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ABSTRACT: Rates of benthic denitrification, oxygen consumption and nutrient regeneration were 
measured during winter, spring and summer in Galveston Bay (Texas, USA) sediments. Denitrification 
ranged from 0 to 47 pm01 N2 m-2 h- '  with maximal rates generally occurring in the summer and the 
upper estuary. Oxygen consumption rates ranged from 38 pm01 O2 m-2 h- '  in the winter to 353 pm01 O2 
m-' h-' in the summer and were correlated with denitrification rates. Variations in bay water tem- 
perature accounted for 52 % of the variability associated with denitrification rates whereas only 28% of 
the variability could be attributed to organic carbon content and 15% to salinity, indicating a pre- 
dominance of temporal over spatial factors in controlling estuarine rates of denitrification. In the spring 
and summer, denitrification was responsible for the majority (73 and 80%, respectively) of the total 
benthic inorganic nitrogen efflux while in the winter, nitrogen fluxes were dominated (80 %) by ammo- 
nium. At salinities less than 6 L ,  cation exchange interactions may have played an important role in 
retaining ammonium in the sediment, producing the higher rates of denitrification found in the upper 
estuary. Dissolved inorganic carbon flux was used as a measure of total organic carbon mineralization. 
The average molar C:N of the remineralized substrate (5.2) was lower than the average C:N of the 
sediments (12.6) indicating preferent~al remineralization of nitrogen relative to carbon. Molar C:O 
ratlos suggested that anaerobic carbon m~neralization and the storage of its reduced end-products is 
more prevalent in the lower estuary and In the winter. Denitrifiers were responsible for 37 and 13 % of 
the total benthic carbon mineralization in the upper and lower estuary, respectively. Denitrification 
appears to be a greater contributor to total carbon mineralization than previously considered. Nearly 
one-third of the total sediment oxygen consumption was attributed to nitrification. Galveston Bay 
sediment denitrification and oxygen consumption rates and nutrient fluxes were lower but comparable 
to those of other Gulf of Mexico estuaries. Differences among the estuaries examined are attributed 
mainly to sediment organic matter content. 
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INTRODUCTION 

Benthic metabolism plays an important role in the 
regulation of nutrient concentrations and thus the pro- 
ductivity of estuarine and coastal marine systems. In 
the case of nitrogen, the main nutrient controlling the 
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productivity of estuaries (e.g. Nixon 1981, Boyton et 
al. 1982), sediments are a source as well as a major sink 
in the cycling of this element. The regeneration of 
ammonium in sediments is a major source of nitrogen 
to the water column, whereas production of dinitrogen 
gas (denitrification) and burial are  major nitrogen 
sinks. Most of the organic matter reaching the sedi- 
ments is microbially degraded, and the end products 
of microbial decomposition are largely influenced by 
the availability of various terminal electron acceptors. 
Estuaries serve as  ideal systems in which to study these 
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benthic processes as a gradient in the concentration of 
the most common terminal electron acceptors, mole- 
cular oxygen, nitrate and sulfate, exists naturally. 
Through a full accounting of the end products of these 
aerobic and anaerobic respirations, in both seasonal 
and spatial detail, we may gain an understanding of 
the role that sedimentary processes play in the cycling 
of bioactive elements within an estuary. 

One objective of this study was to examine the 
factors which affect the rates of denitrification in estu- 
arine sediments and the efficiency of this process in 
removing dissolved nitrogen from estuarine waters. 
Hundreds of measurements of estuarine denitrification 
rates have been made (reviews in Koike & Ssrensen 
1988, Seitzinger 1988), but many denitrification studies 
are not of great use for interestuary comparisons 
because of methodological differences, limited sea- 
sonal or spatial coverage, or a lack of background 
information on the amount or sources of nitrogen 
entering the estuary. It is also difficult to compare rates 
of microbial activity from estuaries of very different 
climate zones or sediment types. With the completion 
of this study, denitrification rates in 4 Gulf of Mexico 
estuaries have been made by the direct measurement 
of N, production. In each estuary, sediment oxygen 
consumption and the fluxes of dissolved inorganic 
nitrogen (DIN = N03, NO2-, NH,') have also been 
recorded in both seasonal and spatial detail. Because 
there exists a gradient of decreasing salinity among 
Gulf coast estuaries from the southwest to the north- 
east, we were able to assess the influence of salinity on 
benthic NH; versus N2 release. Gardner et al. (1991) 
proposed that NH,+efflux is slowed by cation exchange 
interactions in freshwater systems. The increased 
sediment residence time of ammonium increases the 
opportunity for nitrification and denitrification to 
occur. Some interestuary comparisons are made which 
may shed light on the factors controll~ng denitrification 
rates and other benthic processes. 

We also investigated the use of dissolved inorganic 
carbon (DIC) flux measurements as an integrative esti- 
mate of the total amount of carbon remineralized dur- 
ing benthic decomposition. h4ackin & Swider (1989) 
and Sampou & Oviatt (1991) found that CCO, produc- 
tion measurements provide reliable estimates of the 
total integrated rate of organic carbon remineralization 
in coastal marine sediments These investigators found 
that benthic metabolism was dominated by anaerobic 
processes in these systems. As a result, sedimentary 
oxygen consumption (SOC) was largely uncoupled 
from organic carbon oxidation by the temporally 
variable processes of storage and reoxidation of 
sedimentary sulfides. Greater carbon mineralization 
relative to SOC represented an excess of anaerobic 
relative to aerobic metabolism. Using this concept of 

DIC and SOC balance we were able to examine the 
spatial and seasonal variability of these processes in 
Galveston Bay, Texas, USA. The suitability of this 
method is investigated as well as the use of the biolog- 
ical poisons formal~n and mercury in sediment incuba- 
tion chambers to distinguish chemical from biological 
sedimentary processes. 

