (where sediment grain size <f> = -log2 

D).

U*e, the critical shear velocity expressed as speed required for the movement of 

a sediment particle (cm s-^.was estimated by:

U+c (cm s 1) = VCn/p) Equation A.2

The critical shear velocity for sediment grain size 6 <J) to 1 <J> ranged between 

1.23 and 1.58 cm s’1, and the bed critical shear stress, Tc, ranged between 1.29 and 2.51 

dynes cn r2 (Table A.l). Sediment particles can be resuspended when the bed shear
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stress, x0 > t c. The bed shear stress was calculated using the relationship between 

current speed Ulm 1 m above the bottom and the drag coefficient CD (which was 

assumed to be 3.1*10'3, following Sternberg (1972) and Wright et al. (1990)). The 

relationship is expressed as:

The critical shear velocity U*c estimated from Equation A.2 and substituted in 

equation A.5 gave a critical velocity (U*) within the range of 22 to 28 cm s '1 and an 

average of 24.5 cm s*1 for sediment grain sizes ranging from 1 <|> to 6 (J» (Table A. 1). 

Current meter data (Endeco model 174) from 1 m above the bed were obtained for the 

period May 10 to August 24,1992 (Figure A.1, W. J. Wiseman, Jr. unpubl. data). 

Measured currents ranged from 3 to 20 cm s 1, and in only 3 short intervals, were 

currents > 24.5 cm s_l and thus capable of resuspending silt particles. The critical 

velocity (U+) was normally higher than the velocity Ulm measured at 1 m above the

bottom; therefore, the chances of resuspension of sediment particles during the period 

of recorded currents were not very likely. Spring and fall current meter data were not 

available; however, frequent frontal passages during spring and fall along with 

sustained high winds and increased likely resuspend and transport sediments (Adams et 

al. 1987).

% = P c DU2lm Equation A.3

which can be rewritten as

Tt/p = Vu+c2=Vu*2/CD 

or U* = U*</VCD

Equation A.4 

Equation A.5

Resuspension Potential of Fecal Pellets

Fecal pellets ranged in length from 118.9 to 468 mm in the > 63 pm size 

fraction and from 30.4 to 82.4 pin in the > 20 pm size fraction (Table A.2). The width
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Table A .l. Characteristics of sediments: grain size, diameter, critical stress, critical 
velocity and calculated speed (U*) at 1 m above the seabed.

Grain size Diameter Shield’s Criteriat Critical Stress Critical Velocity Velocity 
phi_______cm____________________ dynes/cmA2 U*c cm/s_____ U* cm/s

1 0.0500 0.03 2.51 1.58 28.38
2 0.0250 0.05 1.82 1.35 24.25
3 0.0125 0.08 1.62 1.27 22.85
4 0.0063 0.15 1.52 1.23 22.11
5 0.0031 0.35 1.50 1.33 23.89
6 0.0016 0.80 1.29 1.42 25.50

Mean = 24.50

t  values were obtained from Shield's curve (Miller et al. 1977).
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Figure A .l. Time series bottom current data (cm s*1) at 1 m above the seabed from the 
moored current meter at station C6B during May 10 to August 24,1992; U 
vector (upper panel) and V vector (lower panel). Horizontal lines indicate 
the mean critical velocity that will resuspend silt particles and fecal pellets, 
24.50 cm s*1 and 7.26 cm s-1, respectively. N.B., end of record marked by 
passage of Hurricane Andrew.



of fecal pellets ranged from 43.5 to 269 mm in the > 63 mm and from 14.5 to 38.1 mm 

in the > 20 |im size fraction. Nominal diameters (D), as the diameter of a sphere with 

the same volume as the pellets, were computed following Taghon et al. (1984) using:

D (cm) = ((3/2) + d2 * h )<1/3) Equation A.6

where d is equal to the width of the pellet and h is equal to the length of the

pellet.

I calculated the critical velocity (U*) 1 m above seabed for resuspension of fecal 

pellets using the nominal diameter. This was estimated from critical shear stress 

calculated from Equation A.1, where the density of fecal pellets Pf was used (pf= 1.22 

g cm*3, Komar et al. 1981), and D (cm) was the nominal diameter of the fecal pellet.

