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SUMMARY 

 The objective of this study was to investigate oxygen consumption rates in 

permeable Gulf coast sediments and their link to changes in the water and sediment 

chlorophyll concentrations.  The investigation was initiated to improve our understanding 

of the biogeochemical functioning of these sediments and their role in the coastal cycling 

of organic matter. Although sand is the most abundant sediment type on the continental 

shelf, the decomposition process in sediments affected by advective pore water exchange 

is not understood.  Boundary-layer flows transport organic matter, nutrients and electron 

acceptors into nearshore permeable sediments thereby affecting benthic photosynthesis, 

microbial activity and oxygen dynamics. A series of advection chamber measurements 

was used to determine temporal and spatial variations in O2 consumption at two study 

sites located in the Northeastern Gulf of Mexico, with one site located at the exposed 

south side of St. George Island and the other more sheltered site in Apalachicola Bay. A 

time series analyzing sediment cores and overlying water samples provided data on the 

temporal and spatial dynamics of sedimentary and water column chlorophyll and oxygen 

concentrations. Sediment grain size and porosity were similar at the two sites, although 

Gulf sediments in general were more permeable (Gulf: 1.84 x10
-11

 to 5.29 x10
-11

, Bay 

7.3x10
-12

 to 2.11x10
-11

) and had higher chlorophyll content at the Bay side (Gulf: 1.1 to 

10.6 μg cm
-3

, Bay: 8.8 to 47.2 μg cm
-3

). At the Gulf site, O2 consumption rates ranged 

from 2 mmoles m
-2

 d
-1

 in winter to 17 mmoles m
-2

 d
-1

 in summer, while at the Bay site a 

maximum of 62 mmoles m
-2

 d
-1

 was recorded in August 2006 and a minimum of 11 

mmoles m
-2

 d
-1

 in the winter. These rates demonstrate high metabolic activity in Gulf of 

Mexico nearshore sands despite their relatively low content of labile organic matter as 

reflected by their chlorophyll concentrations. Bay sediment chlorophyll in the upper 3 cm 

reached highest values in spring (March 2007: 47 μg cm
-3

), and the Gulf site in summer 

(July 2006: 10 μg cm
-3

). Our results highlight the role of filtering sublittoral sands as sites 

for high benthic organic matter turnover.  

 viii



INTRODUCTION 

 

Oxygen consumption as proxy for sedimentary degradation and production 

processes. 

 In most marine sediments, where the bottom water is well oxygenated, oxygen is 

the dominate acceptor of electrons (Joergensen 1996; Joergensen and Sorensen 1985, 

Canfield et al. 1993). This oxygen consumption is linked  to three different processes 

which are aerobic decomposition of organic matter (biodegradation), animal respiration 

and oxidation of reduced products (Cai and Sayles, 1996; De Beer et al., 2005).  Aerobic 

decomposition is the break down of organic matter by bacteria in presence of oxygen 

(Kristensen et al. 1995). Respiration is the uptake of oxygen and the release of carbon 

dioxide by living organisms, and this includes night time oxygen uptake by primary 

producers like phytoplankton (Kostka et al. 2002). In marine sediments, oxidation of 

reduced products refers to the conversion of products like hydrogen sulfide to sulfate, or 

the oxidation of reduced products including reduced manganese, zinc, iron, or 

ammoninium. In most coastal surface sediments, reduced sulfur products resulting from 

sulfate reduction is the main reduced component (Canfield et al. 1993). As all the 

secondary electron acceptors used by anaerobic metabolism are eventually reoxidized by 

oxygen, oxygen consumption is a good proxy for total sediment degradation process. 

Benthic oxygen consumption thus can be used to estimate total sediment metabolism 

(Canfield et al., 2005). 

 

Oxygen production: benthic photosynthesis 

 

 High energy coastal waters are highly productive zones due to the nutrient supply 

from rivers, coastal run-off and atmosphere and the thorough mixing in the water column 

(Walsh, 1988; Walsh, 1991).  In the shallow water, benthic primary production may rival 

pelagic production in the water column (Jahnke et al., 1996b). Relatively clear water in 

the West Florida Shelf and high light intensities reaching the seafloor promotes 

microphytobenthos growth down to at least 40 m water depth in this region (Okey et al., 
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2004). This benthic production and the organic material settling out of the water column 

provide substrates for the sedimentary detrital food chain.  

 

Oxygen consumption: Microbial activities and geochemical processes. 

 

The degradation and mineralization of this organic matter through microbially – 

catalyzed reactions can be broken down into 3 major processes: Respiration, 

Fermentation, and Hydrolysis (Capone and Kiene, 1988). Respiration is usually the rate 

limiting step in the metabolizing of organic matter (Middelburg, 2005). The majority of 

the bacteria found living in marine sediments are attached to particles (Rusch et al., 

2003). This implies that in sediments the bacteria communities are dependent on 

transport mechanisms to bring nutrients and carry away waste. The rate that organic 

matter is degraded thus is influenced by sedimentation rate and transport of the organic 

matter into the bed, type of organic matter, temperature, and solute exchange rates at the 

sediment water interface (Smith, 2004).  

 

Oxygen dynamics in the coastal zone: role of high productivity and sediment type.  

 

Except for areas where detritus settles at very high rates, organic matter that is 

deposited on the sediment surface is almost entirely mineralized during early diagenesis 

(Middelburg and Soetaert, 2004). The flux of organic matter to the sea floor depends on 

the productivity in the water column and at the sediment surface, and water depth as it 

affects the degree of mineralization reached through decomposition during settling 

though the water column. Thus, organic matter flux to the sediment is highest in the 

continental shelf, where nutrient input from land fuels high pelagic and benthic 

production and a shallow water column permits settling of a major fraction of the pelagic 

production (Middelburg and Soetaert, 2004). The mineralization of the deposited organic 

matter requires transport of electron acceptors to the sedimentary microbes catalyzing the 

decomposition process (Boudreau, 1997). Sediment oxygen uptake thus largely reflects 

the organic depositional flux, with high fluxes (up to 200 mmol m
-2

 d
-1

 ) in shallow 
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depositional areas decreasing with depth to very small fluxes in deep sea environments (< 

5 mmol m
-2

 d
-1

) (Glud et al., 1994). 

 

 

 

Sediment type: Muddy versus sandy sediments, the role of different 

transport mechanisms: 

  

Diffusive Transport. 

 In fine-grained, cohesive sediments, the major transport processes regulating 

oxygen flux, early diagentic reactions, biogeochemical cycling, and water-sediment 

exchange is molecular diffusion (Berner, 1981, (Joergensen and Revsbech, 1985)). 