MATERIALS AND METHODS 

Sampling sites. Five sampling sites were chosen in 
Galveston Bay as representative of the range of water 
salinities and organic carbon contents of sediments in 
the bay (Fig. 1).  Sites 1 and 2 are located in Trinity Bay 
which receives 70% of the freshwater inflow to Galve- 
ston Bay from the Trinity River (NOAA 1989). Salinities 
at these sites remained below 3%o during 1993 (Table l ) ,  
a year of slightly less than average salinities (TWDB & 
TPWD 1992). Sites 3 and 4 were established along the 
highly industrialized western shore of Galveston Bay. 
Site 3 is located at the entrance to Clear Lake and near 
the mouth of the San Jacinto River, both of which 
receive the outflow of many water treatment facilities. 
Site 4 is located in a basin just offshore from Texas City 
where there is a concentration of petroleum refineries. 
Site 4 ,  and Site 5 in East Bay, are most closely in con- 
tact with seawater inflow from the Gulf of Mexico 
although water at  both sites remained below 20%0 
salinity and only slight vertical stratification of the 
water column was observed throughout the study 
period. 

H O U S T O  

S A N  J A C I N  

Fig. 1 .  Map of Galveston Bay, Texas. USA, with sampllng sites 
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Table 1 Galveston Bay, Texas, USA, sampling sites and water temperatures, salinities and dissolved oxygen concentrations. 
Temperature and dissolved oxygen concentrations are for bottom water collected at each site. na: not available 

Month Station Latitude Longitude Depth Temperature Salinity (Xo) Dissolved 
(m) ("c) Bottom Surface O2 (mg 1-l) 

March 1 29"42'06" N 94"44'38" W 2.1 15.0 na 0.0 n a 
2 29'37'45" N 94"49'43" W 2.9 15.0 na 0.0 n a 
3 29'33' 22" N 94" 59'44" W 2.8 17 5 na 4 0 n a 
4 29'22' 59" N 94" 50' 34" W 2.4 17.0 n a 11.0 n a 
5 29'26'27'' N 94O42'54" W 1.8 17.5 na 10.0 n a 

May 1 29'42' 06" N 94"44'38" W 2.1 22.4 0.2 0.2 8.3 
2 29'37' 45" N 94"49' 43" W 2.9 22.7 2.9 2.8 8.0 
3 29" 33' 22" N 94" 59' 44" W 2.8 23.1 5.8 5.8 7.5 
4 29" 22' 59" N 94" 50' 34" W 2.4 23.9 13.5 11.6 8.2 
5 2g026' 27" N 94"42' 54" W 1.8 24.1 11.7 10.5 7.5 

July 1 2g042' 06" N 94"44' 38" W 2.1 29.5 0.2 0.2 7.0 
2 29" 37' 45" N 94" 49' 43" W 2.9 29.4 2.5 2.4 7.3 
3 2g033' 22" N 94"59'44" W 2.8 29.8 4.8 3.0 5.2 
4 2g022' 59" N 94"50' 34" W 2.4 29.6 24.0 18.5 5.9 
5 2g026' 27" N 94"42' 54" W 1.8 30.3 7.7 5.7 5 .1  

Sediment collection and incubation. In early 
March, May and July of 1993, 6.7 cm i.d. cores were 
collected using a hand-held corer with removable 
acrylic liners. In addition, surface water samples 
were collected and vertical water-column profiles of 
temperature, salinity, pH and dissolved oxygen con- 
tent were obtained using a Hydrolab Scout/H20 sys- 
tem. The cores were transported at in s i tu  tempera- 
tures (k4"C) to the Marine Science Institute in Port 
Aransas, Texas, and, within 24 h, the upper 7 cm of 
sediment was transferred with minimal disturbance 
into glass incubation chambers of the same inner 
diameter (Yoon & Benner 1992). Prefiltered (0.2 pm 
Nuclepore) bay water from each sampling site was 
added to each respective chamber so that a 65 m1 
gas volume remained above the overlying water. At 
the start of each incubation period, the chamber was 
sealed and purged for 1 h by sparging through the 
overlying water with a N2-free gas mixture (21 % 02, 
79% He). During an initial period of 9 d,  the cham- 
bers were continuously shaken (65 rpm) and purged 
for 1 h each day to equilibrate dissolved gases and to 
allow the penetration of poison into sediments of the 
killed control chambers. This waiting period has 
been found to be sufficient for the rates of denitrifi- 
cation and nutrient exchange to become linear 
(Seitzinger et al. 1980, Yoon & Benner 1992). Subse- 
quently, the chambers were continuously shaken 
(20 rpm) while incubated in the dark and at in situ 
temperatures. 

Four replicate cores were collected at each site in 
Galveston Bay. One core was sectioned into 2 cm inter- 
vals and used to measure porosity (weighed before 
and after drying for 3 d at 60°C) and organic carbon 

and total nitrogen content by flash combustion of HC1- 
acidified and dried samples using a Carlo Erba 1108 
CHN analyzer. A second core was used to measure 
redox potential at 2 cm intervals with a platinum elec- 
trode (Orion Model 96-78). One core from each site 
was used to measure denitrification, total oxygen con- 
sumption, nutrient fluxes and carbon remineralization. 
A duplicate core was used as a killed control to moni- 
tor atmospheric contamination and chemical oxygen 
consumption rates. The killed control chambers were 
treated with 10 m1 of formalin (37% formaldehyde) 
during the winter and spring sampling periods and 
800 p1 of saturated HgC12 solution during the summer 
incubations. 

Details of the sediment incubation and gas sampling 
procedure and a discussion of the relative advantages 
and disadvantages of this method of denitrification 
measurement may be found in Yoon & Benner (1992). 
After gas sampling, 20 m1 samples of water from the 
chambers were filtered (GF/F) and saved frozen in 
polypropylene vials for nutrient analysis and 20 m1 
samples were saved in gas-tight glass vials for DIC 
analysis. Chamber water was then replaced with new 
water from each site, sampled for initial nutrient and 
DIC measurements and resealed and sparged to begin 
the next incubation cycle. Periodic checks of initial 
concentrations of N2, O2 and DIC in each chamber's 
gas phase were made after sparging. 

For each 2 to 3 d incubation period, fluxes were 
calculated as the difference in gaseous or aqueous con- 
centrations of each species per unit time, per sediment 
surface area within the chambers. The average and 
standard deviation of 5 incubation periods for each 
core were calculated and reported. Based upon cal- 
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culations made using Bunsen coefficients for gas solu- 
bility in waters of varying salinity and temperature 
(Weiss 1970), we were able to regard as insignificant 
the change in NZ and O2 dissolved in the overlying 
waters of the chambers. 