The critical velocity (U*) lies in the range of 6.65 to 8.08 cm s_1 with an average

of 7.26 cm s '1 (Table A.2). The critical velocity that will potentially resuspend fecal 

pellets (7.26 cm S '1)  was lower than current velocities measured at 1 m above the 

bottom for several events in the record (Figure A.1); therefore, fecal pellets are likely to 

be resuspended and winnowed from the sediment surface during those events.
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Table B.l. 1991 sediment trap data.
Top Trap Top Trap Top Trap

Date HP 63 pm FP20pm FPFlux
Retrieved Season no. /mA2/d no. /mA2/d no. /mA2/d

5/13/91 Spring 2340145.59 1950121.32 4290266.91
60/91 Spring 1207217.96 560494.05 1767712.01
6/25/91 Spring 139927.54 444475.70 584403.24
7/1/91 Summer 6601.97 11317.67 17919.64
7/9/91 Summer 15561.79 22989.01 38550.81
7/23/91 Summer 35569.81 82457.30 118027.11
7/29/91 Summer 44327.53 16033.36 60360.90
8/13/91 Summer 24898.87 43761.65 6866052
8/19/91 Summer 3300.99 11789.24 15090.22
9/12/91 Fall 82996.23 173537.58 256533.82
9/17/91 Fall 237671.04 109441853 133208957
10/4/91 Fall 396784.14 906744.96 1303529.10
10/17/91 Fall 571106.96 658165.95 1229272.90
11/12/91 Fall 170635.62 285553.48 456189.09
12/7/91 FaU 197849.61 487917.26 685766.87

Mean Total 364973.04 449985.14 814958.18
St Dev 631016.24 540501.95 1171518.19
Mean Spring 1229097.03 98503036 221412739
St Dev 1100272.19 837803.97 1938076.15
Mean Summer 21710.16 3139137 5310153
St Dev 16240.45 27764.79 4400524
Mean Fall 276173.93 60105639 87723033
St Dev 177541.79 35643459 53397639

FP = fecal pellet flux TPM = total particulate material
FPC = fecal pellet carbon POC = particulate organic carbon
Pcell = Phytoplankton carbon flux PON = particulate organic nitrogen

Bottom Trap Bottom Trap Bottom Trap Top Trap Top Trap
HP 63 pm HP 20 pm FPFlux FP 63 pm FP 20 pm
no. /mA2/d no. /mA2/d no. /mA2/d % %

1434732.12 544641026 688114238 5455 45.45
264725653 1957417.69 460467422 6829 31.71

181082.69 596749.79 777832.48 23.94 76.06
7167857 222580.81 29425938 36.84 63.16

164106.19 376312.47 540418.67 40.37 59.63
317703.12 168956.62 486659.74 30.14 69.86

1037453 21220.63 31595.16 73.44 2656
36971.05 23767.10 60738.15 3626 63.74
82053.10 72621.71 154674.80 21.88 78.13

431957.68 32538257 757340.64 32.35 67.65
2358602.09 2630226.13 498882822 17.84 82.16
2093102.91 3131665.42 522476832 30.44 6956
3398782.87 5460339.70 885912257 46.46 5354
268141.68 74870729 1016848.97 37.40 6260
675706.72 1237398.41 1913105.13 28.85 71.15

944816.79 1494650.47 243946726 38.60 61.40
1135816.87 187665330 3012470.17 16.08 16.08
1421023.78 266685925 4087883.03 4853 51.07
1233144.06 2501456.01 3734600.07 22.70 22.70
11381443 14757656 26139058 39.82 60.18
112684.33 138069.33 250753.66 17.71 17.71

1537715.66 225561959 3793335.64 3222 67.78
126676430 1908475.30 317523959 950 950

TOC= total organic carbon

(table con'd)



Bottom Trap Bottom Trap Top Trap Top Trap Bottom Trap Bottom Trap Top Trap Top Trap Bottom Trap
Date FP63 |im FP20pm FPC 63 |iin FPC 20 pm FPC 63 pm FPC 20 pm FPC 63 pm FPC 20 pm FPC 63 pm

Retrieved % % mg C/mA2/d mg C/mA2/d mg C/mA2/d mg CAnA2/d % % %

5/13/91 20.85 79.15 4713.13 105.17 522.14 26.03 97.82 2.18 9525
6/3/91 57.49 42.51 1483.31 21.02 851.74 64.09 98.60 1.40 93.00
6/25/91 23.28 76.72 153.85 22.99 14.60 14.04 87.00 13.00 50.99
7/1/91 24.36 75.64 1.44 0.41 227.03 5.66 77.63 2237 9737
7/9/91 30.37 69.63 26.66 1.09 1131 17.07 96.06 3.94 39.84
7/23/91 65.28 34.72 219.08 2.40 2535 4.03 98.91 1.09 8637
7/29/91 32.84 67.16 393.85 0.74 10.13 0.27 99.81 0.19 97.42
8/13/91 60.87 39.13 208.27 1.95 27.71 0.37 99.07 0.93 98.68
8/19/91 53.05 46.95 12539 0.44 90.77 336 99.65 035 9633
9/12/91 57.04 42.96 377.32 2.49 7931 7.04 9934 0.66 91.87
9/17/91 47.28 52.72 7.04 12.01 430.34 55.06 36.96 63.04 88.66
10/4/91 40.06 59.94 98.76 30.64 336.47 111.19 76.32 23.68 75.16
10/17/91 38.36 61.64 757.20 20.70 38832 178.96 9734 2.66 68.45
11/12/91 26.37 73.63 409.60 12.85 50.89 25.47 9636 3.04 66.64
12/7/91 3532 64.68 698.62 7.91 29336 5730 98.88 1.12 83.61