Diffusive transport is based on Brownian molecular motion and thus is a result of thermal 

motion of substances (solutes and very small particles) at the molecular level. This 

transport mechanism thus affects substances contained in the liquid phase and takes place 

everywhere in marine sediments containing fluid. The random molecular motion results 

in the equalizing of concentration differences (e.g. of nutrients) and thus can drive the 

flux of matter in the sediment and through the sediment-water interface. Diffusion rates 

are commonly calculated based on Fick’s first law of diffusion: J= - D(dC/dz) where D is 

the molecular diffusion coefficient for the solute under consideration, and dC/dz is the 

vertical concentration gradient of that solute (Crank 1983).  At the sediment water 

interface, diffusion can transport oxygen from the oxygen rich waters into the sediment 

and the products from the mineralization process and reoxidation reactions out of the sea 

bed. In cohesive sediment with high consumption rates, the diffusive boundary layer 

(DBL) may limit oxygen transport to the sediment. The DBL is the thin water film 

(usually a fraction of a millimeter thick) next to the sediment surface, in which diffusion 

is the main transport mechanism for solutes (Caldwell and Chriss, 1979; Boudreau, 

2001). The thickness of the DBL, which depends on the boundary layer flow 

characteristics, thus may determine the flux of O2 to the sediment. The impact of a 

thicker DBL is that it can limit O2 availability to sedimentary aerobic heterotrophic 
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organisms while stimulating enhanced aerobic reoxidation of solutes within the boundary 

layer released by increased anaerobic decomposition in the sediments (Glud et al, 2007).  

 

Biological transport (Bioirrigation and bioturbation) 

 In marine sediments, especially cohesive beds otherwise limited by diffusion, 

bioturbation and bioirrigation can increase the transport of solutes and enhance flux 

(Aller, 1978; Aller, 1982). This transport is caused by organisms moving through the 

sediments thereby mixing it (bioturbation) or pumping water in and out of their burrows 

(Bioirrigation), thereby altering both the chemical and physical makeup of the sediments 

(Aller, 1983; Aller, 1977). Physical changes include increasing the microbial community 

through changes in the sediment surface area and sediment structure. It has been shown 

that if the surface area of the sediments is increased there is also an increase in the 

bacteria abundance in the sediment (Renn, 1978). Irrigation of the tubes of burrowing 

macro fauna can enhance diffusive transport rates into the sediment through the 

enlargement of the sediment-water interface (Rhoads, 1974, Bennett et. al., 1991, 

Hannides et al., 2005). 

 

Advective transport 

 In coarse-grained shelf sediments, advective pore water transport driven by 

pressure gradients at the sediment-water interface gain importance for sediment-water 

exchange of matter (Thibodeaux and Boyle, 1987, Huettel and Gust, 1992, Rusch et al., 

2006). The relatively large pore size in sandy sediments allows the flow of water through 

the sediment-water interface and through the pores of the bed (Thibodeaux and Boyle, 

1987, Janssen et al., 2005).Transport in the surface layers, thus, is dominated by 

advection, while diffusion controls transport in the deeper layers. Bioturbation and 

irrigation usually are less important relative to the advective pore water exchange in the 

surface layer (Huettel and Webster, 2000). The advective or transport of solutes is driven 

by pressure gradients caused by bottom currents traveling over the ripples and mounds on 

the sandy sediment surface (Huettel and Gust, 1992, Precht and Huettel, 2003). These 

currents can be caused by tides, wind and waves. It has been shown in laboratory 

experiments that this enhanced transport of fluids can stimulate both chemical reaction 
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and metabolic activity with in the permeable sediments (Huettel and Gust, 1992, Booij et 

al., 1991, Forster et al., 1996, Huettel et al., 1998, Janssen et al., 2005). Through the 

advection transport, coupled with increased biological metabolism, organic matter 

turnover rates, nutrients cycling, and primary production may be enhanced in permeable 

beds (Boudreau et al.,2001, Huettel et al., 2003) .Strong currents and turbulence from 

wave action may prevent deposition of detritus into the sandy sediment (Jenness and 

Duineveld, 1985), however, the filtration of seawater through the upper layers of the bed 

can transport organic particles into the sand, thereby providing degradable material to the 

benthic community (Huettel et al., 2007). 

 

Study Objectives and Hypotheses 

 

Because the exchange of matter in permeable coastal sediments is linked to the 

boundary layer flows and sediment topography, the supply of organic matter and electron 

acceptors like oxygen is highly variable in space and time. The dependency of the 

sedimentary degradation on boundary flow also poses difficulties in assessing the 

mineralization in the sea bed, thus, data on organic matter content, mineralization rates 

and associated oxygen fluxes in permeable sediments are very limited (Huettel and 

Rusch, 2000; Huettel et al., 1998; Jahnke et al., 1996a; Jahnke et al., 2000; Marinelli et 

al., 1997; Marinelli et al., 1998)(Falter and Sansone, 2000). So far, no data are available 

on organic matter mineralization in permeable Gulf of Mexico sands. This study 

addresses this lack of data and investigates the temporal dynamics of organic matter and 

mineralization in permeable sediments in the Northern Gulf of Mexico. Chlorophyll a 

and oxygen are used as proxies for labile organic matter and organic matter 

decomposition, respectively. The main objectives of this study were to  

− Determine oxygen consumption rates in the upper sediment layers of two 

contrasting study sites differing with respect to hydro dynamical forcing over a 

seasonal cycle.  

− Measure chlorophyll profiles as proxies for labile organic matter in the sediment 

over seasonal time scale 
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− Assess oxygen flux using benthic advection chambers and eddy correlation 

measurements and compare these fluxes to the fluxes calculated from core 

incubation measurements. 

The working hypotheses were that 

− Oxygen consumption in the permeable sediments is most pronounced in the 

surface layer that filters the labile organic matter 

− Chlorophyll depth profiles show highest values in the layer with highest O2 

consumption, concentrations vary between low and high energy sites 

− In-situ fluxes agree with lab percolation cores but show the effect of local 

boundary layer flow changes.  
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METHODS 

 

Site Descriptions, Environmental Parameters, and Seasonal Variability 

St. George Island is a barrier island 45 kilometers long and 3.2 kilometers wide at 

its widest point in the northeastern section of the Gulf of Mexico. Together with St. 

Vincent and Doc Island, it encloses Apalachicola Bay. The average depth of the bay is 

2.2 m. Tidal range in this area is approximately 0.5m (Mortazavi et al, 2000). Samples 

were collected from two sites at St. George Island, the exposed Gulf side and the 

sheltered Bay side (Figure. 1 ). 