Analytical measurements. Gas samples (100 p1) 
were analyzed for N2 and O2 content by injection into 
a gas chromatograph (Carle Instruments, Inc., Model 
8500) equipped with a stainless steel column (3 m X 

3 mm) packed with molecular sieve 5A, a thermal 
conductivity detector and helium as a carrier gas 
(flow rate 20 m1 min-'). The instrument was cali- 
brated each day by making variable volume injec- 
tions of a gas standard containing known concentra- 
tions of O2 and Na In previous work (Yoon & Benner 
1992), denitrification rates were calculated by sub- 
tracting N2 fluxes in the killed chambers from those 
of the Live chambers. In this study, we subtract a uni- 
form NZ leakage rate of 17.5 pm01 m-2 h- '  from live 
chamber NZ fluxes. This value is the mean of NZ leak- 
age rates (SD = 2.0) observed in experiments per- 
formed with 10 chambers (3 incubation periods) filled 
with water only. The NZ leakage rates in killed cham- 
bers with formalin and sediments (n = 60) were 
nearly the same (21.5 pm01 NZ m-2 h- ' )  but more 
variable. Concentrations of nitrate, nitrite, ammonium 
and phosphate were measured by autoanalyzer 
(Technicon 11) according to the methods of Whitledge 
et al. (1981). A Shimadzu TOC 5000 analyzer was uti- 
lized for DIC measurements. 

RESULTS AND DISCUSSION 

Sediment characteristics 

The sediments collected in Galveston Bay were 
mostly soft, shelly mud of rather high water content 
(Table 2). At Sites 4 and 5 in the lower estuary, sedi- 
ments were composed of muddy fine sand and dis- 
played correspondingly lower porosities. During both 
March and July, surface sediment redox potentials at 
all sites were negative or close to zero and became 
reducing at less than 1 cm depth (Table 3). The pres- 
ence of a strong redox-cline near the sediment surface 
is in agreement with microelectrode measurements 
made in coastal marine sediments (e.g. Revsbech et 
al. 1980, Mackin & Swider 1989) and implicates the 
top 1 cm of sediment as the probable location of 
denitrification activity. 

Mean annual values of organic carbon content in the 
sediments ranged from 1.4 to 1.1 YU dry wt carbon at 
upper- and mid-estuary sites and from 0.4 to 0.6% 
at the 2 lower-estuary sites. We observed no down- 
estuary trend in sediment C:N (atom) ratios, which 
varied between 11 and 14. Seasonal variations in 
organic carbon content were noted. During the 
summer, the mean organic carbon content of the 0 to 
2 cm sed~ment interval was 5% less than that of the 
2 to 4 cm interval. During the spring and winter, the 
upper sediment layer contained 5 and 10Y0 more 
organic carbon than the lower layer, respectively. In 

Table 2. Characteristics of Galveston Bay sediments. Organic carbon and nitrogen were measured by CHN analyzer after 
acidification 

Slte Core Porosity Organlc carbon (wt %) 
interval (cm) (vol.%) March May July 

Carbon/nitrogen (atom) Sediment description 
March May July 

Fine, soft mud 

Contains a living bivalve 

Fine mud with sandy mud horizons 

Flne mud 

Fine mud 

Mud with 5% shell fragments 

I Mud with some fine sand 
and horizons of small bivalve shells 

4 0-2 70 * 11 0.83 0.43 0.46 10.45 1.3.14 13.85 F ~ n e  sand with mud 

2-4 58 + 11 0.73 0.39 0.65 10.77 13.93 14.22 Flne sand with mud 

4-6 58 + 6 - - - - - - Fine sand with mud 

5 0-2 87 * 13 0.30 - 0.85 12.88 - 13.39 Fine sand with mud 

2-4 57 * 11 0.25 - 0.58 10.76 - 13.79 1 Fine sand with mud and bivalve 

4-6 71 t 21 - - - - - - shell fragmen.ts 
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Surface -19 -79 -279 4 9 6  25 na -20 1 6  -230 
1 -188 -262 -282 -242 -269 -69 na -145 -205 -230 
3 -248 -309 -296 -250 -270 -88 na -255 -111 -270 

Table 3.Oxldation potent~al (Eh, in mV) of Galveston Bay sediments, na: not available The Site 1 incubation chamber, 
however, contained a living bi- 

absolute terms, the average organic carbon content of 
the upper sediment layer also decreased from winter to 
spring to sunlmer. These changes may be due to an 
increase in benthic processing of organic material in 
the upper sediment layers as temperatures increase. A 
corresponding winter to summer increase in organic 
C:  N may be caused by the preferential degradation of 
nitrogen relative to carbon in the surface sediment and 
has been noted elsewhere (Aller & Yingst 1980, Black- 
burn & Henriksen 1983). 

Depth March July 
(cm) Site: 1 2 3 4 5 1 2 3  4 5 

Denitrification, oxygen consumption and DIC 
production rates 

valve (species Mactridae rangia) of 
a body weight which could con- 

The rates of denitrification in Galveston Bay sedi- 
ments during the March sampling period were found 
to be low or not significantly different from zero at all 
sites except Site 1 (Table 4). Rates of oxygen consump- 
tion were also minimal during March (<g0 pm01 0' 
m-' h- ')  at all sites except Site 1 (452 pm01 O2 m-'h- ') .  

sume 20 to 200 pm01 0, m-2 h- '  
through respiration (Dame 1972) 
and could account for the excess 

-240 -284 -270 oxygen flux. The calculated respi- 
-220 -260 -266 ratory quotient (RQ = A C 0 2 / A 0 2 )  A for chamber 1 is 0.7, similar to val- 

ues commonly derived for aerobic 
respiration (Rich 1975). The increase in denitrification 
rate in this chamber could result from increased sedi- 
ment irrigation bringing nitrate and nitrite in contact 
with anoxic regions of the sediment. Data from this 
incubation were excluded when examining trends in 
benthic processes. 

Cores collected in May displayed higher denitrifica- 
tion rates (0 to 35 pm01 N2 m-' h-') and oxygen con- 
sumption rates ranging from 63 to 239 pm01 O2 h-'. 
After making these measurements, the chambers were 
purged with helium and the system was allowed to be- 
come anoxic and to exhaust all sources of nitrate. A 
mean nitrogen gas flux of 15.9 pm01 N2 m-2 h-' (SD = 
6.8) was then recorded during 3 incubation periods, val- 
idating our use of 17.5 pm01 NZ m-' h-' as a leakage rate 
and confirming the existence of a tight coupling be- 
tween nitrification and denitrification. A mean DIC pro- 
duction value of 107 pm01 C m-2 h- '  was measured dur- 
ing the anoxic incubations, providing a rough estimate 
of the contribution of anaerobic processes (other than 
denitrification) to carbon mineralization during May. 