Mean Total 4035 59.15 644.91 16.19 223.98 38.02 90.69 931 81.98
St Dev 14.95 14.95 119033 2634 246.61 50.05 16.79 16.79 18.18

Mean Spring 3337 66.13 2116.76 49.73 462.83 34.72 94.47 533 79.75
St Dev 20.49 20.49 2344.72 48.03 421.71 26.13 6.48 6.48 24.93

Mean Summer 44.46 5534 162.48 1.17 6538 5.16 95.19 431 86.00
St Dev 17.40 17.40 144.62 0.83 8439 631 8.71 8.71 23.07

Mean Fall 40.74 5926 391.43 14.43 263.15 7234 8430 15.70 79.07
St Dev 10.49 10.49 304.00 9.96 160.43 63.02 24.80 24.80 1037

(table con'd)



Bottom Trap Top Trap Bottom Trap Top Trap
Date FPC 20 pm FPC FPC TPM

Retrieved % mg C/mA2/d mg CAnA2/d mg /mA2/d

5/13/91 4.75 4818.30 548.17 9680939
6/3/91 7.00 1504.33 915.83 137967.77

6/25/91 49.01 176.84 28.64 14944.47
7/1/91 2.43 1.85 232.69 662535
7/9/91 60.16 27.76 28.38 3607.51

7/23/91 13.73 t 221.48 29.38 8022.23
7/29/91 2.58 39439 10.40 1518434
8/13/91 132 21032 28.08 16297.44
8/19/91 3.77 126.03 9434 5140.11
9/12/91 8.13 379.81 8634 21173.47
9/17/91 11.34 19.05 485.40 60323.17
10/4/91 24.84 129.40 447.67 17975.12
10/17/91 3135 777.90 567.28 72084.84
11/12/91 3336 422.46 7637 6899231
12/7/91 1639 70633 350.86 20688.70

Mean Total 18.02 661.10 262.00 37722.47
St Dev 18.18 1214.91 276.49 4028838

Mean Spring 20.25 216649 49734 83240.61
St Dev 24.93 239033 445.75 62624.05

Mean Summer 14.00 163.65 7034 9146.23
St Dev 23.07 144.85 8436 5328.13

Mean Fall 20213 405.86 335.69 4353933
St Dev 1037 301.93 208.87 26154.62

Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap 
TPM POC POC PON PON

mg /mA2/d mg C/mA2/d mgCVmA2/d mg/mA2/d mg/mA2/d

68428.36 7018.27 998.69 1032.78 96.72
96793.01 2737.27 92737 345.41 72.97
40846.49 1420.11 452.07 218.15 54.43
17495.23 58631 240.99 92.15 34.87
6879.02 123.43 172.64 22.09 26.24
758930 352.94 316.12 54.05 46.44
7710.16 73527 164.97 106.06 2232
3300.99 924.63 67.87 116.83 9.04
439739 225.26 97.69 33.34 13.72

11388.40 1263.95 19635 17422 2435
44931.14 4690.05 546.40 652.13 59.33

14859433 411.05 1191.19 4731 12137
289732.31 850.87 1872.08 102.07 169.05
149936.47 54221 72135 60.48 9124
160077.10 74128 1330.85 99.49 149.46

70539.99 1508.19 619.79 21044 66.12
83606.78 192531 539.92 278.90 50.00
6868929 372521 792.71 532.11 74.71
27974.17 2926.92 297.15 43823 2120

789538 49131 176.72 70.75 2544
5033.14 310.34 91.44 39.68 13.76

13410936 141637 97640 18928 10230
98352.76 1630.38 60533 231.03 54.88

(table con'd)



Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap
Date FPC:POC FPC:POC Pcell Pcell Pcell:POC Pcell:POC Chlorophyll a Chlorophyll a Phaeopigment