.   

Figure 1 Aerial view of study sites in Apalachicola Bay (Google/NASA image)   

 

 

The sediment at both sites is composed of sand. The gulf site experiences greater wave 

action than the Bay site normally. On the Gulf side salinity was 36 to 34 ppt and on the 

Bay side salinity ranged from 8 to 30 ppt. The variance on the Bay side is due to the 

freshwater it receives from the Apalachicola River. The river has historically had an 

average annual out put of ~600 m
3
 s

-1
 (at Woodruff Lock and Dam, (Livingston et al., 

1997)); with minimum discharge occurring in summer/fall and maximum in winter/spring 

(lowest October highest in March). The river water has a residence time in the Bay of 

about 9 days (Mortazavi et al., 2000). 
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Sediment Characterization (E.g, Grain size, Porosity, Permeability) 

 

Grain size and sorting determine permeability and size of the solid surface area 

available for bacterial colonization. Permeability limits the rate of exchange of pore water 

and thereby the exchange of oxygen, nutrients and decomposition products. Porosity 

refers to the amount of water the sediment can hold or the amount of water that adheres 

to the sediment. For grain size, porosity, and permeability, determinations, sediment 

cores were sampled using 3.6 cm (ID) x 30 cm polycarbonate core liners from both study 

sites at St. George Island. Permeability was measured using the constant head pressure 

method (Klute, 1986). The length of the sediment core was measured, then it was placed 

in the permeameter and a constant head pressure (<5 cm water column) was applied to 

one end of the core. The fluid volume percolating through the core during a measured 

time interval (3 min) permitted the calculation of the hydraulic conductivity (K= (V*L)/ 

(h*A*t)). Where K = hydraulic conductivity (cm s
-1

), V = volume of water collected 

(cm
3
), L = length of core (cm), h = pressure head (cm), A = surface area of core (cm

2
), t = 

time (s)). The permeability of the sand was derived from the hydraulic conductivity by 

the formula k=Km/dg. Where k = permeability (cm
2
), K hydraulic conductivity (cm s

-1
), 

m = viscosity (g cm
-1

 s
-1

), d = density (g cm
-3

), g = 981 cm s
-2

). A minimum of three 

different head pressures was used and the amount of water collected was quantified by 

weight. 

For porosity measurements, 3 cores were cut into three 5 cm sections (top, 

middle, and bottom). The sections were placed in pre-weighed beakers and weighed, 

dried at 60 
o
Cfor 48 h and weighed again. Porosity was calculated using the formula: M 

water + M solids /     D water + D solids. Where M= mass and D =density.  D water = 1.0234 

g/cm
-3

 sea water, D solids = 2.65 for quartz. For grain size analysis, the sediment sections 

were pooled by depth interval and site in 1 L beakers for desalting. The pooled sediment 

was submerged in fresh water, mixed and stored for 3 h to allow for fine particles to settle 

prior to decanting the water. This procedure was repeated 3 times. The washed sediment 

was dried at 60 C for 48 h. The sediment was allowed to cool and then weighed by depth 

layer. The dried and weighed sediment was poured onto the coarsest sieve of a stacked 

set of pre-weighed sediment sieves (2000, 1000, 500, 250, 125, 63 µm, and 0 pan), and 
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shaken for 15 min using a Gilson sieve tester model SS-15 shaker. The screens with 

collected sand fraction then were re-weighed and the grain sizes, sorting mean, kurtosis, 

and skewness, were calculated using the program “Gradistat”(S. Blott, 2000). 

 

 

 

Chlorophyll a Profiles in the Sediment 

 

Samples for sediment chlorophyll cores were collected from the Gulf and Bay 

sites using 60 cm
3
 cut syringes and neoprene stoppers. Three syringe cores per site were 

taken and, after being stoppered, placed in coolers with ice for transport back to the 

laboratory. The syringe cores were cut into 1 cm sections (minimum 8 sections per core) 

and placed in pre-weighed 15 ml centrifuge vials (polypropylene). The vials with 

sediment were weighed and 5 ml of 90% acetone was added to each vial. The samples 

were shaken for 1 min and stored in a refrigerator for 24 h. After this first extraction 

period the vials were placed in a centrifuge and spun at 2000 rpm for 10 min, and 

returned to the refrigerator for a minimum of 8 h. The vials were allowed to warm up to 

room temperature, and absorption was measured in 2 ml samples at 750 nm, 665 nm, 647 

nm, 630 nm, 510 nm, and 410 nm using a Shimadzu UV-1700 uv-visable 

spectrophotometer. Subsequently, 20 μl of 10% HCl was added to the extract and after 1 

min the extract was measured again at the 6 wavelengths. Total chlorophyll in the 

sediments samples was calculated using the formula: 

 sediment Chlorophyll a in μg cm
-3

 =11.0* (665 nm -750 nm) *v/V*P,  

where v = volume of acetone, V = volume of sediment, P = path length of cuvette 

(Strickland and Parsons, 1972)(Lorenzen, 1967). 

We also used the formulas set forth in (Parsons et al, 1984) to give a breakdown of 

Chlorophyll a and Phaeo-pigments. 

Chlorophyll a (μg cm
-3

) = 26.7(650 nm – 665a nm)*v/V*P 

Phaeo-pigments (μg cm
-3

) = 26.7 (1.7[665a nm]-650 nm)*v/V*P 
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where 650 nm is the extinction before and 665a nm is the extinction after acidification. 

After completing the spectrophotometric measurements, the vials were placed in a drying 

oven (60 
o
C), for a minimum of 48 h and reweighed to calculate the dry weight of the 

sediment. The chlorophyll contents measured were related to sediment volumes and 

weights. 

 

 

 

Chlorophyll a Determinations in the Water Column 

 

For water column chlorophyll analysis, we collected 3 L of water from both sites in 1 L 

polycarbonate bottles. The exact water volume was measured in a graduated cylinder and 

then filtered through GF/F filters. The filters were placed in polypropylene centrifuge 

tubes and 3 ml of 90% acetone was added to each vial. Chlorophyll in the filtered 

particles was analyzed using the same methods as used for the sediment samples. 

 

Measurements of O2 consumption rate profiles. 

 

For the assessment of the depth distribution of oxygen consumption in the 

sediments at our study sites, sediment cores were taken at approximately monthly 

intervals (some deviations due to storms) from October 2006 to October 2007 at the Bay 

and Gulf sites on St. George Island using polycarbonate core tubes (5.7 cm (ID) x 20 

cm). Oxygen consumption rates in the upper layers of the sediment were determined with 

the method similar to that described by ( Polerecky et al, 2005 and De Beers et al, 2005). 