Summer denitrification rates 
were the hiqhest amonq the 3 sam- - 

Table 4. Denitrification (NZ production), oxygen consumption and dissolved inor- pling periods (10 to 47 pm01 NZ 
ganic carbon (DIC) efflux from Galveston Bay sediments. Incubation temperatures h-') as were rates of oxygen 

were 16 "C (March), 23 "C (May) and 29.5 "C (July) 
consumption (230 to 353 pm01 O2 

Month Site NZ production O2 consumpt~on DIC production 
(pm01 m-2 h-') (pm01 m-2 h-') (pg-at. C m-2 h-') 
Mean SD Mean SD Mean SD 

March 1 
2 
3 
4 
5 

July 1 
2 
3 
4 
5 

m - 2  h- '  ) .  Excluding Site 5, where 

no increase in denitrification was 
measured, rates increased from a 
mean value of 19 to 33 pm01 N2 m-2 
h-', or nearly doubled from May to 
August while the temperature 
increased from 23 to 29.5OC. 
Although no simple link between 
denitrification rates and tempera- 
ture can be drawn due to the possi- 
ble effects of changes in other 
parameters such as redox condi- 
tions, nutrient availability and sedi- 
ment irrigation, it is worth noting 
that this increase in denitrification 
from May to July would be equiva- 
lent to a Qlo (temperature coeffi- 
cient = the rate increase for a tem- 
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perature increase of 10°C) of 2.1. During this same 400 

period oxygen consumption increased by 58% and 
carbon mineralization (DIC efflux) by 28 % 

Although chambers with higher DIC production 
rates generally corresponded to those with higher 
oxygen consumption rates, a significant correlation 
between these 2 processes was not found. A molar 
equivalence of oxygen use and carbon dioxide produc- 
tion is predicted for aerobic respiration when ammo- 
nium is the final nitrogen-containing product of 
benthic mineralization of organic material. Further 
oxidation of ammonium to nitrate, for example, will 
drive the AC02/A02 ratio lower as will the chemical 
oxidation of reduced species stored in the sediment, 
such as pyrite. This ratio will be greater than 1 if the 
sediment is dominated by anaerobic processes and 0  100 200 300 

storage of its reduced end-products occurs. In Galve- o2 (pm01 m-2 h-') 
ston Bay, nearly all the AC02/A02 ratios derived from 
upper-estuary site (Sites 1, 2 and 3) sediment incuba- 
tions were 1 or less than l (mean = 0.96) indicating a 
predominance of aerobic heterotrophic activity or the 
absence of storage of reduced end-products of anaero- 
bic metabolism (Fig. 2) .  In contrast, lower-estuary sed- 
i m e n t ~  consistently displayed much higher AC02/AOz 
ratios (mean = 1.7) and are therefore probably domi- 
nated by anaerobic carbon mineralization processes 
such as sulfate reduction. Storage of reduced meta- 
bolic products, of which sedimentary sulfide is proba- 
bly the major form, seems to be of particular impor- 
tance during the winter, while reoxidation of these 
species appears to occur primarily in the spring and 
summer. These trends may be linked to increased bio- 
turbation during these warmer seasons. Caution ought 
to be exercised when interpreting these trends as both 

Fig. 2. Relationship between oxygen consumption and in- 
organic carbon production from upper (<6%) and lower 
(>6%a) Galveston Bay sediments. Diagonal hne: 1 : l  molar 

between DIC and 0, fluxes 

anaerobic metabolism and chemical oxidation can and 
probably do occur concurrently. Fig. 2 is only indica- 
tive of likely sites or periods of predominance of one or 
another of these processes. 

Benthic nutrient fluxes 

The concentrations of phosphate, nitrate + nitrite 
(N+N) and ammonium In bay waters and the mean 
benthic fluxes of these species are listed in Table 5. 

Table 5  Water concentrations and benthic fluxes of phosphate, nitrate and nitrite (N+N) and ammonium. Posltlve flux values are  
from the sediment into the over ly~ng water and a re  the mean of fluxes measured dunng five 2  d Incubation periods 

Month Slte Bay water nutnent concentrations (PM) Benthlc nutnent fluxes (PM m h ') 
~ 0 ~ ~ -  N+N N H ~ +  PO:- SD N+N SD NH,+ SD 

- 

March 1  0  8  39 9  5  0  3 5  1 1  - 6 8  9 0  45 2  22 5  
2  1 6  32 9  1 1  - 0 3  0 1  -10 1  0  9  3 1  2 3  
3  3  5  31 6  7  3  2 4  Ob  -12 3  2  8  1 8 2  5 b  
4  0  8  7  0  0  6  - 0 6  0 3  -104  2  4 45 1  12 7  
5  0  3  0  3  0  5 - 0 6  0 2  0 6  0 2  5 6  6 8  

May 1  3  2  48 8  0  6  0 6  0 3  -17 2  1 2  0 4  0 6  
2  3  9  29 2  0  0  - 1 1  0 5  9 0  1 0  2 7  2 1  
3  3  6  1 2  1 1  - 1 0  0 6  4 5  2 5  3 5  2 3  
4  2  4  5  3  2  1  0 3  0 1  - 0 3  0 8  1 3 8  3 7  
5  1 9  l l 1 8  0 0  0 2  7 9  5 1  4 1  4 1  