Retrieved % % mg C/mA2/d mg C/mA2/d % % mg /mA2/d mg /mA2/d mg /mA2/d

5/13/91 68.65 54.89 100.09 36.82 1.43 3.69 1.23 034 34.77
6/3/91 54.96 98.76 99.35 11.23 3.63 131 0.98 0.59 25.44
6/25/91 12.45 6.34 8.47 4.01 0.60 0.89 0.06 0.02 0.79
7/1/91 032 96.55 1.18 1.40 030 038 0.05 0.03 0.18
7/9/91 22.49 16.44 1.46 0.91 1.18 033 0.01 0.03 0.05
7/23/91 62.75 9.29 7.66 2.29 2.17 0.73 0.09 0.03 036
7/29/91 53.67 6.30 5.61 433 0.76 2.75 0.06 0.04 039
8/13/91 22.74 41.36 4.13 9.90 0.45 1438 0.02 0.00 0.07
8/19/91 55.95 9636 3736 6.64 16.67 6.80 0.03 0.00 0.07
9/12/91 30.05 44.03 249.75 20.91 19.76 10.64 0.07 0.00 0.10
9/17/91 0.41 88.84 4033 11.38 0.86 2.08 035 0.18 032
10/4/91 31.48 3738 13.63 8.25 332 0.69 0.10 030 0.49
10/17/91 91.43 30.30 2730 71.41 330 3.81 034 0.69 3.03
11/12/91 77.91 1039 33.12 16.93 6.11 2.35 0.11 0.48 1.65
12/7/91 9531 2636 33.49 86.03 432 6.46 0.09 0.16 1.94

Mean Total 4537 4438 4430 1931 432 335 033 0.18 4.63
St Dev 30.93 34.97 65.09 25.88 037 033 1033

Mean Spring 4535 5333 6930 1735 138 133 0.76 038 2033
St Dev 2931 46.23 52.68 1734 0.61 039 1736

Mean Summer 3632 44.42 9.60 438 337 433 0.04 0.02 0.17
St Dev 24.73 42.23 13.92 3.49 0.03 0.02 0.13

Mean Fall 54.43 39.62 6635 3532 639 434 0.14 038 134
St Dev 39.07 26.65 9034 33.84 0.08 035 1.16



Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap
Date Phacopigmenl Total pigment Total pigment TOC TOC C/N C/N

Retrieved mg AnA2/d mg AnA2/d mg /mA2/d % %

5/13/91 6.43 36.00 6.67 5.29 135 6.79 1229
6/3/91 12.40 26.42 12.99 2.05 1.06 8.03 13.03
6/25/91 0.50 0.85 0.52 1036 1.40 635 8.32
7/1/91 0.36 023 0.39 9.87 133 6.36 6.88
7/9/91 0.22 0.06 0.25 3.69 2.45 5.60 6.60

7/23/91 0.27 0.45 0.30 6.47 4.78 634 6.83
7/29/91 0.35 0.35 0.40 4.14 2.36 6.97 7.48
8/13/91 0_28 0.09 0.28 6.85 1.92 7.93 731
8/19/91 0.61 0.10 0.61 4.80 225 6.83 7.19
9/12/91 0.68 0.18 0.68 5.49 123 7.37 8.01
9/17/91 234 0.47 232 733 1.15 7.41 920
10/4/91 536 039 536 2.73 0.96 8.80 9.82

10/17/91 831 327 9.19 122 0.63 836 11.10
11/12/91 231 1.77 2.69 0.80 030 9.01 9.72
12/7/91 2.14 2.03 2.30 3.63 0.91 732 9.00

Mean Total 234 436 3.02 5.01 1.63 734 837
St Dev 3.70 10.89 3.89 2.89 1.06 0.96 2.01

Mean Spring 6.44 21.09 6.73 536 127 7.12 1121
St Dev 5.95 18.17 6.23 4.29 0.18 0.80 233

Mean Summer 035 021 037 537 235 6.71 7.08
St Dev 0.14 0.16 0.13 229 1.15 0.77 037

Mean Fall 334 138 332 337 030 8.08 947
St Dev 2.87 1.19 3.07 238 028 ' 0.74 1.02



Table B.2. 1992 sediment trap data.
Top Trap Top Trap Top Trap Bottom Trap

Date FP63 pm FP20pm FPFlux FP63 pm
Retrieved Season no. /mA2/d no. /mA2/d no. /mA2/d no. /mA2/d

3/27/92 Spring 65189.77 17682725 242017.02 nd
4/13/92 Spring 46602.16 144466.71 191068.87 5858538
5/5/92 Spring 31380.81 14233234 173713.35 995954.82

5/26/92 Spring 3772.56 68983.88 72756.44 120721.80
6/6/92 Summer 14404.31 4835731 62761.62 7407928

6/17/92 Summer 7202.15 61732.74 68934.89 197544.76
7/6/92 Summer 1548734 11913335 134620.69 107220.02

7/20/92 Summer 42037.05 432712.19 474749.24 27809128
7/29/92 Summer 5658.83 30180.45 3583928 392345.84
8/13/92 Summer 808.40 14147.09 14955.49 15036331
10/6/92 Fall 324883.66 2773760.80 3098644.45 1001280.78
10/27/92 Fail 57617231 4167645.64 4743817.85 1020647.91

