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ABSTRACT Sediment oxygen and nutrient fluxes were measured monthly for 2 yr in Moblle Bay,
Alabama, USA. Rates d sediment oxygen consumphon (0 1to 125 gO, m™2 d-!), ammonium flux
(-22to 181 pmol m~2 h™!), nitrate flux (-14to 67 pmol m=2 h-1), phosphate flux (-2to 20 4 pmol m *h™),
and dissolved silicate flux (—15to 342 pmol m~2 h™') were moderate to high compared tovaluesfor other
estuanes A step-wise regression analysis reveal ed that dissolved oxygen concentration and tempera-
ture in bottom-waters explained much d the variance in fluxes Thisis presumably because o their
influence on rates & microbial and physico-chemical processes Organic matter availability was not
found to be an important factor in regulating temporal (monthto month) variabihty d fluxes, possibly
because frequent resuspension d the sediments in this shallow system rendered indices d sediment
organic matter nearly constant with time However, warm season-averaged sediment nutrient rel eases
were correlated with sediment chlorophyll a. This relationship in Moblle Bay 1s in strong agreement
with similar relationships found in other estuanne systems, and suggests that the availability d labile
orgamc matter ultimately regulates the maximum rate d nutnent release by the sediments Annually
averaged sediment fluxessupphed 36 % d the nitrogen (N)and 25% d the phosphorus (P)regmred by
phytoplankton in Mobile Bay. While this is not parhcularly high compared to other estuaries, monthly
estimates show that the sediments can supply from 0 to 94% d the N, and 0 to 83% d the P required
by phytoplankton In addition, flux ratios show that N and P are released from sediments at N P ratios
that rapidly switch from above (maximum 98) to below (minimum 1 2) that reqmred for phytoplankton
growth. This pattern is different from cooler temperate systems, where such switching is seasonally
based.
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INTRODUCTION

Benthic and pelagic processes are generally very
tightly coupled in shallow estuarine environments,
with organic matter produced in the water-column
fueling sediment nutrient regeneration (Officer &
Ryther 1980, Nixon 1981, Jensen et al. 1990), whichin
turn sustains phytoplankton production (Davies 1975,
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Boynton et d. 1980). Kemp et al. (1992) found that
these relationships are especially Important when
water column depth islessthan 5 m, such asin Mobile
Bay, Alabama, USA. It has been estimated that the
sediments are the site & decomposition for up to 50%
d the organic matter produced in the water-column
(Nixon & Pilson 1983), and that the resulting regener-
ated nutrients can provide 20 to 80% d the nitrogen
and 10 to 80% of the phosphorus required by phyto-
planktonin estuaries (Fisher et al. 1982).
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Because ofthe demonstrated importance of nutrients
regenerated by the sedimentsin sustaining water-col-
umn primary production, a great deal of efforthas
been focused ontryingto understand what factorsare
important in regulating sediment-water exchanges of
nutrients.Thesehavebeen showntoinclude suchvari-
ables as the supply and quality of organic material
(Nixon 1981, Jensen et al. 1990), temperature (Har-
grave 1969), the redox statusof boththe sediments and
the overlyingwater viaits effectonrates of nitrification
and denitrificationand chemical sorption/desorption
processes (Patrick & Khalid 1974, Seitzinger 1988,
Kemp et al. 1990, Sundby et al. 1992).Overlying water
nutrient concentrations are also potential regulators of
fluxesbecausethey may influencediffusiongradients
and, thus, the direction of fluxesinto or out of the
sediments (Pomeroy et al. 1965, Boynton & Kemp
1985). Finally, macroinfaunal activity (Henriksen et
al. 1980, Banta et al. 1995) and the physical stability of
the sediments may influencediffusiongradients, and
so influence the magnitude and direction of fluxes
(Sondergaardet al. 1992, Vidal 1994).

Some recent studies have shown that the rate of
organic matter supply to the sediments is the factor
that ultimately controls the potential magnitude of
sediment nutrient fluxes (Kelly & Nixon 1984, Jensen
et al. 1990}, and these authors have suggested that
other factorsare secondaryininfluence. Additionally,
it appears that the relative influence of these second-
ary factorsvanes fromregiontoregion (e.g. Cowan &
Boynton 1996).

In this study, sediment-water nutrient and oxygen
fluxes were measured monthly during a 2 yr penod
in Mobile Bay, concurrently with measurements of
selected hydrographic, water-column, and sediment
parameters. These data were then used to examine
which of these parameters regulate benthic-pelagic
coupling in Mobile Bay, and to calculate the percent
contribution by the sediments to the total phytoplank-
tonnutrient demand. Finally, these findingswer e com-
pared with results fromother systemsinorder to assess
potential differences in factors regulating benthic-
pelagic coupling in differentestuarine systems.

METHODS

Study site. Mobile Bayis50 k mlong and 17to 38 km
wide (Schroeder 1977) with a surfacearea of 1060 km?
(NOAA/EPA 1989) and an average depth of 3m.The
estuary has a small volume (3.2 x 10° m®; NOAA/EPA
1989) relative to freshwater input fromthe Alabama
and Tombigbee Rivers, which combine to formthe
Mobile River system, the fourth largest in the USA
(Morisawa 1968). River flow typically peaks mn late

winter to early spring and 1s at a mumimum i nthe sum-
mer to fallmonths. Average discharge fromthis system
forthe period 1929to 1983 was 1848 m®s™ (Schroeder
& Wiseman 1986).Thisresults in a very short average
freshwater filltime of approximately 20 d.

Physical forcingssuch as river discharge and high
wind events strongly influence the hydrography of
Mobile Bay. For example, salinity may range fromo0to
35 ppt in any one region of the bay over an annual
cycle inresponse toriver flow. Dissolved oxygen (DO)
concentrations are also influenced by these physical
dynamics. Strong stratificationevents (upto 12 ppt dif-
ferencesin surface- and bottom-water salinities) may
occur during periods of low river runoff when winds
arelow, during whichtimeisolated bottomwaters may
become hypoxic or anomc. This is apparently not a
recent phenomenon, as newspaper accounts record
the effects of low DO events as far back as 1867
(May 1973). Finally, physical forcingsalso affectsedi-
ment stability due to the shallow nature of the bay
(Schroeder 1977, Stumpf 1991). Factors that cause
destratification of the water column (highriver flow
and wind events) may also resuspend surficial sedi-
ments. Other studies have shown that this acts to
initially Increase the rate of release of nutrients from
the sediments, but that a period of uptake by the sedi-
ments may follow once the resuspension event has
ceased (Sondergaard et al. 1992, Vidal 1994). The
frequency at which sediment resuspension occurs in
Mobile Bay isnot known at this time. However, seston
data (Pennock et al. 1994a) suggests that it is more
frequent in winter than in summer, and that it is not
anuncommon event at any time of the year.