July 1  2  9  15 6  1 2  3 1  0 6  - 3 0  0 6  - 0 2  0 3  
2  4  3  22 3  1 7  1 5  0 3  - 7 2  1 2  0 6  0 9  
3  5  8  4  7  7  9 - 2 6  0 5  3 0  2 9  - 3 9  2 6  
4  2  5 0  9  6  1  2 4  0 8  1 2 7  3 6  7 6  6 4  
5 1 8  0  6  3  3  1 9  1 8  6 7  8 6  2 9 8  1 6 2  
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Bay water concentrations of N+N were always highest 
at upper-estuary sites and generally highest in the 
winter and spring due to their mainly riverine source. 
Trinity River gauged flow rates are usually highest 
from January to June (NOAA 1989). Bay water phos- 
phate concentrations were highest in the summer and 
at Site 3 near the mouth of Clear Lake suggesting a 
benthic or anthropogenic source. Fluxes of phosphate 
between the sediment and overlying water were small 
( c 4  pm01 P m-2 h- ')  but usually from the sediment to 
the water, particularly in the upper and mid-estuary 
and in the summer. These associations suggest that the 
observed phosphate fluxes result from the mineraliza- 
tion of organic matter. The diagenesis of iron oxy- 
hydroxides at the redox boundary within the sediment 
also releases phosphate (Caraco et al. 1989). however, 
and may be another cause of the observed phosphate 
fluxes. The flux of N+N was generally from the water 
to the sediment at upper-estuary sites (-3 to -17 pg-at. 
N m-2 h-') and from the sediment to the water at 
lower-estuary sites (0 to 13 pg-at. N m-2 h-'). Influx of 
N+N predominated during the winter and spring 
while N+N efflux was of a greater magnitude during 
the summer. Ammonium fluxes (-4 to 45 pm01 NH,' 
m-' h-') were nearly always out of the sediment and 
were highest in the winter. These seasonal trends in 
NHYand N+N flux may be attributed to low rates of 
sedimentary nitrification in the winter relative to the 
summer. 

Killed control experiments 

During the winter and spring sampling periods, for- 
malin was used to terminate all biological processes in 
the sediments of a core from each site. In previous 
studies (Dale 1978, Wang 1980, Barcelona 1983, Yoon 
& Benner 1992) biological oxygen consumption was 
calculated as the SOC of the live chambers (total O2 
consumption) minus that of the killed chambers (chem- 
ical O2 consumption, mostly attributed to oxidation of 
sulfides and other reduced metallic phases). In the 
course of our experiments, however, SOC in the killed 
chambers was often greater than in the live chambers 
(winter mean: live 63 vs killed 130 pm01 O2 m-' h-'; 
spring mean: live 52 vs killed 142 pm01 O2 m-' h-'). 
Concurrent measurements of DIC effluxes in the killed 
chambers were 2 to 10 times that of the corresponding 
live chambers and decreases in pH (0.6 to 1.0 units) 
were also measured. These changes in pH, DIC and 
SOC were not observed when additional experiments 
were carried out under the same conditions but with 
overlying water of 30%0 salinity. We hypothesize that 
the addition of formalin to low salinity and therefore 
possibly less buffered waters caused a decrease in pH 

and the dissolution of sedimentary carbonate. These 
chemical changes may have enhanced the exposure of 
reduced phases to chemical oxidation and produced 
the observed increases in O2 consumption. Recent 
experiments with the use of formalin to distinguish 
chemical from biological oxygen consumption in sedi- 
ments from Lake Vechten, The Netherlands, met with 
similar difficulties (Sweerts et al. 1991). The increased 
oxygen consumption of formalin-poisoned sediment 
was attributed to enhanced penetration of oxygen thus 
allowing the reduced products of anaerobic respiration 
to be oxidized. 

The suitability of mercuric chloride (HgC12) for use as 
a poison in a sediment and water system was tested 
during the summer incubations. Drastic pH changes, 
high oxygen consumption and DIC production in the 
killed chambers were no longer observed but a mean 
flux rate of 28 pm01 NZ m-2 h-' was recorded instead of 
the expected 17.5 pm01 N2 m-2 h-' leakage rate. The 
formation of black sediment layers below the zone of 
oxidized surface sediment during the incubations sug- 
gested that sulfate reduction was still occurring and 
HgC12 was not an efficient poison. The effectiveness of 
HgC1, and formalin as biological poisons was investi- 
gated by adding '4C-glucose to poisoned chambers 
and monitoring the production of '4C02. After 3 d of 
incubation, an average of 25 % of the added glucose 
was recovered in the form of I4CO2 from the HgC1,- 
killed chambers (n = 5) versus 1 % in the formalin- 
killed chambers (n = 5) .  Clearly, HgC12 is not an effec- 
tive poison for use in our system, probably due to the 
propensity of mercury to bind to sediments. Mercury is 
therefore unable to penetrate into deeper sedimentary 
layers and anaerobic microbial activity is able to con- 
tinue. Formalin was an effective poison for stopping 
biological processes in sediments but the above- 
mentioned problems associated with carbonate disso- 
lution and enhanced oxygen consumption preclude 
its use for estimation of biologically produced fluxes 
of these species. 

Nitrogen inventory 

By assembling an inventory of the measured fluxes 
of nitrogen species between the sediment and water 
(Table 6) some general characterizations of estuarine 
benthic exchanges can be made. First, it is clear that at  
no time in Galveston Bay could the measured influx of 
nitrate and nitrite to the sediment from the water fully 
support the measured rate of denitrification when 
significant denitrification did occur. This observation 
supports the now established doctrine that denitrifica- 
tion in sediments is strongly coupled to the process of 
nitrification as a provider of oxidized nitrogen species. 
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Table 6. Net and total nitrogen fluxes (pg-at. N m-2  h- ') ,  calculated rates of nitrification ().]g-at. N m-2 h-'), oxygen consumption 
by nitrification (1.1mol O2 m-2 h - ' ) ,  DIC production by denitrifiers [pg-at. C m-2 h-') and the percentages of total 0 2  consumption, 

N2 production and DIC production supported by nitrification. N+N influx and denitrification, respectively 

Month Site Net N Total N Nitrification O2 consumption N2 production DIC production 
fluxd efflux rateC by nitrificationd supported by by denitrifierse 

Rate % N+N influx ~~t~ % 

March 1 80.8 87.6 36 7 2 16 16 53 17 
2 -7.0 3.1 0 0 0 0 0 0 
3 17 8 30.0 0 0 0 104 15 7 
4 34.6 45.0 0 0 0 0 0 0 
5 6.2 6 2 1 1 2 0 0 0 

July 1 
2 

Annual averages 
Upper estuary 47 55 4 6  65 35 24 63 37 
Lower estuary 3 8 40 22 34 2 1 7 22 13 

"urn of dlnitrogen, nitrate + nltnte (N+N) and ammonium fluxes. Positive values are from the sediment to the water 
bSum of all N species (N+N, NH,'. N2) fluxes when out of the sediment only. Does not include dissolved organic nitrogen flux 
'Sum of N+N flux and the amount of N+N needed to supply the measured rate of denitrification. The stoichiometric ratio 

of 2 m01 n~trate  needed to produce 1 m01 N2 is used (Froelich et al. 1979) 
d B a ~ e d  on the overall reaction NH,+ + 2 O2 + HN03 + H20.  Nitnte is considered as nitrate for the calculations 
'Calculated assuming 2.5 g-at. C used in the production of 1 m01 N2 

Such was the conclusion of other denitrification studies 
carried out in estuarine (e.g. Seitzinger 1987, Yoon & 
Benner 1992) as well as coastal marine environments 
(e.g. Kaplan 1983, Devol & Christensen 1993). Other 
evidence of nitrification and denitrification coupling 
may be drawn from the strong positive correlation 
between measured rates of denltrification and oxygen 
consumption in all incubation chambers during all 
experiments (r = 0.885, p < 0.001). 