Mean Total 94466.60 681690.00 776156.60 39971231
St Dev 175850.14 1340707.17 151655731 40082833
Mean Spring 3673632 133152.60 16988832 391754.06
St Dev 25962.95 45597.44 71560.39 524174.72
Mean Summer 1426635 11771032 13197637 199940.75
St Dev 14682.17 158466.62 173148.79 11834621
Mean Fall 450527.93 347070322 3921231.15 101096435
St Dev 177687.84 985625.43 116331326 13694.63

FP = fecal pellet flux 
FPC = fecal pellet carbon 
TOC= total organic caibon

TPM = total particulate material 
POC = particulate organic carbon 
PON = particulate organic nitrogen

Bottom Trap Bottom Trap Top Trap Top Trap
FP 20 |im FPFlux FP 63 pm FP20pm
no. /mA2/d no. /mA2/d % %

nd nd 26.94 73.06
317826.76 37641234 24.39 75.61

2474825.84 3470780.66 18.06 81.94
1216272.10 1336993.89 5.19 94.81
386995.67 461074.95 22.95 77.05
893066.92 1090611.68 10.45 8935
413631.00 520851.01 1130 8830

1403390.88 1681482.16 8.85 91.15
2183052.48 257539832 15.79 8421
69167122 84203433 5.41 9439

8899149.22 9900430.00 10.48 8932
21254992.78 22275640.69 12.15 87.85

3648624S9 404833729 1435 85.65
6329056.96 6729885.49 7.30 730
133630823 172806229 18.64 8136
1083497.93 1607672.65 9.72 9.72
99530136 1195242.11 12.49 8731
691130.83 809477.05 6.15 6.15

15077071.00 1608803535 1132 8838
8736900.76 875059539 1.17 1.17

= no data

(table con'd)
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Bottom Trap Bottom Trap Top Trap Top Trap Bottom Trap Bottom Trap Top Trap Top Trap Bottom Trap
Date FP63 pm FP20pm FPC 63 pm FPC 20 pm FPC 63 pm FPC 20 pm FPC 63 pm FPC 20 pm FPC 63 pm

Retrieved % % mg CAnA2/d mg C/mA2Ai mg C/mA2/d mg C/mA2/d % % %

3/27/92 nd nd 69.18 7.80 nd nd 89.86 10.14 nd
4/13/92 15.56 84.44 24.77 3.88 13.62 11-85 86.46 1354 53.49
5/5/92 28.70 7130 2.53 2.57 224.01 74.18 49.64 50.36 75.12

5/26/92 9.03 90.97 1.13 2.74 18.75 191.06 29.20 70.80 8.93
6/6/92 16.07 83.93 41.15 0.46 10.71 1259 98.89 1.11 45.97

6/17/92 18.11 81.89 0.83 0.65 150.50 8.01 56.06 43.94 94.95
7/6/92 20.59 79.41 5.97 1.33 43.16 959 81.84 18.16 81.82

7/20/92 16.54 83.46 10.64 20.42 96.98 31.67 34.25 65.75 7538
7/29/92 15.23 84.77 43.87 0.27 9234 4135 9938 0.62 69.07
8/13/92 17.86 82.14 2.86 0.19 22.79 13.81 93.86 6.14 62.28
10/6/92 10.11 89.89 397.18 488.34 40131 201.99 44.85 55.15 6652
10/27/92 458 95.42 910.88 6832 171.78 46335 93.02 6.98 27.05

Mean Total 15.67 8433 12552 49.75 11337 9631 71.44 2856 60.05
St Dev 6.35 635 270.75 139.47 119.68 141.01 2656 2656 24.95

Mean Spring 17.76 8234 24.40 435 85.46 9236 63.79 3631 4555
St Dev 10.02 10.02 31.75 2.44 120.02 90.98 2938 2938 33.75

Mean Summer 17.40 82.60 1755 339 69.41 1950 7738 2252 7158
St Dev 1.90 1.90 19.63 8.11 5333 13.68 26.66 26.66 16.82

Mean Fall 7-35 92.65 654.03 27833 28654 332.67 6854 31.06 46.78
St Dev 351 3.91 36334 297.00 16231 184.81 34.06 34.06 27.91

(table con'd)



Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap
Date FPC20|im FPC FPC TPM TPM POC POC PON PON

Retrieved % mg GfaiA2/d mg C/mA2/d mg /mA2/d mg/tnA2/d mgC/mA2/d mgC/mA2/d mg/mA2/d mg/mA2/d