The cores were maintained on ice until return to the laboratory where they were stored in 

the refrigerator (maximum of three days). For measurements the cores were submerged in 

an aerated water bath adjusted to in-situ salinity. A peristaltic pump (Ranin Dynamax RP-

1) drew water through the core at a rate of 56 ml h
-1

 corresponding to a pore water front 

velocity of 2 cm h
-1

, which is a conservative setting for advective flows in the beach 

sediments( Figure.2) 
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Figure 2 shows De Beers’ 2005 set up for oxygen consumption profiles Equipment set up for measuring 

oxygen consumption rates. A fiber optic optode is lowered into the sediment core that is connected to a pump, puling 

oxygenated water through the core. (B) A sketch of the procedure. After 3 minutes the pump is stopped and 

consumption is measured. 

 

 

A PreSens Microx needle-type oxygen micro sensor with 100 µm tip diameter mounted 

on a micromanipulator and connected to a Presens Microx TX3 instruments was used to 

measure oxygen consumption in the core. The oxygen probe was lowered in 2 mm 

increments into the core down to a depth of 30 mm, covering the microbially most active 

layer. At each depth, after reaching a steady reading, the peristaltic pump was turned off 

and the sensor logged the drop in O2 concentration for a maximum period of 10 min or 

until a quantifiable decrease had been recorded. The pump then was turned back on and 

the sensor was lowered to the next measuring depth. A minimum of 3 min was given for 

re-equilibration before the process was repeated.  The data were plotted and the slope of 

oxygen decrease over time was calculated for each depth interval.  

In-situ O2 flux measurements. 

 

For oxygen flux determinations, seven advection chambers (Huettel and Gust, 

1992; Huettel and Webster, 2000) were deployed at both sites at about 3 monthly 

intervals over a period of 2 years. The chambers had an inner diameter of 19 cm and a 

height of 32 cm, and were made from clear acrylic. The chamber lids were designed to 
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support a computer-controlled DC motor that rotated a clear disc (15 cm diameter) inside 

the chamber. The rotation of the disc created a radial pressure gradient that was adjusted 

to the pressure gradients as produced by the boundary flows interacting with the natural 

sediment topography. At the flow velocities observed at our study sites, ranging from 2 to 

10 cm s  at 10 cm above the sediment water interface, such pressure gradients range 

from ~ 0.01 to 1.0 Pa cm . Six chambers were pressed into the sediment to a depth of 

~15 cm, leaving a water column of 15 cm in height and approximately 4 L volume. One 

chamber was sealed at the bottom by a second lid and contained no sediment. This 

chamber was 

-1

-1

used to assess production and consumption process in the water column. 

The chambers were deployed for 24 hours with 1 h sampling intervals. Samples for 

oxygen analysis were taken with 140 ml syringes and immediately transferred to gastight 

vials and Winkler reagents were added (Grasshoff et al., 1999). At the end of the chamber 

deployment, the sediment enclosed by the chambers was collected and sieved (1 mm 

mesh), and the macrofauna found was noted. O2 levels in the samples were measured 

using the Winkler titration method (Winkler, 1888). O2 increases or decreases in the 

chambers were used to calculate fluxes through linear regression. Later chamber 

experiments used Hach O2 sensors that took measurements at 5 minute intervals. During 

deployments of the advection chambers, a Nortek ADV (acoustic Doppler velocitemeter) 

was set up to measure current velocities at the sediment water interface. The ADV was 

set 15 cm above the sediment and took measurements of the three main flow directions 

(X, Y, Z). 

 

O2 flux measurements using the eddy correlation technique 

 

Eddy correlation is a non-invasive technique for measuring oxygen uptake by 

aquatic sediments (Berg et al, 2003). The methods uses time series measurements of 

vertical water flow and oxygen concentration in a small measuring volume ca. 15 cm 

above the sediment surface to determine oxygen flux, i.e. the time integrated transport of 

water flowing upwards with low oxygen and water flow downwards with high oxygen 

concentration would result in a net downward oxygen flux. A stainless steel tripod with 

an ADV and two oxygen sensors was deployed at both sites. The oxygen sensors were 
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adjusted such that they measured next to the measuring volume of the ADV. 

Deployments included light and dark phase in order to determine oxygen production and 

consumption by the sediment.   The data were analyzed using software developed by Dr. 

Peter Berg (UVA).  
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RESULTS 

 

Sediment characteristics 

 

The sediment characteristics showed some seasonal change, however, these 

changes were relatively small. The sediment on both the Gulf and the Bay site were 

composed mostly of medium and fine quartz sands. Grain size analysis showed little 

difference between sites, however, the Gulf sediment was coarser than the Bay sediment 

(See table 1). The Gulf site sediment showed greater fluctuations in grain size during the 

year than the Bay site. At both sites grain sizes were around 200 um and high sorting 

coefficients in both Gulf and Bay sediments explain the relatively high permeabilities of 

these sediment. The Gulf sediments differed from the Bay sediments in that it contained 

more shell hash (Figure 3). 
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(Figure 3 Continued) 
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Bay Grain Size 
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Figure 3 shows the grainsize distributions for each month and site. 

 

 

Accordingly, the Gulf sediments were more permeable than the Bay sediments. Gulf core 

permeabilities showed a maximum in September 2006 of 5.29 x10
-11

 m
2
 and a minimum 

of 1.84 x10
-11

, m
2
 in July 2006, while the Bay cores reached maximum permeability 

(2.11x10
-11

 m
2
) in July 2006, and a minimum of 7.3x10

-12
 m

2
 in May 2006. Sediment 

porosity at the Gulf and Bay sites averaged over the measured depth of 15 cm and study 

period was the same (Gulf site: 0.38± 0.011, Bay site: 0.46 ± 0.008). Gulf porosity had a 

maximum of 0.40 in Jul and Aug 2006, while Bay porosity had a maximum porosity in 

Aug and Nov 2006 of 0.49 in the 0 -5 cm depth range. On the Gulf site, the porosity was 

highest in the upper 5 cm followed by the lowest layer measured (10 -15 cm). Porosity 

between these two layers was slightly lower. On the Bay site, porosity decreased with 

depth. The difference between the 5 -10 cm and the 10 – 15 cm sections were small and 

occasionally overlapped. The highest porosity occurred during summer months at both 

sites.   
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Table 1  Sediment parameters for the two sites at St. George Island  

Location Porosity Permeability Grain size 

Gulf 

Site 

0.38 ± 0.011 Max: 5.29x10
-11

 m
2

Min: 1.84x10
-11

 m
2

Median: 261 µm 

 