In all cases except one, the sediment served as a net 
source of dissolved inorganic nitrogen to the overlying 
water. NH; was the major component of the nitrogen 
flux during the winter while N, was the major compo- 
nent in the spring and summer. NH; may be directly 
produced by the mineralization of organic material, 
but urea hydrol.ysis has also been found to be a major 
source of benthic NHd (Lomstein et al. 1989). The 
highest rates of NH,' release were recorded during 
the winter incubations when concentrations of nitrate 
and nitrite In the water were also the greatest and the 
flux of nitrate into the sediment from the water was, on 
average, the highest measured. Very little denitrifica- 
tion was measured at this time. These observations 
suggest that dissimilitory NO< reduction to NH; 

may also be occurring at this time. Arguments both 
for (Koike & Hattori 1978, Ssrensen 1978, Nishio et 
al. 1982, Jsrgensen 1989, Cole 1990) and against (Bin- 
nerup et  al. 1992) the existence of significant NO< 
reduction to NH; in estuarine sediment have been 
presented. If this process plays a significant role in 
nitrogen cycling in Galveston Bay, the estuary would 
be relieved, at least in part, of the nutrient sink 
represented by denitrification and possibly subject to 
a positive feedback mechanism causing increasing 
nutrient enrichment in bay waters at certain times of 
the year. Jsrgensen & S ~ r e n s e n  (1985), examining 
sediments of a shallow estuary in Denmark, measured 
higher rates of NO, reduction to NH4+ in sediments 
nearer to the river mouth relative to those down- 
estuary and clalrned this trend to be due to higher 
levels of NOT in upper-estuary waters. We found a 
general correspondence, but no linear correlation, 
between water nutrient concentrations and benthic 
fluxes of N, or NH,'. 

The tendency for nitrogen to be released as NH4+ 
rather than N2 increases down-estuary (Fig. 3).  It has 
been suggested that the diffusion of NH,' out of oxi- 
dized surface sediments is hindered in freshwater 
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(Salinity < 6 %o) (Salinity > 6 %o) 

Fig. 3. Seasonal and spatial variation in dinitrogen gas and 
ammonium efflux from Galveston Bay sedirnents 

relative to saltwater by cation exchange interactions 
(Gardner et al. 1991, Seitzinger et al. 1991). The effect 
of NH4+ retention in freshwater sediments is that a 
greater portion of the NH; would be available for 
nitrification and, ultimately, denitrification. We did not 
find a significant correlation between salinity and N2 
or NH4+ release. However, the highest measured rates 
of denitrification occur at salinities less than 6 % ~ .  At 
the same time, fluxes of NH: are minimal in all of 
these upper-estuary sediments. This suggests the exis- 

Table 7. Analysis of variance variance accounted for by 
pairs of vdriables, not including Site 1 winter core data) asso- 
ciated with water and sediment characteristics and benthlc 

processes 

Denitrlfi- Oxygen DIC flux 
cation consumption 

- -  - 

Incubation temperature 52 7 4 7 
Bay water salinity 15" 0 0 
Sediment wt '1:) organic C 28 8 0 
Sed~ment  wt % total N 10 0 0 
Sediment porosity 11 0 3 

"Would be 29% without Site 2 winter core 

tence of a lower salinity limit (of 5 to 6%) at which 
cation exchange reactions impair the flux of NH4+ from 
the sediments. Alternatively, factors other than salinity 
may be of greater importance in creating the observed 
trend. For example, the higher organic carbon content 
of the sediment in the upper estuary may provide sub- 
strate necessary to support higher rates of microbial 
activity. The richer sediment may also support a higher 
density of meio- and macrobenthic organisms which 
indirectly stimulate denitrification and nitrification 
through increased sediment ventilation (Pelegri et al. 
1994). Sediment weight % organic carbon accounted 
for 28% of the variability associated with denitnfica- 
tion rates while salinity only accounted for 15 % of the 
variance (Table 7) .  Other sediment characteristics such 
as poroslty and weight 9'0 total nitrogen were more 
weakly associated with the variance of denitrification, 
oxygen consumption and DIC flux. Temperature 
accounted for most of the variation in denitnfication 
(52 %) and oxygen consumption (74 %) rates indicating 
a predominance of temporal over spatial factors in 
determining benthic denitrification rates. 

Carbon mineralization 

If we make the provisional assumption that no net 
dissolution or precipitation of carbonaceous sediment 
has occurred, the flux of DIC from sediments inte- 
grates all metabolic activities leading to carbon min- 
eralization. The concurrent measurements of DIC, 
nutrient and gas fluxes during incubations allows esti- 
mation of the C:N ratio of the remineralized organic 
matter in sediments. A ratio similar to that of 'Red- 
field' organic material (6.6) is expected if fresh phyto- 
plankton-derived organic matter is remineralized. 
During the winter, the mean C:N of remineralized 
material (8.5) was greater than 'Redfield' material, 
whereas during the spring and summer the ratio was 
less (4.2 and 2.9, respectively). This decrease could 
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reflect a shift from utilization of riverine-derived 
organic material in winter to algal-derived organics in 
the spring and summer. Alternatively, the observed 
decrease in the C:N of remineralized organic matter 
from winter to summer is consistent with the measured 
increase in the C:N of the remaining sedimentary 
organic matter (Table 2) and may be due to an increase 
in the preferential remineralization of nitrogen during 
this time. Overall, the mean molar C :  N benthic efflux 
(6.2) is much less than the mean C:N in the sediment 
(12.6), indicating that preferential remineralization of 
nitrogen does occur. 