3/27/92 nd 76.98 nd 2099.43 nd 162.79 nd 19.40 nd
4/13/92 4631 28.65 25.48 1506.25 1524537 222.92 274.62 35.80 33.96
5/5/92 24.88 5.10 298.45 2720.10 14190.62 727.39 308.15 132.77 40.89
5/26/92 91.07 3.87 209.83 5241.16 8030.16 877.61 22730 164.72 3335
m m 54.03 41.61 2331 7137.85 16462.06 1672.10 366.61 323.65 6034
6 /n m 5.05 1.47 158.68 38377.19 12433.71 3742.81 158.77 750.13 22.82
7/6/92 18.18 7.30 52.80 4944.03 6090.69 1626.11 246.17 308.87 39.73
7/20/92 24.62 31.06 128.76 4688.75 26273.16 500.79 945.68 88.79 175.86
7/29/92 30.93 44.14 133.79 4369.88 28168.42 23030 633.80 37.19 90.75
8/13/92 37.72 3.04 36.63 4759.48 1669336 152.36 385.11 23.93 5237
10/6/92 33.48 88533 603.76 31689.47 111064.05 886.87 1095.04 115.41 120.49
10/27/92 72.95 979.19 635.32 40528.03 83642.96 1227.89 65337 163.60 77.06

Mean Total 39.95 175.66 209.71 12338.47 30754.09 100251 48134 194.99 61 sn
St Dev 24.95 354.73 219.65 14995.06 3413338 1017.36 31032 209.90 46.07

Mean Spring 54.15 28.65 177.92 2891.73 12488.78 497.68 26939 111.10 36.07

St Dev 33.75 34.18 13935 164232 3897.14 358.12 40.67 67.14 4.19
Mean Summer 2842 2144 883)9 1071236 1768633 1320.78 456.02 255.43 73.65

St Dev 16.82 19.76 57.99 1358937 834435 1364.49 288.72 276.13 54.96
Mean Fall 5322 93236 61934 36108.75 9735331 105738 87430 139-51 98.78

St Dev 27.91 66.23 22.32 6249.81 19389.64 241.13 312.17 34.08 30.71

(table con'd)
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Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap Top Trap Bottom Trap
Date FPC:POC FPC:POC Chlorophyll a Chlorophyll a Phaeopigment Phaeopigment Total pigment Total pigment

Retrieved % % mg AnA2/d mg /mA2/d mg /mA2/d mg /mA2/d mg AnA2/d mg hnA2/d

3/27/92 4729 nd 0.20 nd 0.20 nd 039 nd
4/13/92 12.85 928 0.04 1.02 0.16 1.13 020 2.15
5/5/92 0.70 96.85 0.10 0.16 0.33 0.69 0.44 0.84
5/26/92 0.44 92.35 0.03 0.05 0.22 0.43 024 0.48
6/6/92 2.49 636 0.02 0.17 038 1.07 0.41 123
6/17/92 0.04 , 99.94 0.15 0.08 0.76 0.30 0.90 037
7/6/92 0.45 21.45 0.17 0.00 0.78 232 0.95 226
7/20/92 620 13.62 0.03 0.00 0.16 337 0.18 3.02
7/29/92 19.15 21.11 0.02 0.00 0.10 6.15 0.12 531
S/13/92 2.00 931 0.01 0.00 0.04 2.80 0.05 239
10/6/92 99.85 55.14 0.07 023 1.83 228 1.91 232
10/27/92 79.75 9721 0.10 0.31 2.88 1.66 2.98 1.97

Mean Total 22.60 4733 0.08 0.18 0.65 2.02 0.73 2.07
St Dev 34.40 41.04 0.06 030 0.86 1.70 0.88 1.44

Mean Spring 1532 66.16 0.09 0.41 023 0.75 032 1.16
St Dev 22.09 4931 0.08 033 0.08 036 0.11 0.88

Mean Summer 5415 28.66 0.06 0.04 037 2.67 043 247
St Dev 724 35.44 0.07 0.07 033 2.05 0.40 1.76

Mean Fall 8930 76.17 0.09 027 236 1.97 244 224
St Dev 1421 29.75 0.02 0.06 0.74 0.44 0.76 039



Top Trap Bottom Trap Top Trap Bottom Trap 
Dale TOC TOC C/N C/N

Retrieved % %

3/27/92
4/13/92
5/5/92

5/26/92
6/6/92
6/17/92
7/6/92
7/20/92
7/29/92
8/13/92
10/6/92

10/27/92

Mean Total 
St Dev 

Mean Spring 
St Dev 

Mean Sommer 
St Dev 

Mean Fall 
St Dev

7.90 nd
14.64 1.76
29.08 2.14
1536 231
26.94 2.11
13.75 1.68
34.23 4.92
12.71 3.60
6.61 2.89
5.75 7.39
2.84 1.13
6.70 0.87

1533 232
10.18 1.90
19.69 2.14
8.88 0.38

16.66 3.76
11.48 2.11
4.77 1.00
2.73 0.18

8.63 nd
6.23 8.08
5.48 736
5.34 6.89
5.17 6.16
5.00 6.93
5.26 6.24
5.71 6.24
638 7.05
6.45 7.44
7.70 9.05
737 8.60

6.03 739
1.90 1.90
5.68 731
0.38 0.38
5.66 6.68
2.11 2.11
7.64 832
0.18 0.18

to
o



Table B.3. 1991 surficial sediment data.