Bay Site 0.46 ± 0.008 Max: 2.11x10
-11

 m
2

Min: 7.3x10
-12

 m
2

Median: 252 µm 

 

Water column and sediment chlorophyll a 

 

In general, the Bay site had higher chlorophyll levels both in the water column 

and sediments compared to the Gulf site. The average water column chlorophyll 

concentration on the Gulf side 3.0 μg cm
-3 

was factor 0.25 lower than that on the Bay side 

which was 4.1 μg cm
-3

 reflecting the higher terrestrial influence on the bay side. The Bay 

results show a defined winter/spring bloom where as the Gulf has more of a 

spring/summer bloom. Highest water column chlorophyll concentrations on the Gulf side 

were reached 6.0 μg cm
-3

 in Feb 2007 and lowest values in 1.3 μg cm
-3

 in July 2006. Bay 

side values peaked at 13 μg cm
-3

 in September 2006 and the lowest values in Jan 2007 at 

1.7 μg cm
-3

(Figure 4). Chlorophyll increases in the water column preceded those in the 

sediments.  
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Figure 4 water column chlorophyll series for Gulf and Bay. From July 2006 March 2007. Graph reflects the 

average chlorophyll measured from 3 samples error bars show the range of chlorophyll for that month.  
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At both sites seasonal pattern in total chlorophyll integrated over the upper 10 cm of the 

sediments could be observed, with highest concentrations in spring and fall and lowest 

concentrations in late summer and early winter (figure 5). Chlorophyll concentrations 

were highest in the top 3 cm of the cores. For the Bay sediment, peak chlorophyll 

concentrations integrated over the top 3 cm were measured in May 2006 (33 μg cm
-3

) and 

March 2007 (47 μg cm
-3

), lowest concentration July 2006 (5.8 μg cm
-3

). On the Gulf side, 

the highest concentrations for sediment chlorophyll were recorded in July 2006 (40μg 

cm
-3

) and give second peak and month lowest concentration Oct 2006 (1.06 μg cm
-3

). The 

chlorophyll contour plots (Figure. 5) show that there is greater variation at the different 

depths on the Bay site than at the Gulf site. 

 

 

Figure 5 Chlorophyll isograph depicting seasonal trends and depth profiles.  
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The Gulf data reflect a bloom in the summer (July 2006) that enhanced 

chlorophyll in the sediment down to a depth of at least 10 cm. In August 2006, both the 

Bay and the Gulf had measured chlorophyll values of 11 μg cm
-3

.  This was the only 

month that such close values were measured (Figure 6). The average depth for high 

chlorophyll penetration in the bay was about 4 cm, while on the Gulf it measured down to 

10 cm. In the Bay high chlorophyll levels lasted about 3 months. On the Gulf side high 

chlorophyll levels lasted about 4 months. 
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Figure 6 Sediment Chlorophyll measurements 

 

 

Sediment O2 Consumption Rate Profiles 

The oxygen consumption rate profiles showed higher rates and a thicker layer 

with high consumption rates at the Bay site. At the Gulf site, most of the consumption 

was restricted to the surface layer. Gulf site sediment average O2 consumption calculated 

for the core depth and study period was 9 mmoles m
-2

 d
-1

 and average O2 consumption 

during the winter was ~ 8 mmoles m
-2

 d
-1

 and
 
11 mmoles m

-2 
d

-1
 during summer. Peak 

rates during the summer reached ~ 19 mmoles m
-2

 d
-1

 in May 2007. Consumption was 

usually restricted to the top 4 mm of the sediment with at times a second small increase 

occurring at about 24 mm depth (Figure 7).  
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Figure 7 Gulf oxygen consumption depth profiles. Error bars reflect the variation between the cores during 

that season. 

 

 

In the winter months, the Gulf side maximum O2 consumption migrated deeper into 

sediment with peak consumption an average depth of 26 mm (Figure 8). 
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Annual Gulf Change in Oxygen Consumption (mmole m-1 d-1)
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Figure 8 Shows changes in oxygen consumption over a year in Gulf sediment s. 

 

 

We calculated the greatest changes in consumption by plotting the standard Deviations 

for each depth over time. As a result we see two areas that have large changes, top 4 cm 

and 22 - 26 cm.  

 The minimum integrated consumption for the Gulf was 2.2 mmoles m
-2

 d
-1 

(November 

2006).  

Oxygen consumption in the Bay sediments showed the largest consumption 

occurring in the top 4 mm throughout the year. Bay O2 consumption rates calculated for 

the total core 157 mmoles m
-2

 d
-1 

over the study period. Winter average O2 consumption 

for the Bay was 140 mmoles m
-2

 d
-1

 increasing to 172 mmoles m
2
 d

-1
 during summer.  

Peak values (380 mmoles m
-2

 d
-1

) were reached in April 2008, and 
 
in July/ September 

2007 (220 mmoles m
-2

 d
-1

). Minimum total core oxygen consumption in the Bay 

sediments was 58.1 mmoles m
-2

 d
-1

 in March 2008. During the colder months, most of the 

oxygen consumption is occurring in the top 5-10 mm (Figure 9). 
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Bay Winter (November-April)
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 Figure 9 Bay oxygen consumption profiles. Error bars reflect the seasonal variations 

 

 

As the waters warms in the Bay, consumption moves to greater depths, up to 20 mm or 

more in August and September, then moving to shallower depth in October (Figure 10).  
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Bay Annual Change in Oxygen Consumption (mmoles m-1 d-1)
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Figure 10 Shows where changes occurred in consumption over the year in the Bay sediments. 

 

 

We calculated the greatest changes in consumption by plotting the standard Deviations 

for each depth over time. As a result we see two areas that have large changes, top 4 cm 

and a smaller second peak at 14 cm.  

 

O2 Flux Measurements 

 

Advection chamber measurements show highest O2 fluxes in the spring and 

lowest O2 fluxes in the late fall and early winter, supporting the results from the core 

percolation measurements (Figure 11). 
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Figure 11  Sediment oxygen fluxes in Gulf and Bay site sediments measured with advection chambers. The 

data present fluxes for a moderate pressure gradient of 0.5 Pa cm-1, error bars depict the maximum range of 

fluxes measured in six chambers. Note different Y-axis ranges for Gulf and Bay. 