We believe that most major C and N fluxes were 
measured in the present study, but other benthic 
processes could effect the observed rates. The occur- 
rence of carbonate precipitation would cause meas- 
ured DIC fluxes to be reduced. Although some have 
found evidence of carbonate precipitation in Texas 
bays (Morse e t  al. 1992), more commonly, organic 
decay produces acidic conditions leading to the pos- 
sibility of carbonate dissolution (Boudreau 1987, Mc- 
Nichol et  al. 1988). Measurements of dissolved calcium 
in sediment porewaters have shown carbonate pre- 
cipitation/dissolution to be a small contributor (< 1 %) 
to DIC fluxes in Flax Pond, Long Island Sound (New 
York, USA) (Mackin & Swider 1989) and generally 
minor in comparison to the contribution by organic car- 
bon decomposition (Aller 1982, Boudreau & Canfield 
1988). Another recent study, however, has estimated 
that carbonate dissolution may at times significantly 
affect the flux of benthic DIC in a coastal marine set- 
ting (Green et al. 1993). Methanogenic and chemo- 
autotrophic bacteria consume CO2 and would thus 
reduce the measured DIC flux. Nitrifying bacteria are 
chemoautotrophs, but given their maximal incorpora- 
tion rate of 1 m01 of bicarbonate for every 5 m01 ammo- 
nium oxidized (Gundersen & Mountain 1973), inclu- 
sion of this factor into our carbon budget would not 
cause significant changes. At the highest calculated 
nitrification rate of 87 pg-at. N m-2 h-' only 17 pg-at. C 
m-2 h-' would be consumed. 

A few other caveats deserve mention. Although 
significant hpnthic fluxes of dissolved organic carbon 
(DOC) have been recorded (Martin & McCorkle 1993), 
random tests of our systems revealed only small DOC 
fluxes from Galveston Bay sediment relative to those 
of DIC. The same result has been reported for other 
coastal marine systems (Sampou & Oviatt 1991, Can- 
field & Des Marais 1993). Sediment-water fluxes of 
dissolved organic nitrogen have been found to be 
major contributors to the total nitrogen budget in 
certain environments (Lomstein et al. 1989, Enoksson 
1993) but were not measured in the present study. 
Other benthic processes not considered here include 
microbial nitrogen fixation and photosynthesis. The 

activity of benthic microalgae could certainly impact 
the cycling of carbon and nitrogen, but in situ benthic 
chamber flux measurements would be needed to 
adequately evaluate their importance. The possible 
contribution of NOT reduction to NH4+ to the overall 
degradation of organic matter and the cycling of 
nitrogen has also been left undetermined. 

Benthic carbon and oxygen budgets 

An examination of the absolute and relative amounts 
of carbon mineralized by denitrification and oxygen 
used by nitrification (Table 6) gives some indication 
of the relative importance of each of these processes 
in controlling estuarine sediment-water exchanges. A 
seasonal trend of note is the increase in relative 
amount of carbon mineralized by denitrification from 
the winter to the summer. As for spatial distribution, a 
greater portion of the carbon mineralization is due to 
denitrification in upper Galveston Bay (37 %) relative 
to the lower estuary (13 %) during all seasons. These 
trends are likely influenced by the greater availability 
of sulfate in the lower estuary causing rates of carbon 
mineralization by sulfate reduction to be greater there. 

Nitrate respiration has previously been thought to 
play a relatively minor role in the overall benthic 
mineralization of organic material both in estuaries 
(Fenchel & Blackburn 1979, Ssrensen et al. 1979) and 
coastal marine settings (Jnrgensen 1982, Christensen 
1989, Jahnke et  al. 1989). J~lrgensen & Ssrensen (1985) 
found that denitrification and NO3 reduction to NH,f in 
a Danish fjord contributed 3 and 5%,  respectively, 
of the annual organic matter remineralization in the 
lower estuary and 4 and 33% in the upper estuary. 
Denitrification however was measured by the acety- 
lene block method which inhibits nitrification. This 
could result in an underestimation of denitrification 
and allow more NO? to be available for reduction to 
NH2. Our results indicate that some reduction of NO, 
to NH4+ probably occurred, but denitrification alone 
accounted for roughly one-third of benthic carbon 
remineralization in Galveston Bay overall, and closer 
to one-half in the spring and summer upper estuary. 
Yoon & Benner (1992) found that denitrifiers mineral- 
ized carbon at rates at least comparable to those of 
aerobic heterotrophs in 2 south Texas estuaries. As in 
Galveston Bay, denitrification was responsible for 
about 20% of the total carbon mineralized in Wash- 
ington shelf sediments (Devol & Christensen 1993). 

During the winter, almost no nitrification took place 
in the bay. Because the AC02/A02 ratio was nearly 
always greater than 1 at this time, the occurrence of 
significant chemical oxygen consumption is unlikely. 
The majority of SOC during the winter, then, can be 
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attributed to aerobic respiration. Increases in nitrifica- 
tion during the spring and summer result in increases 
in both the absolute and the relative amount of oxygen 
consumption by nitrification. Annually, nitrification 
consumed 30% of the SOC with twice as much occur- 
ring in the upper estuary relative to the lower estuary. 
The nitrification rates calculated for Galveston Bay 
sediments are in the range of those previously re- 
corded for Narragansett Bay, Rhode Island, USA 
(Seitzinger et al. 1984), Ochlockonee Bay, Florida, USA 
(Seitzinger 1987) and Nueces and Guadalupe Estuar- 
ies, Texas (Yoon & Benner 1992). Relative oxygen con- 
sumption by nitrification in these estuaries (20 to 30 %) 
also matches that of Galveston Bay. 