In order to measure sediment oxygen and nutrient
fluxesin Mobile Bay, sediment sampleswer e collected
froma single station (StnDR7) at a depth of 3minthe
northeastern part of the bay, where hypoxic/anoxic
events are known to occur (Fig.1).This station was
occupied on average once monthly during 1993 and
1994, and was occupied twice in August 1993. This
region was chosen because it was also the site of
2 other studies, 1 concerned with oxygen variability (T.
Miller-Way et al. unpubl. data) and 1 studying the
influence of oxygen vanability on sediment-water
nutrient fluxes(Fernandez 1995).Based ona 1 yr study
of 9 stations distributed throughout Mobile Bay, sedi-
ment concentrations of particulate carbon (PC) par-
ticulate nitrogen (PN) and chlorophyll a (chl a) at
StnDR7 are fairlyrepresentative of the bayin general
{Cowan unpubl. data).

Sediment oxygen consumption (SOC) and nutrient
fluxes. For each experiment, 3 intact undisturbed
sediment cores overlain with about 2000 ml of water
were collected in cylindrical Plexiglas chambers
(34 cm high x 13.5 cm diameter) by SCUBA divers.
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tions at the start d the experiment closely
resembled in situ conditions. To do so, tubing
drained water from the cubitainers into the
existing water in the cores at a rate d approxi-
mately 0.951min! for about 20 min, which was
dow enough to prevent both aeration of the
water and resuspension d the sediment. The
cores were then placed in a darkened water-
filled incubator maintained at ambient temper-
ature by a circulating constant temperature
bath, and the sampling tubes were inserted.
The total time that elapsed between collection
of the cores and the start d theincubation was
between 3 and 4 h.

DO and dissolved inorganic nutrient samples
were taken 5 times during a 6 h period. As a
sample was extracted, an equal amount d
ambient bottom-water drained in through the
replacement tube from a darkened insulated
cubitainer. Lessthan 5% o the overlying water
was replaced during the course d the incuba-
tion period,

To replacement water

T

— "O"-Ring
Overlying [
water

Fig. 1.Location d the sampling station in Mobile Bay, Alabama, USA
(Stn DR7) inrelation to depths o Mobile Bay and major freshwater

sources

The cores were sealed air tight at both ends by Plexi-
glas plates (Fig. 2). The top plate had one portal for
sampling and replacement water tubing, and a float-
ing Teflon stir bar mounted to it for gentle mixing d
the overlying water. Approximately 90 1 d bottom-
water were also collected in cubitainers using a Rule
submersible pumyp. An additional flux chamber, filled
with ambient bottom-water only, was used as a water-
column control.

Immediately prior to beginning flux measurements
at thelab, bottom-water overlying the coresandin the
water-column control was replaced with bottom-water
from the cubitainersto insurethat water quality condi-
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Fig. 2. Schematic diagram d the incubation chamber used
in making measurements d net sediment-water nutrient
and oxygen fluxes
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Nutrient samples were filtered through GF/C filters
and frozen for later analysis d ammonium (INH/")
nitrate (NO3) nitrite (NO;) phosphate (PO} and sili-
cate (DSi) concentrations on an Alpkem Autoanalyzer,
using methods as described in the Alpkem Manual
(1988) and Parsons et al. (1984).DO samples were
processed immediately, using methods described by
Carpenter (1964) and modified for use with a Brink-
man Metrohm titrator. Oxygen and nutrient fluxes
were estimated by calculating the mean rate d change
in concentration during the incubation period by re-
gression analysis. Non-significant regressions (p> 0.05)
that were based on changesin concentration over time
greater than the analytical variability were not used to
calculate flux. Non-significant regressions based on
changes over time that were less than the analytical
vanability were interpreted as net zero fluxes. For this
study, analytical variability was defined as 2 standard
deviations away from the mean d a standard solution
within the range d the samples. The rate d change
in the water-column control chamber was then sub-
tracted from the rate d change in each sediment core,
and this volumetric rate was converted to a flux using
the measured volume:area ratio d each core.

Sediment characterization. Surface sediment sam-
ples were taken from each flux core at theend d each
experiment for analysis d PC, PN, and chl a. Open-
ended 20 ml syringes were used to take subcores from
which the top 0.5cm (andin 1994, also the 0.5to 1 cm
mterval) was removed and analyzed. Sediment chl a
was analyzed fluorometrically according to methods
described in Parsons et al. (1984).Sediment PC and PN
were analyzed on a Carlo-Erba NA 1500 carbon,
nitrogen, sulfur (CNS) analyzer according to methods
described in Sharp (1974).

Water-column char acterization. Water-column pro-
files d salinity, temperature, and DO were obtained
with aHydrolab H20 probe. Surface and bottomwater
samples were collected with the Rule pump, which
was previously determined not to cause breakage d
algal cells. Water samples were filtered and analyzed
for chl a, NH,, NO5, NO,, PO, DSi, PC and PN as
described above. Phytoplankton production rateswere
also measured from July 1993 to November 1994 using
24 h *C incubations (Epply & Sharp 1975) as modified
for simulated in situ conditions by Pennock & Sharp
(1986). Water used for these measurements was
retrieved using a Niskin bottle. Further details d the
methods used may be found in Pennock et al. (1995).