 

 

O2 flux measurements using the eddy correlation technique 

 

The eddy correlation technique is still in developmental stage; however, we tested 

this non-invasive technique on two occasions during this study, and collected useful data 

in December 2007 for the Bay site. The measured flux was 79 mmol m
-2

 d
-1

 during the 

dark period. The signal of the two oxygen sensors (Figure. 12) shows the increase of the 

water column oxygen during the day and decrease during the night.  
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Figure 12 Optode raw data from the Eddy Correlation Instrument measurements conducted in February 

2008. The readings of the second optode (O2q, red line) were offset by approximately 10 µM before 

calibration. The data show the increases in water column oxygen during light periods and the decrease 

during the dark (shaded area). 
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DISCUSSION 

  

Strengths and Weaknesses of the Three Oxygen Consumption Rate Measurement 

Techniques Used in This Study: 

 

Percolation Cores: Lab Setup With All Lab Artifacts. 

 

The core percolation technique does not take into account bio-irrigation and 

bioturbation of macro fauna found in the sediments, therefore potentially underestimating 

the actual oxygen consumption rates. Disruption of the sediment during collection of the 

cores can alter solute distribution and transport pathways and thereby also the oxygen 

consumption rates (Cook et. al., 2007) Due to the fragile nature of the fiber optic optode, 

the measurements of the oxygen consumption rate profiles are restricted to the sediments 

with low content of shell hash or larger grains. When any hard surface such as a shell 

blocks the path of the sensor, the profile cannot be continued resulting in truncated 

profiles. However, at present, this is the only method that can be used to measure 

consumption rate profiles within the core. The method introduced by (Polerecky ,2005) 

using planar Optodes shows also produces consumption rate profiles, however, these 

profiles are influenced by the vicinity of the solid boundary and therefore differ from the 

profiles within the core not affected by the sidewall effect(Meysman et al., 2007). 

  

Advection Chambers: In-situ, But Still Enclosed Measuring Volume. 

Advection chambers do account for bio-irrigation and bioturbation, but alters the 

hydrodynamic conditions that are found naturally in the environment. Although this 

technique produces flow and realistic pressure gradients within the chambers, it cannot 

mimic the rapid changes in magnitude and direction of flow as they occur in the natural 

environment. This may lead to an underestimation of the flow, in cases where high 

frequency fluctuations are a dominant characteristic of the boundary flow, e.g. in shallow, 

wave affected areas. As our study sites were shallow, waves were a dominant influence 

and therefore it is likely that the chambers underestimated solute fluxes at the sediment 

water interface. However, the chamber experiments were set up in a way that they 
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covered the range from no significant flow (diffusion is the main transport) to high flow, 

just below the erosion threshold of the sediment (advection is the main transport). 

Assuming a weather situation where no sediment resuspension occurs, the “real” 

sediment-water flux, thus, is in the range of fluxes measured by the chambers.  

In order to overcome the limitations imposed by the confinement of the chambers, we 

tested the eddy correlation technique. The eddy correlation technique is noninvasive and 

independent of the transfer mechanism of solutes through the sediment-water interface, 

which makes it suitable for the study of advective systems. Eddy correlation measures 

area-integrated fluxes of solutes such as oxygen. The footprint of the method is several 

square meters, which makes it an attractive tool for the assessment of total solute 

exchange. The measurement, however, cannot provide the functional information or the 

small-scale variability of the processes governing the solute uptake (Polerecky et al 

2005). This method can be impacted by large objects (sea grass, detritus, animals) 

floating through the area being measured. Eddy correlation measurements integrate all 

effects caused by the flow, but due to changes in flow direction and turbulence, the foot 

print may change over time affecting the results (e.g. when the foot print changes from an 

area without seagrass to an area with seagrass). The footprint is the area of the sediment 

that causes the flux measured by the eddy correlation instrument (Berg et al., 2007).  

 

All three methods, profiling, chamber incubation and eddy correlation, have a 

common short coming as none of the methods can assess oxygen consumption rates 

during phases of high energy dynamics that occur during strong storms. During these 

events, sediments resuspension may fundamentally change the oxygen fluxes and oxygen 

consumption rates of the sediment. Future research will have to show how episodical 

events influence the flux.  

 

Percolation Core Profiles: Comparison Between the Two Sites 

 

 

The flow-through core experiments quantified the seasonal variability in the 

oxygen consumption rates in the cores, with less consumption in the colder winter 
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months, even though there was a spike in consumption in April. In the Gulf side samples, 

there are indications that storm or wave action may play an important role in oxygen 

consumption (Figure 13). 
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Figure 13 (on left) shows water discharge rates from the Apalachicola River in to the Bay (Data from U.S. 

Corp of Engineers). (right ) shows annual rainfall into Apalachicola Fl ( Provided by COAPS). 

 

In the ( Gulf) winter / wet period we see a second increase in consumption at ~24 mm 

depth which could be explained by increased wave action (associated with winter 

storms). The increased wave action may be causing migration of the ripples that in turn 

covers the organic matter causing the second peak seen in the profiles. The increased 

wave action also enhancing flushing pushes oxygen and organic matter deeper into the 

sediment, enhancing microbial activity at depth. When we compared our oxygen profile 

results with the oxygen profiles of DeBeer et al.,(2005) we notice a major difference. 

Their cores showed the lowest consumption in the top 2 cm with an increase after the 2 

cm depth, while our cores showed greatest oxygen consumption in the top 1cm (4 mm). 

Although the depths of consumption were different their daily consumption rates were 

similar to the rates we found in the Bay.  

The consumption rate profiles have to be considered conservative estimates. As 

the measurement of one core takes approximately half a day, the cores of one sampling 

campaign had to be stored in the refrigerator for up to 4 days before all cores were 

measured, and this storage may have reduced microbial activity in the cores. Cores were 

allowed to warm up to 19 – 22 
0
C before they were measured. However, no significant 

differences were found between cores that were measured after one or four days storage 

in the refrigerator, suggesting that this procedure caused relatively little bias. Some cores 

were measured immediately after returning from the field site with the remainder of the 
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cores going into the refrigerator. There was no significant difference between the cores 

that were measured upon return and those measured the next day suggesting that 

refrigeration had little to no impact on the samples. 

 

Factors That May Have an Impact on Oxygen Consumption 

 

The chlorophyll profiles reflect the effects of riverine input causing highest 

chlorophyll production and phytoplankton deposition in the spring (wet season). We 

found higher chlorophyll in both the water column and the sediment at the Bay site, and 

we also had higher levels of oxygen consumption at this site (Figure 14). 
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Figure 14 shows the sediment chlorophyll levels compared to the oxygen consumption rates in the Bay. 

 

 

 The flushed Gulf sediments had usually lower levels of chlorophyll in both water and 

sediment, and also consumed approximately one order of magnitude less oxygen (Figure 

15). 
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Gulf Chlorophyll vs. O2 Consumption
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Figure 15 shows the sediment chlorophyll levels compared to oxygen consumption rates in the Gulf. 