Date FP FP63pm FP20pm
Collected Season no7mA2 noVmA2 no7mA2

02.2.91 Spring 14807093.40 5070048.31 9737045.09
02.28.91 Spring 3264661836 5862318.84 2678429932
03.28.91 Spring 39098727.86 12391304.35 2670742331
04.17.91 Spring 28380917.87 11642512.08 16738405.80
05.17.91 Spring 46529951.69 11621256.04 34908695.65
06.17.91 Summer 60679549.11 13855072.46 46824476.65
07.26.91 Summer 61025352.66 33507246.38 2751810638
08.13.91 Summer 85255748.79 23594202.90 61661545.89
09.17.91 Fall 4385256039 16451690.82 2740086937
10.17.91 FaU 49648502.42 10106280.19 39542222.22
12.11.91 Fall 7836473430 13893719.81 64471014.49

Mean Total 49117250.62 14363241.11 3475400932
St Dev 20114274.01 7699492.97 1640638528
Mean Spring 32292661.84 931748732 2297517331
St Dev 11939379.03 354049322 981062431
Mean Summer 6898688332 2365217331 45334709.61
St Dev 14090311.49 982621521 1712040220
Mean Fall 5728859933 1348389634 43804702.09

St Dev 1848109424 3192495.12 1889908628
FP= fecal pellet
FPC = fecal pellet carbon
TOC = total organic carbon

FP63pm FP20|im  FPC FPC63pm FPC20tun
% % mg C/m *2 mg C/mA2 mg C/mA2

34.24 65.76 132637 1072.14 25423
17.96 82.04 2364.59 1692.21 672.38
31.69 68.31 338833 2821.80 566.73
41.02 58.98 3727.78 330533 422.45
24.98 75.02 3786.09 2500.15 1285.95
22.83 77.17 5457.62 3194.34 226328
54.91 45.09 7915.09 688820 1026.88
27.67 7233 10114.60 7999.41 2115.19
3732 62.48 552923 4812.63 716.60
20.36 79.64 3059,90 2332.92 726.97
17.73 8227 5958.44 4978.73 979.71

30.08 69312 478438 37814*2 1002.76
10.83 10.83 243922 206436 622.46
29318 70.02 2918417 227832 64035
8.84 8.84 1057.15 894.11 393.64

35.14 6436 7829.10 602732 1801.79
1729 1729 2329.68 251535 675.16
2520 7430 4849.19 4041.43 807.76
10.75 10.75 156436 1481.94 149.00

(table con'd)



Dale FPC 63 pm FPC 20 pm Chlorophyll a Phaeopigment
Collected % % pg/g dry wt pg/g dry wt

02.02.91 80.83 19.17 0.95 31.88
0228.91 7136 28.44 12.04 49.78
0328.91 8327 16.73 7.23 4829
04.17.91 88.67 1133 8.37 102.07
05.17.91 66.04 33.96 12.36 7337
06.17.91 5833 '  41.47 7.51 87.92
0726.91 87.03 1257 1.34 25.00
08.13.91 79.09 20.91 nd nd
09.17.91 87.04 12.96 2.70 62.84
10.17.91 7624 23.76 0.84 2131
12.11.91 8336 16.44 162 39.88

Mean Total 7835 21.65 5.60 5425
St Dev 9.10 9.10 425 2539

Mean Spring 78.07 2153 8.19 61.08
St Dev 9.14 9.14 4.63 2727

Mean Summer 7438 25.12 4.43 56.46
St Dev 14.71 14.71 4.36 44.49

Mean Fall 8228 17.72 2.05 41.41
St Dev 531 531 1.05 20.71

pnent TOC Sand Silt Clay
y  wt % % % %

32.83 139 28.76 68.94 230
61.82 0.96 nd nd nd
5532 1.10 26.46 72.75 0.79

110.44 037 726 84.93 7.82
85.73 0.98 6.88 86.13 659
95.43 1.44 7.85 85.05 7.10
26.34 0.44 3220 65.82 1.97

nd nd nd nd nd
6534 0.93 11.14 87.08 1.78
2135 0.61 1237 85.12 232
4230 0.92 1926 7823 231

59.85 051 1653 7934 3.73
28.48 034 9.42 7.74 238
6927 056 1734 78.19 428
29.74 037 11.90 8.63 3.46
6029 054 20.03 75.44 454
48.85 0.71 1722 13.60 3.63
43.46 022 1432 8328 220
21.61 0.18 4.33 4.65 038

MUiK»



Table B.4. 1992 surficial sediment data.