RESULTSAND DISCUSSION
Water-column and sediment characterization

Temperature in the bottom 0.5 md water at Stn DR7
followed a seasonal pattern (7.8to 30.3°C) for the 1993
to 1994 period. Bottom-water salinity was quite vari-
able, ranging from 0.0 to 20.1 ppt. River flow for this
period closely followed the pattern for salinity, and the
twowereinversely correlated (Tablel).DO concentra-
tions in bottom-waters varied from <0.5 to 9.9 mg 1!
(<13 to 107% saturation) with the lowest concentra-
tions occurring in the summer months d both years
(Fig.3).

Ammonium concentrations in the bottom 0.5 m d
water generally ranged from <0.5 to 79 pM, with a
maximum d 24.3 pM in September 1993 (Fig. 4). This
parameter was negatively correlated with percent sat-
uration d DO in the bottom-water, and was positively

Table 1 Results d product-moment correlation analyses for selected bottom-water vanables. Nutnent concentrations (givenin
brackets) arein pM; DO concentration istn mg1 ; % Sat is DO percent saturation, salinity ism ppt, nver flow (R flow)isinm?
s71; stratification (Strat ) is bottom-surface water salinity; chl aistotal chlorophyll ain pgl?!; PC and PN areinpM; C N ratio is

molar, *p <010, **p <001, al others p < 0.05. Blank spaces indicate statistically insignificant relationships

DO % Sat.  Salinity  [NH,'] [NO7] [NOJ] [DSi] R. flow Chl a PC
DO 1.00
% Sat. 0.915**  1.00
Salinity -0.357* -0.414 1.00
[NF,4*] -0.349" 0.407* 1.00
[NOsT] 0.550 0.384' -0.410' 1.00
[NO, ] 0,556""  0.399' 0.909*"  1.00
PO -0.420 -0.411 0.392* 0.928"" .
[DSi] -0.564 0.696**  0.722**  1.00
R. flow 0564  0.370* -0.523 0.734**  0.566 0.600 1.00
Strat. -0.419 0.532 0.548**  0.353"
Chl a -0.462 -0.530** -0.483 1.00
PC ~0.364* 0.683**  1.00
PN -0.364* -0.383* -0.388* 0.828**  0.891**
C:N 0.569** 0.750** 0.593** 0.540 0.693** 0.365*
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correlated with salinity and a stratification parameter
(Tablel).This suggests that the major source d NH,*
for the bottom watersisfrom the sediments, as a stable
water-column and low DO concentrations allow NH;*
to accumulatein the bottom-waters without being fur-
ther speciated by nitrification. Concentrations d PO4
usually ranged from 0.07 to 1.23pM with a maximum
d 7 pM in September 1993 (Fig. 4). This nutrient was
negatively correlated with bottom-water DO, which is
consistent with the observation that PO4s will sorb
to FeOOH" and clay particles under oxic conditions
and desorb under hypoxic/anoxic conditions (Patrick
& Khalid 1974).

Bottom-water concentrations d NOj; (<0.10 to
14.1 pM) and NO;~ («0.05 to 0.86 pM) were positively
correlated with bottom-water DO, percent saturation
d DO, and river flow (Fig. 4, Table 1).The former 2
correlations reflect the sensitivity d these nitrogen
species to fluctuating DO concentrations relative to
nitrification/denitrification processes, while the latter
indicates an allochthonous source for these nutrients
Finally, concentration d DSi (35to 107 pM) was corre-
lated positively with NO; + NO, concentration, NO4
concentration, and river flow, and was negatively cor-
related with salinity. These relationships suggest that
thereislargely an external source for this nutrient as
well

Total chl a concentrations (chl a plus phaeopig-
ments) in the bottom-water ranged from 5 to 45 mg 1!
over the 2 annual cycles, but followed no distinctive
seasonal pattern (Fig. 5). The pattern for chl a (the
‘active' portion d the total pool) paralleled that d total
chl a; however, the concentrations ranged only from
0.4to 22 pg I'l. Total chl a was inversely correlated
with dissolved inorganic nitrogen (DIN)concentrations
and positively correlated with bottom-water PC and
PN concentrations (Tablel). Aswith chl a, no seasonal
pattern could be discerned in the bottom-water con-
centrations d PC (42.5to 217 pM) and PN (5to 24 uM)
but both were positively correlated with total chl aand
with each other (Table1), suggesting that phytoplank-
ton are amajor component d PC and PN in the water-
column.

Bottom-water C:N ratios were calculated to charac-
terize the existing particulate material relative to or-
ganic material d phytoplanktonic origin (C:N = 6.6;
Redfield 1934).The greatest departuresfrom thisratio
came when river flow was highest, suggesting that
more refractory material is introduced to the system
fromthe riversduring peak flow. However, morelabile
phytoplanktonic detritus appears to make up the
majority d the particulate material in the bottom-
waters during periodsd low flow.

In the top 0.5 cm d sediment, the concentration d
total sediment chl a ranged from 37 to 56 mg m~2, and

PC and PN ranged from 1.4 to 3.0% and from 0.14 to
0.28%dry weight, respectively (Fig 6).Patterns d PC
and PN were very similar and were strongly corre-
lated. Sediment PN was also posibvely correlated with
sediment chl a. Sediment C:N ratiosranged from 8 9 to
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Table2. Ratesd sediment-water exchangesd oxygen and nutrientsfor selected estuaries. Sediment oxygen consumption (SOC)
ratesarein gO, m~* d-%; all nutrient fluxes arem pmol m2h-!

Site Months Depth SOC NH; NO; PO DSi
d study (m)

Mobile Bay, AL? Jan-Dec 3 01-1.25 -22-181 -14-67 -2-20 -15-342
Texas Coast® July, Oct 14 105-5.12 43-315
Fourleague Bay, LA Aug-May 15 0-3.43 -50-450 -680-620 -50-18
South River, NCY Jan-Dec 2 0.71-272 00-267 0.0-58 -8.3-23
Neuse River, NCY Jan-Dec 3 070-187 71-454 00-6.4 -23-46
Cape Lookout Bight, NC® Feb—Nov 515 28-1023 -17-97
Chesapeake Bay!