 

At both sites we observed a seasonal pattern linked to chlorophyll production: In the Bay, 

we measured a sediment chlorophyll peak in March followed by a sediment oxygen 

consumption peak in April. On the Gulf site, oxygen consumption appears to be more 

closely linked to water column chlorophyll. Two months after the water column 

chlorophyll peaked in October 2006 and February 2007, oxygen consumption reached 

highest values in the sediment. Since the chlorophyll in the water column is filtered into 

the sediment, higher chlorophyll concentrations and oxygen consumption rates were 

expected in the sediment during the die off periods of the plankton immediately after the 

water column chlorophyll peaks. However, the oxygen consumption peaks occurred only 

two months after the algal peaks. These delays may be caused by lateral transport of 

deposited organic matter into the study areas or secondary effects, e.g. the decay of fauna 

that benefited from the plankton bloom. Another reason explaining the low chlorophyll 

concentrations in the sediment on the Gulf site after these winter/spring blooms could be 

wave action from strong winds or storms that resuspend sediment thereby removing 

sedimentary chlorophyll or shifting it laterally. During the relatively calm summer 2006 

when re-suspension was minimal, higher sediment chlorophyll in July (2006) was 

followed directly by an increase in oxygen consumption (September 2006).  

)

c
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Comparison of Methods for Oxygen Consumption and Reasons for Differences 

 

The three methods produced flux data of similar magnitude, however, no core 

data are available for December 2007 and we have only one data point for the 

comparison with eddy correlation measurements. For December 2007, eddy correlation 

fluxes were twice as large as the chamber fluxes. Eddy correlation fluxes exceeding 

chamber fluxes were reported before (Berg et al., 2003), and as a reason for these 

discrepancies reduced bioturbation in the chambers was given. As mentioned above, 

chambers also exclude short-term flow fluctuations, e.g. flow oscillations due to surface 

gravity waves. During the December 2007 measurements, strong bottom flows that 

exceeded those simulated in the chambers may have contributed to the difference 

between chamber and eddy correlation measurement. 

The differences between the results generated by the three methods could also be 

due to exclusion of biological and hydro dynamical process in the lab experiments and 

chamber incubations. Changes in currents along the sediment water interface, or removal 

of macro fauna effect fluxes of particles and solutes and thereby also oxygen 

consumption rates.  

 

Previous Research and Their Findings 

  We know from other work in this field that there is large variability in sediment 

oxygen consumption rate and chlorophyll distribution in coastal sediments. Rusch et al. 

(2006) measured oxygen consumption rates of 120 mmole m
-2

 d
-1

 in Mid Atlantic Bight 

shelf sediment, which are lower than our Bay results, but higher than the Gulf results. In 

South African sandy beaches, Malan and MacLachlan (1991) found values similar to the 

ones at our Gulf site, ranging from 11.5 – 19.8 mmoles m
-2

 d
-1

.  

When we compare our results with the results found by (Giles et al., 2007) who 

measured oxygen fluxes on the New Zealand shelf, we found higher consumption rates 

then they did on the Bay side. On the Gulf side the consumption values were lower than 

the data reported by Giles for the same water depth. The highest consumption from there 

study was at station FT4 (less than 5 m deep) and consumption was 1222 μmol m
-2

 h
-1 

(Figure 16). The differences in our results and theirs are likely due to the sediment 
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composition. Their site had a porosity of (at that site) was .91 and was 98% made up of 

silt/clay sediment, thus, a fine grained sediment with higher organic content that was 

diffusion dominated. ( Cook et al,. 2007 ) give oxygen consumption values for their two 

sites ranging from 8 – 33 mmol m
-2

 d
-1

 in the spring (Hel) and 32 – 73 mmol m
-2

 d
-1

 in 

summer (Sylt). Both sites are sandy sediments with porosities and permeability similar to 

the St. George Island sites. A major difference between their and our sites is temperature 

/ latitude. The Hel and Sylt sites are on the North Sea and Baltic coast, respectively, and 

are exposed to colder temperatures, especially during the winter months. Another 

difference is in sediment chlorophyll a, which ranged from 3 – 21 μg g
-1

 in the Hel and 

Sylt sites and in our study they ranged from 3 – 40 μg cm
-3

.  

 

 

Figure 16 Graph from  Giles et al, (2007 ). The results from our study (grey Boxes) compared to the results 

in the Giles study 
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Figure 17 Graph from Andersson et al,( 2004 ) Depth attenuation of sediment oxygen consumption.  Fitted 

by a double exponential profile circles represent our findings.  

 

 

Figure 18 Graph from  Middelburg et al.( 2005 ) Sediment oxygen uptake data versus water depth. The best 

fit line is shown as well: oxygen uptake =32e-0.0077z, where z is depth in meters. Based on data compiled by 

Andersson (unpublished data) red circles represent our findings. 
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The Implications of Our Research on Sandy Sediments and the Factors That Affect 

Oxygen Consumption 

From this study we learn that oxygen consumption in the Northern Gulf of 

Mexico is highly variable. The Bay side is microbially more active than the Gulf side, 

reflected by the oxygen consumption rates that were about one magnitude order greater 

than on the Gulf side. While there is little difference between the sites as far as 

granulometry or chl a concentration in the water column, the detrital organic matter may 

play an important role. Seasonal variability seems to be linked to the riverine input at 

both sites along with temp and storms. Chlorophyll a is a proxy for degradable organic 

matter and in productive areas, high fluctuation in water and sediment oxygen 

concentrations are common. These fluctuations are caused by the activities of the primary 

producers and the metabolism of the heterotrophic organisms supported by the primary 

production and detritus. Sediment chlorophyll a content thus usually is closely linked to 

sedimentary oxygen consumption. Bay chlorophyll and oxygen consumption rates were 

ten fold higher than Gulf side rates. The Gulf site results are similar to the results found 

by the Dye (1979, 1980) study and the Malan and MacLachan (1991) study on South 

African sandy beaches. This maybe due to the high energy wave action found at both 

sites. The Bay site average annual consumption results were comparable to the results 

from the Mid Atlantic Bight study done by Rusch et. al. in 2006 (Table 2).  

 

Table 2  Comparison of oxygen consumption rates found in other studies. 

