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ABSTRACT: Spatial a n d temporal variations in rates of denitrification a n d oxygen consumption w e r e
measured in sediments of the Nueces and Guadalupe Estuaries in southern Texas, USA. Denitrification
rates varied from 4.0 to 71 . l pm01 N2 m'2 h" in the Nueces Estuary and from 4.6 to 34.7 pm01 N, m-' h-'
in the Guadalupe Estuary. Denitrification accounted for 29 to 80 'X of total benthic N flux in the study
areas. Oxygen consun~ptionrates ranged from 176 to 818 pm01 0,m-' h-' in Nueces Estuary a n d from
208 to 550 pm01 0,m-, h - ' in Guadalupe Estuary. In both estuaries denitrification and oxygen consumption rates were generally higher in the upper estuaries where the porosity and organic matter
contents of sediments were typ~callyhighest. Among 3 measurements in different seasons, the lowest
denitrification and oxygen consumption rates were usually observed during winter. Chemical oxygen
consumption, as measured using formalin-killed controls, was about 50 % of the total oxygen consumption. A considerable portion (ca 50 %,) of biological oxygen consumption was attributed to nitrification in sediments. We estimated that carbon mineralization by denitrifiers was a s much a s 40 to
179 %
' of that by aerobic heterotrophs. In the Guadalupe Estuary, denitrification removed about 3 8 %
of the measured inputs of organic a n d inorganic nitrogen. In the Nueces Estuary, the amount of nitrogen removed by denitrification was ca 2 times greater than the measured nitrogen inputs from the
Nueces River and precipitation, suggesting that unmeasured anthropogenic inputs along the perimeter
of the estuary were very important for maintaining nitrogen balance.

INTRODUCTION

Estuaries are often sites of high productivity due in
large part to the input of terrestrially derived nutrients
(see Deegan et al. 1986 and references therein). Of
these nutrients, nitrogen is of primary importance for
maintaining high productivity, and thus the transformations and fates of nitrogenous compounds are of great
interest. There are 4 potentially major pathways for the
removal of fixed nitrogen from biological cycling in
estuaries: (1) transport to coastal waters, (2) removal by
fisheries activity, (3) burial in sediments, (4) loss as
dinitrogen gas (N2)resulting from denitrification.
There have been few studies comparing the relative
importance of these removal processes, but measurements of denitrification rates alone indicate that a
major fraction of the fixed nitrogen entering estuaries
is remineralized to N2 during denitrification (Seitzinger
1988). In some cases, denitrification may indirectly
control coastal primary productivity (Nixon 1981).
'Addressee for correspondence
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In Norsminde Fjord (Denmark), about 25 % of the
external nitrate input is removed by denitrification
(Jerrgensen & Serrensen 1988). Smith et al. (1985)
reported that about 50 % of the riverine nitrate entering Four League Bay (Louisiana, USA) was removed
by denitrification, and in Ochlockonee Bay (Florida,
USA), about 54 % of the riverine input of dissolved
inorganic nitrogen is removed by denitrification (Seitzinger 1987). These studies have clearly established
that denitrification is a major sink for N in estuaries.
The role of denitrification in carbon mineralization in
sediments is not well documented. Sulfate reduction is
typically the dominant pathway for organic matter oxidation in shallow coastal marine sediments (Jerrgensen
1977). In addition to sulfate reduction, aerobic respiration can also be a major pathway of carbon mineralization in sediments (Swrensen et al. 1979). Given the
major role denitrification has in nitrogen mineralization in estuaries it is likely to be an important pathway
for carbon mineralization as well.
In this study, we present data on the spatial and
temporal variations in rates of denitrification and
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oxygen consumption in sediments from the Nueces
a n d Guadalupe Estuaries on the south Texas Gulf
coast of the USA. These 2 estuaries a r e similar in size,
but freshwater inflow to Guadalupe Estuary is about 5
times greater than to Nueces Estuary (TDWR 1980,
1981). The quantitative significance of denitrification
to nitrogen and carbon cycling is addressed, and the
relative contributions of biological a n d chemical
processes to total oxygen consumption in sediments
a r e investigated.

METHODS
Study areas. Sediment cores were collected from 2
south Texas estuaries, the Nueces Estuary and the
Guadalupe Estuary. In Nueces Estuary 2 stations
(Stns A a n d B) were in Nueces Bay which adjoins with
the Nueces River, and 2 stations [Stns C a n d D) were
in Corpus Christi Bay (Fig. 1). There is a major city
(Corpus Christi) and industrial complex along the
southwest shore of the Nueces Estuary. The Nueces
River is usually the main source of freshwater inflow
into Nueces Estuary, although municipal a n d industrial inputs may exceed direct nverine input in drier
years. There is no major city directly adjacent to the
Guadalupe Estuary. The San Antonio a n d Guadalupe
Rivers provide the major freshwater input into the
Guadalupe Estuary. All stations (A, B a n d C ) in Guadalupe Estuary were located in San Antonio Bay (Fig. 1).
Samples from the Nueces Estuary were collected in