North Bay, MD Jan-Dec 9 01-0.65 -34-101 -117-9 -16-3 -34-202

Mid Bay, MD Jan-Dec 16 0.01-0.86 9-507 -100-12 0-148 57-358

Lower Bay, VA Jan-Dec 1 03-075 15-181 -8-19 -1.5-13 63-255
Patuxent River, MDY May-Oct 3 0.75-225 10-200 125-375 0-15 110-575
Long Island Sound, NY" Mar-Oct 14 12-133 46 - 442
Narraganset Bay, RT* Jan, July -8 75-500 38-233 42-346
San Francisco Bay, CA, Stn 275!  Feb-Nov 14 0.35-0.70 17-208 0-33 -42-54 88-292
Aarhus Bight, Denmark* Jan-Dec -15 8-62.5 -33-14.6
Sead Japan! Apr-Nov 7 4-21 18-26 88-499
Bay d Cadiz, Spain™ Mar-Jan 85 22-7.5 258-1525 21-379  258-1479
2This study; mtact cores “Klump & Martens (1981); 1n situ chambers 1 Hammond et al (1985); i situ
PFlint & Kamykowski (1984); in situ fCowan & Boynton (1995);intact cores chambers

chambers 9Boynton et al (1991); intact cores k Jensen et al. (1990); mtact cores

‘Teague et al (1988).in situ chambers P Aller & Benninger (1981);intact cores ! Propp et al. (1980);i n situ chambers
dFisher et al. (1982);1n situ chambers  'Elderfield et al (1981); n situ chambers ™Forja et al. (1994); n situ chambers
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15.7 over the 2 yr and were positively correlated with
river flow. These sediment data agree well with trends
in the water-column chl a and C:N data, and indicate
that nverine material possesses a high C:N ratio com-
pared to that d autochthonous origin.

Patternsd oxygen and nutrient flux

The mean rate d sediment oxygen consumption
(SOC)in 1993 and 1994 was 0.58and 0.54 gO, m™2d™},
respectively. Monthly ratesd SOC (averaged 3 repli-
cate cores) ranged from 0.10t0 1.25g0, m~2d! during
the 2 yr (Fig. 7). The lowest rate d SOC occurred in
September 1993, during an extended hypoxic period
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(T.Miller-Wayet d . unpubl. data). Otherwise, thelow-
est rates of SOC measured (approximately 0.25 gO,
m~2 d-!) occurred in colder months, while highest rates
were measured in warmer months. These rates are
moderate relative to rates measured in other estuaries
(Table2).

The mean d fluxesd NH,"in 1993 and in 1994 were
70.0 and 38.5 pymol m™2 h™Y, respectively. During the
2 yr, monthly fluxes ranged from a small uptake d
22.3umol m~2 h! (Fig. 7, shown as a negative rate) to a
maximum release d 180.5 pmol m™2 h™t Uptake o
NH," by the sediments was rare, occurring only once
during the study, and maximum rates d rel ease always
occurred in warmer months. These rates d release are
moderate compared to other estuaries (Table2).
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Fig 7 Monthly averaged values (mean + standard deviation} d sediment oxygen consumption (SOC),ammonium flux (NH,*),

phosphate flux (PO;), nitrate flux (NOjz), nitrite flux {NO,"), and silicate flux (DSi) at Stn DR7 in Mobile Bay from January 1993 to

December 1994. All SOC measurements represent oxygen uptake by the sediments; positive and negative nutnent fluxes
represent fluxes out of and into the sediments, respectively
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Mean fluxes d PO, in 1993 and 1994 were 4.4 and
3.5 pmol m™2 h!, respectively. Monthly fluxes ranged
from near zero (-1.9)to 20.4 pmol m™2 h™! (Fig. 7).
Uptake of PO, occurred only once (September 1993),
when the concentration d PO, in the bottom-water
was about 7 times higher than that measured at any
other time in the 2 yr sampled. The maximum release
d 20.4 pmol m~2h~! occurredinlate August 1993when
the bottom-water had been hypoxic for nearly 1 wk
prior to sampling (T.Miller-Way et al. unpubl. data),
While this rate was unusually high for the 2 yr sam-
pled, it does show the potential these sediments have
to release PO, during extended hypoxic periods.
These fluxes are low to moderate compared to other
estuaries (Table?2).

Both NO; and NO;, fluxes were van-
able over the sample period. However,

the direction of both nutrient fluxes
tended to be the same at any given time.

parameters measured in the field. In an attempt to do
so, data for selected bottom-water, sediment and flux
parametersin MobileBay were examined using astep-
wise regression model (Statistica/Mac, Statsoft 1991).
The parameters included were chosen based on signif-
icant findings d product-moment correlation analyses
(Statistica/Mac, Statsoft 1991; Table 3) and on biologi-
cally based a priori assumptions. Many combinations
weretested, and those that best described the variabil-
ity in the data set are shown in Table 4.

Overall, bottom-water temperature and/or DO con-
centration best explained variabihty measured in
fluxes due to their influence on a variety d microbial
and physico-chemical processes. For example, temper-

Table 3. Reaults d product-moment corrdation andyses o fluxes and

sdected bottom-water and sediment vanables All nutrient fluxes are in

pmo m™2 ht; SOCisin g0, m™ d™}; *p < 0.10, **p < 0.01,dl othersp < 0.05.
Blank spacesindicate statistically insignificant relationships

Mean fluxes d NO5; in 1993 and 1994 Auxes
were 8.9 and 19.5 pmol m™2 h™!, respec- . _ _ _ )
tively. Mean quxes%‘ NO, for thesepz yr =0¢ MHS Nos  Nos ko sl
were 1.06 and 1.86 pmol m~2 h™!, respec- sSOC 1.00
tively. Monthly fluxes d NOj; ranged Huxes
from-14.1to 67.3 pmol m~2 h™; those d NH4* 1.00
NO; ranged from -2.9 to 20.4 pmol m™2 o 0.337 100
o - NO; 0480 0.812"" 1.00

h™ (Fig. 7). Rates d uptake d NO; are PO, 0.489 1.00
low compared to other estuaries, but DSi 0.375*  0.592** 0.359" 1.00
rates of release are moderate to high Bottom-weter:
(Table2). Chl a (pgl 't 0.384~ .