Geographical location  Oxygen consumption 

(mmol O2 m
−2

 d
−1

) 

Reference 

South Africa  4.7–14.3  Dye (1979) 

South Africa  8.5–11.5 Dye (1980) 

South Africa  11.5–19.8 Malan and MacLachan (1991) 

Baltic Sea 2.1– 40.1 Yap (1991) 

Middle Atlantic Bight 120 (May) Rusch et al(2006) 

St George Island Gulf side 2.2–19.3 This study 

St George Island Bayside 58.1–380 This study 
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When we compare our results to the results of Giles et al. (2007) we find that the 

Gulf results are well below the curve for that water depth range and that the Bay results 

exceed the oxygen consumption rates depicted on their graph. This difference may be 

explained in the Gulf by the sediment flushing and resuspension of organic matter due to 

high energy wave action. In the Bay this is probably due to the high organic matter and 

rapid sedimention in the Bay. 

 

Impact of the Study on the Understanding of Nearshore Systems 

 

According to our results, most oxygen consumption in the Bay and Gulf sands 

occurs in the top 1cm of the sediments, suggesting that most organic matter is degraded 

in the surface layer, while only a limited amount of organic matter reaches the subsurface 

layers or is removed by resuspension on a regular basis. There is also some evidence that 

coarse permeable sediments that are dominated by advective transport consume less 

oxygen than the fine sediments that are dominated by diffusion. The high energy wave 

action in the shallow water at the Gulf site and associated advective processes flush the 

sediments and re-suspend the organic matter and remove solutes that built-up in the pore 

water. In contrast, shallow sediments on the Bay side are exposed to smaller wave action. 

Less matter is re-suspended allowing for burial of the organic matter and trapping of 

solutes in the sediments. This would imply that the Bay side is more of a nutrient sink 

and that the Gulf side is organic/ nutrient depleted. Also based on the findings of (Jenness 

and Duineveld,1985) the secondary peak of oxygen consumption that we find noticeable 

on the Gulf at about 2 cm sediment depth could be from tidal current depositing 

phytoplankton in between the ripples. The same process may be occurring on the Bay 

side but since the ripples are smaller, the increase should be closer to the surface, and 

therefore hidden within the large consumption rates measured on the Bay site.  
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CONCLUSIONS 

 

The Importance of Permeable Sediments in the Cycling of Organic Matter in 

Shallow Sandy Environments 

 

Our results imply that on the shallow West Florida shelf (mostly sand) sediments 

are cycling about 9 mmoles of carbon m
-2

 d
-1 

on average. In the Apalachicola Bay 

sediments (mostly sand) the carbon is cycling at a rate of about 157 mmoles m
-2

 d
-1

. This 

difference is based on the organic matter that flows in to the bay area from the 

Apalachicola River and the fact that on the Gulf side there is more resuspension (due to 

wave action) of the sediment and rapid degradation of the organic matter. The carbon 

cycling data are based on a 1 O2 : 1 CO2 ratio and not on the average marine plankton 

ratio (when complete oxidation occurs) of 1.3 O2 : 1.45 CO2 (Middelburg et. al, 2004). 

Even though the two sites are only separated by a short distance (by land), there 

are several environmental factors that causes the differences in the results we found 

between them. The Bay acts as a trap for the organic matter, nitrogen, phosphorus and 

silica delivered by the Apalachicola River. These essential nutrients drive the higher 

chlorophyll levels found in the Bay. Since high oxygen consumption rates in the Bay do 

not occur during high chlorophyll levels it is assumed that the chlorophyll in the sediment 

is still alive for several weeks before it is degraded. It is only after the chlorophyll dies or 

and consumed by heterotrophs that the oxygen consumption rates go up in the Bay. The 

Gulf side is characterized by higher wave energy, which resuspends the organic matter 

into the water column. Through this resuspension a second link is formed between the 

water column chlorophyll levels and sediment oxygen consumption rates. The delay 

between chlorophyll level peaks and oxygen consumption peaks is probably due also to 

grazing and chlorophyll die off periods and time the system needs to begin degrading the 

organic matter. 

 

 We found that on the Gulf side organic matter does not build up in the sediment 

but is constantly decomposed and removed  by advection, reaching down to 10 cm or 

more in depth based on chlorophyll depth findings in iso graphs. On the Bay side, organic 
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matter can accumulate at a higher rate because advective exchange affects mostly the 

upper 3 cm of the sediment while the deeper layers are not affected. Thus, the Gulf sands 

act like a water filter system while the Bay acts more like a sediment trap although the 

sand still is permeable enough to filter water. However, both shallow water systems 

produced more organic matter than they consumed, thereby supporting efficiently the 

food web in the coastal zone. The filtering permeable Gulf and Bay sands are critical for 

maintaining water quality in the coastal zone and converting nutrients received  through 

the Apalachicola River discharge into organic matter.  

The Effects of Sandy Sediments on Coastal Cycling of Organic Matter and the 

Eutrophication Process 

 

Sandy permeable sediments in shallow water environments play an important part 

in the recycling of organic matter and nutrients. They are nature’s water filtration system. 

With the threat of global warming the implications are that with increased temperatures 

we would expect to see increased oxygen consumption on both sides Gulf and Bay. 

Increased hurricane activity in the Bay area would release the nutrients stored in the 

sediments causing algal blooms. Further evaluation should look into organic matter in the 

different sediment layers in order to determine what role it plays in the observed 

subsurface consumption peaks.   
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APPENDIX: 

ADDITIONAL GRAPHS AND TABLES  
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Summer Bay Change in oxygen Consumption (mmoles m-1 d-1)
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Figure 19 Seasonal changes in oxygen consumption at Bay site 
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Oxygen fluxes at Gulf and Bay sites determined with the advection chambers. Mean 

values depict fluxes recorded at a pressure gradient of 0.5 Pa cm
-1

. Range values show 

the maximum deviation from the measured mean fluxes. Bay March 2007 results is an 

outlier believed to be the result of improperly mixed Winkler reagents. 

 

 

Table 3  Advection chamber oxygen fluxes 

Gulf fluxes 

 Mean Range 

 mmol m
-2

 d
-1

mmol m
-2

 d
-1

3/18/2005 -8.02 13.70 

5/10/2005 -16.89 10.44 

9/30/2005 -16.72 5.87 

2/18/2006 -2.64 4.91 

5/15/2006 -7.93 10.21 

8/15/2006 -4.91 10.25 

12/15/2006 -3.97 0.77 

3/29/2007 -1.32 0.92 

Bay fluxes 

3/18/2005 -14.24 15.64 

5/10/2005 -15.11 18.68 

2/18/2006 -59.21 4.05 

5/15/2006 -23.92 6.40 

8/15/2006 -62.30 17.77 

12/15/2006 -11.50 3.62 

3/27/2007 -169.62 6.68 
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