Date FP FP63 pm FP20pm
Collected Season no7mA2 no7mA2 noJmA2

02.28.92 Spring 57832608.70 36289855.07 21542753.62
03.04.92 Spring 61426086.96 38782608.70 2264347856
0357.92 Spring 57396014.49 3310144958 2429456552
04.13.92 Spring 64612318.84 26086956.52 38525362.32
0556.92 Spring 98242753.62 45565217.39 5267753653
06.17.92 Summer 37072463.77 1820289855 1886956552
0755.92 Summer 47499275.36 10231884.06 37267391.30
08.12.92 Summer 16749275.36 3855072.46 12894202.90
09.18.92 Fall 7384782.61 623188.41 676159450
1057.92 Fall 29352898.55 8753623.19 20599275.36

Mean Total 47756847.83 2214927536 25607572.46
St Dev 26370263.41 1597038037 13539738.41
Mean Spring 67901956.52 3596521739 31936739.13
St Dev 17212561.95 7176076.38 13475840.18
Mean Summer 33773671.50 10763285.02 2301038647
St Dev 15638163.19 7188659.03 12703262.52
Mean Fall 1836884058 468840530 13680434.78
St Dev 15533803.75 5749085.57 9784718.18

FP= fecal pellet
FPC = fecal peDet carbon
TOC = total organic carbon

FP63 pm FP 20 pm FPC FPC 63 pm FPC 20pm 
% % mg C/mA2 mg C/mA2 mg C/mA2

62.75 37.25 1228151 11653.60 627.61
63.14 36.86 897755 8501.78 475.77
57.67 42.33 25578.11 24643.09 935.02
40.37 59.63 8765.74 7822.04 943.70
4638 53.62 12827.00 11020.89 1806.11
49.10 50.90 2116251 20564.16 598.04
2134 78.46 330839 228050 1028.19
23.02 76.98 3012.47 2752.84 259.62
8.44 9156 20853 6251 146.02

29.82 70.18 2382.71 1915.60 467.11

4052 59.78 985039 9121.67 728.72
18.91 18.91 8368.67 8200.95 47855
54.06 45.94 13685.92 1272838 95754
1051 1051 690130 6855.06 51550
3152 68.78 9161.02 853240 62852
1550 1550 1039438 10422.49 385.19
19.13 8057 129552 989.05 30657
15.12 15.12 153738 131033 227.04

(table con'd)



Date FPC 63 pm FPC 20 (tin Chlorophyll a Phaeopigment 
Collected % % pg/g dry wt pg/g dry wt

0228.92 94.89 5.11 025
03.04.92 94.70 5.30 1.78
0327.92 96.34 3.66 15.87
04.13.92 8923 10.77 3.21
0526.92 8552 14.08 4.73
06.17.92 97.17 2.83 18.59
0725.92 68.92 31.08 3.56
08.12.92 9128 8.62 2.27
09.18.92 29.98 70.02 3.30
1027.92 80.40 19.60 627

Mean Total 82.89 17.11 6.04
St Dev 2022 2022 6.15

Mean Spring 9222 7.78 523
St Dev 4.44 4.44 6.15

Mean Summer 8543 14.17 8.14
St Dev 14.92 14.92 9.07

Mean FaU 55.19 4441 454
St Dev 35.65 35.65 2.31

26.14
20.60
35.91
26.77
24.95
83.23 
45.60 
27.90 
28.99 
40.36

36.05
18.25 
2637
5.60

52.24
28.26 
34.68
8.04

pnent TOC Sand Silt Clay
y  wt % % % %

26.69 0.89 19.46 78.80 1.74
22.38 1.00 8.08 88.85 3.07
51.78 0.62 7.61 90.00 2.39
29.98 0.93 15.40 82.45 2.15
29.68 0.94 24.04 74.16 1.80

101.82 0.31 17.43 8039 2.18
49.16 nd nd nd nd
30.17 1.44 4.40 92.45 3.15
3229 0.43 5.39 9120 3.31
46.93 1.14 4.10 92.79 3.11

42.09 036 11.77 85.69 224
23.33 0.35 7.41 6.85 0.62
32.10 038 14.92 8235 223
11.42 0.15 7.15 6.69 024
6038 038 10.92 86.42 227
37.12 0.80 921 823 0.69
39.61 0.79 4.75 92.05 321
10.35 020 0.91 1.05 0.14

to
U l4*
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