Interestuary comparisons 

Denitrification rates measured in various estuarine 
and coastal marine sediments range widely from 0 to 
900 pmol N2 m-2 h-I (Seitzinger 1988). In order to 
make direct comparisons and to approach a better 
understanding of the factors controlling denitrification 
rates, we have compiled information on 4 Gulf of 
Mexico estuaries (Table 8).  Denitrification rates were 
measured by N2 evolution in these studies and are 
therefore directly comparable. Additionally, seasonal 
temperature variation is similar among these 4 estu- 
aries. Overall, the denitrification and sedimentary 
oxygen consumption rates observed in Galveston Bay 
sediments are on the low end of the range of those 
previously published. This is surprising given that 
Galveston Bay has the highest primary productivity 
among the 4 estuaries (TWDB & TPWD 1992). Och- 
lockonee Bay and Galveston Bay are the least saline 
and have the shortest water and DIN residence times 
but display the highest and lowest benthic denitrifica- 
tion rates, respectively, of the 4 estuaries examined. 
Only mean sedimentary organic carbon content was 
found to be positively correlated with denitrification 
rates across these estuaries (r = 0.86, p < 0.01). Though 
the organic carbon data were gathered from a variety 
of sources and probably vary considerably from core to 
core, this factor, after temperature, does appear to best 
explain both intra- and interestuary variation in deni- 
trification rates. The effect, however, may be an indi- 
rect one as higher organic carbon content supports 
greater benthos abundances. Some studies have found 
decreases in benthic metazoan abundance from Nue- 
ces to Guadalupe to Trinity estuary (Montagna & Kalke 
1992, TWDB & TPWD 1992) mirroring the trend in den- 
itrification rates. Benthos abundance, however, is sen- 
sitive to changes in salinity, oxygen concentration and 
other parameters, which can fluctuate seasonally and 
annually. 
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Table 9. Efficiency of nitrogen removal from Gulf of Mexico estuaries by denitrification 

Location Mass loading of N removed by Percent of total N Source 
N nutrientsd (g m-' yr ') denitrification removed by 
River Ioad Total load (g m-' yr. ') denitrification 

Nueces Estuary 1.5 4.7 6.4. 
Guadalupe Estuary 16.9 21.7 4.9 
Trinity-San Jacinto Estuary 17 0 32.9 4.5 
Ochlockonee Bay 16 6 17.3 9.0 

136 Yoon & Benner (1992) 
23 Yoon & Benner (1992) 
14 This study 
5 2 Seitzinger (1987) 

I From TIVBD & TPWD (1992). Based on 1977 to 1987 data I 

Among the 4 estuaries, a direct correlation was 
found between bay water salinity and NH,' benthic 
efflux (r = 0.723, p i 0.05) as suggested by the cation 
exchange hypothesis of Gardner e t  al. (1991). How- 
ever, the higher NH4+ residence time in sediments 
overlain by less saline waters does not seem to trans- 
late directly into higher rates of nitrification and de- 
nitrification. Higher benthic fluxes of nitrate and nitrite 
from the sediments of these 3 other estuaries may 
cause denltrification to be less tightly coupled to nitri- 
fication than in Galveston Bay and therefore indepen- 
dent of salinity variation. 

Maximum denitrificati.on rates in Galveston, Nueces 
and Guadalupe estuaries occur in the summer and 
appear to vary mainly with temperature. In contrast, 
sedimentary denitrification maxima have been found 
to occur in the spring in Ochlockonee Bay (Seltzinger 
1987), Norsminde Fjord, Denmark (Jsrgensen & 
Ssrensen 1985, Binnerup et al. 1992) and Aarhus 
Bight, Denmark (Jensen et al. 1988). It may be that 
denitrification is primarily controlled by substrate 
availability in these estuaries and thus is strongly 
affected by the increased delivery of organic substrate 
to the sediment resulting from spring blooms (Jensen 
e t  al. 1988) or river discharge. Nutrient delivery to 
Texas estuaries does not vary to the extent of other 
estuaries which experience seasonal stratification or 
spring-melt runoff episodes. Thus, spring blooms are 
not as dramatic and sedimentary organic carbon con- 
tent does not vary greatly through the year This 
combination of factors causes denitrification rates in 
Galveston Bay to vary seasonally with temperature 
and spatially with substrate availability. 

As with most estuaries, denitrificatlon is an Impor- 
tant sink for the nitrogen entering Galveston Bay. 
Using 37 pg-at. N m-2  h - '  as the annual mean rate of 
denitrification, it is calculated that 14 % of the dis- 
solved inorganic nitrogen entering Galveston Bay from 
all sources is removed by denitrification (Table 9) 
Denitrification removes an amount of nitrogen equiva- 
lent to 26 % of the riverine nitrogen inputs to Galveston 
Bay. This removal efficiency is low compared to 

that calculated for other estuaries, commonly between 
40 and 50% (Seitzinger 1988). However, the anthro- 
pogenic nitrogen inputs to Galveston Bay are an 
unusually large portion of the nitrogen entering the 
estuary. Some estuaries seem to maintain a denitrifica- 
tion removal efficiency in the range of 40 to 50 % even 
when heavily loaded with anthropogenic nitrogen 
inputs, e.g. Tejo Estuary, Portugal (Seitzinger 1987), 
Tama Estuary, Japan (Nishio et al. 1982), Delaware 
Bay (Seitzinger 1988), and Nueces Estuary (Yoon & 
Benner 1992). The relatively lower nitrogen removal 
efficiency by Galveston Bay denitrifiers may be due, 
ultimately, to a paucity of utilizable organic substrate 
and its relatively less dense benthic invertebrate 
population. 

The potential importance of lnfaunal bioturbation 
should be noted. Through the addition of nitrogenous 
waste products, enhancement of nitrification through 
the oxygenation of deeper sediment layers and the 
creation of anoxic microenvironments, the burrowing 
activity of metazoans may greatly increase the activ- 
ity of denitrifiers and microbes in general. The pres- 
ence of 1 clam in chamber 1 of the winter incubation 
apparently increased the production of nitrogen gas 
to 10 times the mean rate in the other chambers dur- 
ing the same period and promoted the exposure of 
reduced species within the sediment to chemical oxi- 
dation. The enhancement effect of macro- and meio- 
fauna1 irrigation has been noted in many other stud- 
ies as well (e.g.  Aller 1982, Blnnerup et a.1. 1992. 
Devol & Christensen 1993, Pelegri et al. 1994). 
This being so, one would expect the amount of deni- 
trification and removal efficiency of nitrogen in estu- 
aries to vary, perhaps greatly, from year to year with 
such factors as freshwater inflow, water quality and 
substrate quality, which aU strongly affect the health 
of benthic metazoan communities. Interestuary com- 
parisons carried out during the same year and season 
measuring all of these parameters in addition to 
denitrification would greatly improve our understand- 
ing of the factors controlling the estuarine nitrogen 
cycle. 
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