- . Temp. (°C) 0.492  0.60 0.386* 0.359"  0.694**

On all but one occasion, fluxes d DSi Sdlinity (ppt) ~0.389

were directed out d the sediments. DO (Mgl -0.753** -0.533**
Mean fluxes in 1993 and 1994 were [NO3] (1M) -0.401" -0.537** -0.381
144.8 and 104.4 pmol m2 h-!, respec- [N_oz-] M) -0.379* -0.553 -0.514 -0.505
tively. Monthly averaged fluxes ranged Sle%rpg)lts _gans _0.349*
from -15.9 to 342.0 pmol m? h™!, and C:N ' _0.368" '
the highest rates were measured in the Chl a (mgm 3 ~0.468*
warmest months d both years (Fig. 7). R.How (mPs™) -0.390° -0.503 -0.457

These rates d uptake are high and
release rates are moderate to high com-
pared to those measured in other estuar-
ies (Table2).

Factorsregulating temporal variations
in fluxes

Many factors have been shown to
influence rates d nutrient regeneration
and microbia transformation d those
nutrients. However, few attempts have
been made to quantitatively rank these
variables according to their relative in-
fluence on fluxes, and to determine how
much variability may be described using

Table 4. Reaults o mogt dgnificant step-wiseregression analyses. Variables

used 1in eech regression analysiswere independent d each other

Hux Variable r Cumulativer? pleve
SOC Bottom-water temperature  0.242 0.06
Bottomweter DO 0.281 0527 0.02
NH,* Bottomwater DO 0.566 0.001
SocC 0.116 0.682 0.04
NO; NO-flux 0.659 0.000
Bottom-weter DO 0.068 0727 0.095
NO; NO; flux 0.659 0.000
Bottomwater temperature  0.082 0.741 0.02
PO;s  NH4* flux 0.385 0.000
Bottomrwater sdlinity 0124 0500 0.03
DSi  Bottom-water temperature 0482 0482 0.000
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ature explained 48% ofthe monthto monthvariability
in DSi fluxes. Because Si dissolution is physically
rather than biologically driven, dissolution rates
increase exponentially with temperature (Kamatani
1982, Conley & Malone 1992). Salinity has also been
found by othersto affectSi dissolution rates, and thus
fluxes (Paasche 1980); however, data fromthis study
showed no such correlation. Uptake by benthic micro-
algae may also influence rates of DSi release (Sund-
back et al. 1991, Rizzo et al. 1992). However, a com-
parison of all nutrient and oxygen fluxes measured
under the highest light conditions observed in this
study (481E m~2 s~ showed no ddferencefromthose
measured under dark conditions, suggesting that
benthic microalgae exert httle influence on rates of
nutrient fluxesat this sitein Mobile Bay.

Bottom-water temperature and DO described 53%
of the variability in measured rates of SOC. These
resultsreflectthe positive mfluenceoftemperature on
sediment metabohsm (Hargrave 1973, Nixon et al.
1976, Klump & Martens 1981), which is moderated
when DO concentrations arevery low (e.g. late August
and September 1993, June and August 1994).

Bottom-water DO, and to a lesser extent tempera-
ture, strongly influenced nitrogen fluxes due to com-
plex interactions betweenthese factorsand processes
of ammonification, nitrification, and denitrification. A
combination of bottom-water DO and SOC explained
68% of the variability in NH,4* fluxes; fluxof NO, and
bottom-water DO described approximately 73% ofthe
measured variability in NO5 fluxes,and fluxof NOs
and temperature described 74 % of the variability in
NO, fluxes. Temperature was also correlated with
NH,* flux,althoughit was not a part of the step-wise
regression model because it is cross-correlated with
SOC (Table3).

These results not only showthe sensitivity of micro-
bial processes to temperature, but also reflect the
probable suppression of nitrification under low DO
conditions (Kempet al. 1990), and underscoretherole
that NO, plays as an intermediate species in both
processes of nitrification and denitrdication. In fact,in
each year the highest NH," release rates and near-
zero NO;y and NO, fluxes from the sediments
occurred in the warmest months when the bottom-
waters were hypoxic (late August and September
1993, June and August 1994). In contrast, fluxes of
NO5 and NO, wer e highest inthe warmest oxidized
months, while fluxes of NH,* tended to be lowest
under these conditions. These patterns suggest that
nitrification is suppressed under hypoxic conditions,
and that nitrification rates are high enough under oxic
conditions to oxidize almost all of the regenerated
nitrogen before it is released fromthe sediments. It
may be noted, though, that high NH,* releases did

occur in June and July 1993 under well oxidized con-
ditions. Concurrently measured high releases of NO5
suggest that rates of decomposition at these times
were higher than rates of nitrification, resulting in
high releases of both reduced and oxidized forms of
nitrogen.

Microbial and macrofaunal biomass may also influ-
encenitrogen fluxes,asthey affectrates of nitnfication
and denitrification. Activity by large macrofauna has
also been shown to increase release of nutrients by
increasingirrigation of sedimentswhen bioturbationis
great (e.g. Henriksen et al. 1983). However, macro-
infaunal biomass in Mobile Bay, consisting of small
surface-dwelling species associated with pioneer com-
munities, is quitelow and sometimes absent and thus
was probably not a dominant factorinfluencing fluxes
(Rhoadeset al. 1978, Dardeau et al. 1990).Variability
in microbial biomass, however, could have had a sig-
nificant influence on nitrogen fluxes (vanDuyl et al.
1993), particularly asit influencesrates of nitrification
and denitrification (Nedwell et al. 1983, Henriksen &
Kemp 1988, Kemp et al. 1990).While denitrification
was not measured m this study, rates estimated from
these data (seebelow) suggest that denitrificationmay
be substantial. In addition, nitrificationis evidently an
important feature during warm months when bottom
waters are oxidized. Thus, NH4* fluxwould likely be
inversely correlated with nitrification and, because
denitrificationis strongly coupled to nitrification in
most marine sediments (Seitzinger 1988), NOs flux
would likely be inversely correlated with deniirifica-
tion i n Mobile Bay.

About 51% of the variability in PO, flux was
explained by NH,* fluxand salinity. Theinverse rela-
tionship between PO, flux and salinity (Table 3)is
counterintuitive, because PO, isbelieved to sorb more
strongly with particles in fresh and brackish waters
thanin seawater duetothe decreased competition for
adsorption sites by other ions (particularly sulfate)in
the water (Caraco et al. 1989). However, a positive
relationship between NH,* and PO, fluxeswas also
found by Fisher et al. (1982), who attributed it to the
relative mobility of both nutrients in the sediments.
Yet, thisrelationship only explained about 39% ofthe
variability i n PO, fluxesin Mobile Bay. If NH,* fluxis
removed from the regression model, temperature
appearsastheonly significant factor affectingvariabil-
ity in PO; fluxes(r=0.33; p < 0.10).Therefore, rela-
tively high rates of PO4 release that were measured
dunng the warmer months are likely due in part to
increased rates of decomposition.

Surprisingly, PO; flux did not show a relationship
with DO concentration, although other experimentsin
Mobile Bay show that PO, fluxes may be strongly
affectedby DO concentration (Fernandez1995).How-
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ever, Fernandez (1995)also found that the magnitude
d POy release under hypoxic conditions is positively
related to the amount d time the sediments have been
exposed to low DO. This suggests that, upon exposure
to low-oxygen bottom-waters, the sediments must first
become further reduced before desorption d PO4 from
particulates may occur. Sediment resuspension in this
shallow system may also have complicated the pat-
terns d sorption/desorption processes by reoxidizing
sediments and disruptmg pore water concentrations
gradients, making relationships with DO concentration
difficult to decipher (Sondergaard et al. 1992, Vidal
1994).

Interannual variability in fluxes

Interannual differences 1n fluxes were also evident
(Table 5). Ammonium, PO, DSi, and DIN fluxes
(summed NH,", NO5; and NO,™ fluxes) were higher in
1993 while NO; and NOj fluxes were higher in 1994.
Asaresult d the high degree d intra-annual variabil-
ity, statistically significant interannual differences
were observed only for NO5; (based on Student's t-
test). Nonethel ess, these data suggest the potential for
important interannual differences in fluxes, particu-
larly for the nitrogen species. This is most likely the
result & oxygen-dependent changes in relationships
between overall DIN regeneration, nitrification, and
denitrification.

Flux ratioswere calculated and compared with those
expected from the simple decomposition d healthy
phytoplanktonic material in an attempt to quantify

Table5 Annually averaged means and standard deviations

(SD)d selected vanables. The variable DIN flux isthe mean

and standard deviation d monthly summed NH/", N O, and

NO; fluxes. Ratios are the mean and SD d results d division

d monthly fluxes. For O:N ratios, SOC was converted to pmol

m~2 h7}, and multiplied by 2 to obtain the amount d O (rather
than O,, shown in SOC measurements) consumed

1993 1994
Mean D Mean D
SOC 0.58 0.37 0.54 0.20
NH,* flux 69.97 77.4 38.49 51.4
NO; flux 8.92 14.67 19.53 19.98
NO, flux 1.06 2.83 1.86 3.45
DIN flux 82.61 79.85 59.88 50.17
PO, flux 4.37 5.95 3.47 2.84
DSiflux 132.70 120.9 104.36 66.45
Ratios:
O:NH,* 55.04 60.62 98.99 116.4
O:DIN 40.72 43.52 26.34 15.85
NH,*:P 20.51 23.26 22.04 19.72
DIN:P 23.16 23.65 29.67 28.67

these relationships. Redfield (1934) found that such
decomposition yields an O:N(NH,) molar ratio d
13.25, or 17.25if all regenerated nitrogen is converted
to NOgy, and an N(NH/":P(PO,") ratio d 16. However,
sediment biogeochemical processes can alter the ratio
at which these nutrients are released. For example,
O:DIN flux ratios that are substantially closer to Red-
field than O:NH,* flux ratiosfor the same dataindicate
that rates d nitrification were considerable. Similarly,
small differences in O:DIN and O:NH," ratios suggest
that very little d the regenerated nitrogen was nitri-
fied, or—if O:NH/" ratios are substantially different
from Redfield proportions—that much that was nitri-
fied was subsequently denitrified before release from
the sediments (Nixon 1981, Banta et al. 1995).

For this study, O:NH,* and O:DIN flux ratios (Tableb)
were quite different between 1993 and 1994, indicat-
ing that processes influencing nitrogen fluxes were
operating to different degrees between the 2 yr.
Specifically, the greatest difference between O:NH,"
and O:DIN ratios within any 1 yr came in 1994, sug-
gesting that the proportion d regenerated nitrogen
that was nitrified was higher in 1994 thanin 1993.

Thereis aso evidence that anaerobic decomposition
was occurring. There were 4 mo (late August and Sep-
tember 1993, June and August 1994) when the O:DIN
ratio was less than 1725, and indeed less than the
O:NH,* ratio d 13.25 (Fig. 8) suggestmg that rates d
sulfate reduction may have been high at these times,
causing more nitrogen to be produced by the sedi-
ments than would be expected based on the amount d
oxygen that was consumed. There were also periods
when O:DIN ratios were much higher than 17.25,indi-
cating that denitrification was occurring.

As suggested by several other researchers, esti-
mates d denitrification rates can be made based on
measured SOC rates (Nixon et al. 1976, Rowe et al.
1977, Nixon 1981, Boynton & Kemp 1985, Banta et al.
1995). Rates d SOC are converted to units d pmol O
m~2 h™! and then used to calculate the expected rates
d DIN release by the sediments based on the Redfield
ratio d 17.25. The measured rate d DIN release is
then subtracted from the expected, and the difference
is attributed to that which was lost to denitrification.
With the exclusion d the 4 mo when ratios were less
than 17.25, averaged monthly estimates d these data
suggest that approximately 40% d the regenerated
nitrogen in 1993, and 43% d that in 1994, was
removed from the system via denitrification. Thisloss
by denitrification isin the middle to upper range com-
pared to other estuarine and coastal marine ecosys
tems (Seitzinger 1987).

However, these estimates should be treated with
some caution because d other processes that may con-
tribute to the departure d fluxes from the Redfield
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Fig 8 (A)Averagemonthly sediment O:N(INH,"); and (B) aver-

age monthly sediment O:N(DIN) flux ratios, from January 1993

to December 1994 *Non-interpretable flux ratios due to

negativefluxes (uptakeby the sediments) Thehorizontal hne
indicates the Redfield (1934)raho

ratio These may include (1)differential sequestering
d nitrogen by decomposers throughout the year due to
their own nitrogen-limitation; (2) uptake d NOj3;™ by
the sediments that may also fuel denitrification, (3}
decomposition d organic matenal that itself strongly
departs from the Redfield (1934) ratio (Banta et al.
1995); and (4)sulfide oxidation processes that may ele-
vate O:DIN ratios independent d denitnfication
(Roden & Tuttle 1992, Roden & Tuttle 1993a, Roden &
Tuttle 1993b; Jergensen 1977) The influence d each
d these factors is unknown in Mobile Bay, and are
potential sources d error i these estimates d denitri-
fication.
Finally,
which phosphorus 1s retained by the sediments. The

averages d monthly flux ratios reported in Table 5

ratios of pyg.p can suggest the degree to

show that less phosphorus is released by Mobile Bay
sediments than expected on an annual basis, based on
the Redfield ratio (N:P ratio higher than the expected
16:1). However, Fig. 9 shows that this ratio varies dra-
matically from month to month, and that the sediments
actually contnbute agreat deal d phosphorus, relative
to nitrogen, to the overlying water during some months
d theyear. Thereis no seasonal signal to the variabil-
ity, however, as has been observed in cooler temperate
systems (Fisher et al. 1992, Pennock & Sharp 1994b).
Several factors apparently contnbuteto thisvariability,
including rates d denitrification and rates d particle
adsorption d PO4, both d which are affected by
redox conditions and nutnent concentrations in the
sediments and in the overlying water (Pomeroy et al.
1965, Patrick & Khalid 1974, Seitzinger 1988, Boynton
et al 1990). Also, similar to the above description of
deviations from the expected O:N ratios, Tezuka (1990)
showed that the decomposition d more refractory
material caused strong deviations from the Redfield
ratio due to differenbal sequestering d PO4 by micro-
bial populabons.

In light d the high estimated O:N flux rabos in
Mobile Bay, it is interesting that DIN:P ratios are so
high. Based on these data, 2 processes— denitrification
and phosphate sorption mechanisms—are working in
Mobile Bay to remove both nitrogen and phosphorus
from the system. If this is the case, Mobile Bay sedi-
ments are acting as a buffer against the effects d
eutrophication by reducing the supply d regenerated
nutrientsto phytoplankton

100

80+

70+

[

50

40} F B

3OF i
-

201

N (DIN)Q (20,7 Flux Ratio

JFMAMJJ AASONDJ FMAMJJASOND

1993 1994
Month

Fig 9. Average monthly sediment dissolved inorgamc nitro-
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to negative fluxes (uptake by the sedments) The horizontal
line indicates the Redfield (1934)ratio
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Sediment nutrient fluxes and phytoplankton
production

To estimate the contribution by sediment nutrient re-
| easesto phytoplankton nutrient demand, calcul ationsd
phytoplankton nitrogen and phosphorus demand were
made based on monthly measured ratesd primary pro-
duction and compared to monthly measured ratesd DIN
and PO, release. Rates d areal primary production
(mgC m2 d!), measured from July 1993 through
November 1994, were converted to nutrient demand
(pmol m™2 h7Y) using Redfield's (1934) C:N:P ratio d
106:16:1 for healthy phytoplankton. Theaverage d these
17 mo d data show that the sediments supplied over-
lying waters with about 36% d the nitrogen and about
23% d the phosphorusrequired by phytoplankton. This
is not a particularly high value compared to estimates
madefor other systems (Fisher et al. 1982). However, the
percent contribution varied a great deal on a monthly
basis (%N contribution ranged from 0 to 94; %P contri-
bution ranged from 0 to 83; Fig. 10).In general, there
were no seasonal patternsd percent contribution by the

O % Contribution by the Sediments
—o— Primary Production (PP), Nutrient Demand

(A) 100

1 1250

1 1000

~
(6]

1 750

1 500

by the Sediments
> g

%N Contribution

1 250

JP, ymol N m—2 h-1

0

—

B) 100 : 1 80

50

25 H 20

JAASONDJFMAMJJASON
1993 1994
Month

%P Contribution
by the Sedimsnts

WPum ol m=h-1

Fig.10.Calculated monthly demand d (A)nitrogen and (B) phos-
phorous by phytoplankton (linegraphs),overlying the percent
contribution to that demand by sediment release d DIN and
PO, (bar graphs), for July 1993 to December 1994. Nitrogen
and phosphorus demands by phytoplankton were determined
by converting the measured rated primary production (gC m~
d') to demand using the Redfield (1934)C:N:P ratio for healthy
phytoplankton

sediments, duein part tothefact that primary production
did not show a strong seasonal pattern. Datafrom 1993
show that the sediments havethe potential to supply the
majority d nutrients required by phytoplankton when
primary production rates are relatively low. However,
when production rates are high, asin August d 1994,
evenvery highratesd nitrogen and phosphorusrel ease
by the sediments supply only a small amount d that
required by phytoplankton.

Itwould appear that factors other than nutrient supply
by the sedimentsallow for the very high ratesd primary
production observed in summer and fall 1994. Nutrients
regenerated at the sediment-water interface morelikely
serve to maintain algal biomass and production when
nutrient supply from all ochthonoussourcesislow, aswas
the case in 1993 when river flow was very low all sum-
mer. In 1994 river flow remained higher than in 1993
throughout the summer (Fig.3)injecting 'new' nutrients
into the system that supported a greater percentage d
primary production than in summer 1993.

Comparison o flux characteristicswith other systems

In Chesapeake Bay, Cowan & Boynton (1996)found
a highly significant regression relationship between
the average amount d total chl a in thetop 1 cm o
sediment (anindicator d labile organic matter avail-
ability) and the average warm season nutrient flux
(NH4*, PO, DSi) from the sediments, if these 2 para-
meters were lagged in time. In that analysis, sediment
chl a was averaged between Day 80 and 220 d the
year, and nutrient flux was averaged between Day 120
and 220 (whengreatest rates d nutrient release were
measured) to account for the apparent delay in decom-
position d deposited organic material until tempera-
turesincrease in the late spring (Boyntonet al. 1991).
Despite strong differences in water-column character-
isticsand sediment nutrient fluxes, all stations sampled
along the salinity gradient during several years were
found to fit the regression model.

Data from Mobile Bay, lagged in the same manner,
also fit this regression model very well, even though
conditionsin Mobile Bay were distinctly different from
those at the 3 stations in Chesapeake Bay (Fig.11).
Thissuggeststhat sediment chl aisagood predictor o
the magnitude d nutrient release from the sediments,
although the temporal lag may need to be adjusted
from estuary to estuary. Nonetheless, it is intriguing
that organic matter availability correlates so well with
nutrient release by the sediments over a broad range
d estuarine conditions; it is not unlike Nixon's (1981)
observation d the strong correlation between primary
production and SOC over a wide range d estuarine
systems.
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However, there are limitations to such relationships.
It has been shown by others (Rizzo 1990, Rizzo et al.
1992) that benthic microalgae can greatly reduce
nitrogen release rates due to their own nitrogen
demand. It should be noted that previously discussed
'light' flux experiments in Mobile Bay suggest that
benthic microalgal productionis, at best, d only minor
importance in these sediments. Another potential

limitation d this regression model would occur in
regions where nitrification, coupled to denitrification,
occurs at very high rates. In this case, even DIN flux
would not capture all d the regenerated nitrogen
released by the sediments.

Organic matter availability has also been shown to
cause seasonal variability in nutrient fluxes. Boynton
et al. (1990)found that while temperature and DO con-
centration influence the magnitude and speciation
d fluxes as a result d their influence on microbial
processes, these factors alone are not sufficient to
describe observed late summer declines in sediment
nutrient fluxes in Chesapeake Bay. In fact, fluxes
measured in the fall in Chesapeake Bay were often
lower than in the spring even though temperatures
were higher in thefall, and concentrations d DO were
similar during the 2 seasons. They concluded that this
pattern was due to the exhaustion d available organic
matter in late summer. Similar conclusions were
reached by Jensen et al. (1990)from data collected in
Aarhus Bight, Denmark. They found that release d
NH,* and uptake d NOj; by the sediments increased
dramatically immediately following sedimentation d a
phytoplankton bloom, and that fluxes returned to low
levels just 2 mo after the sedimentation event despite
anincrease intemperature, presumably becaused the
exhaustion d available labile organic matter. Others
have also attributed seasonal variability d sediment
fluxes not simply to temperature and DO concentra-
tions, but also to the availability d labile organic
matter (Hammond et al. 1985, Banta et al. 1995).

While the influence d organic matter availability on
seasonal vanability d fluxes may be supported by data
from many estuarine systems where distinct seasonal
patterns d phytoplankton biomass occur, it is not
supported by data from Mobile Bay. For example, in
Chesapeake Bay thereisa spring and fall maximumin
water-column phytoplankton biomass (Malone et al.
1988); this same pattern also appears in the sediment
chl a data (Fig. 12; Stns MB and SB). Conversely,
Mobile Bay seems to be characterized by more aperi-
odic events. When there are both sufficient light and
nutrient concentrations, phytoplankton blooms may
occur, and bloom events are not necessarily limited by
cooler temperatures in winter months (Pennock et al.
1995). Further, sediment chl a concentrations do not
mimic thosein the water-column, but rather show afar
more constant pattern throughout the year (Fig.12).
This is presumably because wind-wave resuspension
and redistribution d sediments in Mobile Bay ren-
dered the sediment chl a record nearly constant over
time. In fact, the sediment chl arecord is so constant
that if thetimelagimposed on Chesapeake Bay datain
Fig. 11 were not applied to Mobile Bay data, there
would be no difference in the results obtained. Thus,
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just as sediment chl a is not always a good indicator
ofthe potential magnitude of sediment nutrient release,
it also may not always help to explain temporal vari-
ability in fluxeswithin a system.

CONCLUSIONS

While Mobile Bay receives high rates of nutrient
loading as a result of high rates of freshwater dis-
charge, nutrient concentrations arelow compared with
other systems because of dilution and low point source
discharge rates (Pennock et al. 1995). Consequently,
the effectsof nutrient enrichment are moderate, asis
evidenced by high DSi:DIN ratios, low nutrient and
chl a concentrations, and modest rates of primary pro-
duction. Despite this, Mobile Bay does experience
periods of prolonged hypoxia/anoxia as a result of
strong salinity stratificationeventsthat allow moder ate
SOC ratesto deplete DO inisolated bottomwaters.

These seemingly contrary characteristics contribute
to a rather interesting pattern of sediment nitrogen
fluxes,where DO concentration and temperature play
large rolesinthe amount and for mof nitrogen that is
released by the sediments.When temperature and DO
concentrations are high, NOjs release rates may be
quite high (amongthe highest reported) because there
is enough oxygen to sustain high rates of nitrification,
and because overlying water to porewater NO3™ con-
centration gradients (T.Miller-Way et al. unpubl. data)
are generally not high enoughto hinder release, asis
seen i n many more eutrophic systems.When DO con-
centrations are low, however, Mobile Bay sediments
behave similarly to those in more eutrophic estuaries.
In this case, sediments release NH,;* almost exclu-
sively, and NO4 fluxis either near zero or is directed
into the sediments. However, even the highest mea-

sured rates of release of NH,* are only inthe lower to
middle range of maximum values reported for other
estuaries. Thisresults fromthe factthat labile organic
matter loading to the sedimentsis rather modest, and
thus rates of decomposition are only moderate com-
pared with more eutrophic systems.

Surprisingly, PO, fluxdid not relate to DO concen-
trationinthis study. Thismay be due,in part,to a sed-
iment response to low bottom-water DO concentra-
tions (Fernandez 1995) that is slower than the rate of
change of DO inthe bottom-waters. This high variabil-
ity i n bottom-water DO is caused by frequent vertical
mixing events which reaerate bottom-waters, as well
as disrupt sediment pore water concentration gradi-
ents. These constantly changing physical and chemical
dynamics also lead to pulsing of nitrogen and phos-
phorus fluxesat ratios that vary independent of sea-
sonal cycles, unlike what has been shown in many
cooler temperate estuaries.
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