August 1988, January and May 1989, and samples
from the Guadalupe Estuary were collected in October
1988, January a n d May 1989. This was a relatively dry
period in southern Texas.
Sediment collection and incubation. Sediment cores
(7.6 cm i.d., 25 cm deep) were collected using SCUBA
or a hand-operated coring device from a boat. Cores
were immediately transported to the laboratory in Port
Aransas and transferred to glass incubation chambers
of the same inner diameter within 24 h of collection.
Chambers were fabricated at the University of Texas
and had 2 sampling ports which were sealed with butyl
rubber stoppers and screw caps with 9 mm openings
(Bellco Glass Inc.). A gas sampling port was located
near the top of the chamber, and a water sampling port
was located just above the sediment-water interface
in the chamber. The volume of the water phase was
180 to 190 m1 and the volume of the gas phase was
60 to 70 ml. Tne depth of sediments in the chamber
was approximately 7 cm. The bottom of the chamber
was sealed with a butyl rubber stopper held in place
with a plexiglass frame.
After sealing the sampling ports with butyl rubber
stoppers, the water and gas phases of each chamber
were flushed with a NZ-free gas mixture (80 % He a n d
20 % 02)for 1 h through the sampling ports using
syringe needles. During the initial 9 to 12 d of incubation the chambers were purged for 1 h each day.
Three r e p l ~ a t ecores were collected from each
station and transferred to incubation chambers. One
of the cores was utilized as a control to monitor for

Fig. 1 Location of the sampling
s~tesin Nueces Estuary (Stns A and
B in Nueces Bay and Stns C and D
in Corpus Christi Bay) and in
Guadalupe Estuary (Stns A , B and
C in San Antonio Bay)
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background N2 inputs and chemical oxygen consumption. Controls received 10 m1 of formalin (37 O/o formaldehyde) that was added to the water phase of the
chamber. Anaerobic controls (flushed with He) were
used to investigate the coupling between nitrification
and denitrification during August 1988 in Nueces
Estuary sediments.
Chambers were incubated in the dark at in situ temperatures in a water bath. After an initial equilibration
period of about 10 d, the chambers were sampled at
1 to 3 d intervals for N2 production and O2 consumption. During each incubation period, chambers were
shaken (70 rpm) for 1 h every day. No differences in
rates of denitrification and oxygen consumption were
observed between samples that were shaken continuously and samples that were shaken intermittently as
described above. Sediments in the chambers were not
disturbed during shaking. Chambers were also shaken
for l h immediately before gas sampling to equilibrate
the gas phase with the water phase.
Before sampling from the gas phase of the chamber,
a gas-tight syringe (250 p1) was flushed 6 times with
helium. After flushing, the syringe was filled with
helium which was then ejected to the air to prevent
contamination with atmospheric N2 while the syringe
needle was inserted into the gas sampling port on the
chamber. The gas sampling port of the chamber was
also flushed vigorously with helium to reduce the possibility of NZ contamination during sampling. In order
to prevent contamination of the gas sample in the
syringe with atmospheric N2 before injection into the
gas chromatograph, a 200 p1 sample was taken and
100 p1 of the sample was ejected to the air during
transfer to the injection port of the gas chromatograph.
The injection port was also flushed vigorously with
helium. Using the above procedure, we could not
detect any contamination by atmospheric N2 during
sampling. After gas sampling, water was sampled from
chambers for measurement of ammonium and nitrate
plus nitrite concentrations. Chamber water was then
replaced with water collected from the sampling site,
and the next incubation cycle was started repeating
the previous procedure. Measurements of N2 production and O2 consumption were made repeatedly for
4 to 5 incubation cycles for each core.
To check for contamination with atmospheric N2
during incubation, distilled water or seawater was
poisoned with formalin (3 % final concentration) and
added to the chambers until the volume of the gas
phase was the same as in chambers with sediments.
After the water and gas phases were flushed with a
helium and oxygen gas mixture, the chambers were
incubated in the water bath in the dark as described
previously. Gas samples were analyzed daily over a 4 d
incubation period.

Analytical measurements. Gas samples (100 p1) were
analyzed for NZ and O2 using a gas chromatograph
(Carle Instruments Inc., Model 8500) equipped with a
thermal conductivity detector. Gases were separated
using a stainless steel column (3 m X 3 mm) packed with
molecular sieve 5A (70/80 mesh size) and helium as the
carrier gas (20 m1 min-'). The concentrations of N2 and
O2 were calculated from peak areas using a Shimadzu
CR4A integrator. Denitrification rates were calculated
by subtracting the N2concentration in the killed control
chamber from that in the replicate live chambers.
Fluxes of ammonium and nitrate plus nitrite from
sediments to the overlying water were determined in
October 1988 and May 1989 from measurements of
net increases in the concentrations of these nutrients.
Parallel incubations with water only were used to
measure the net changes in nutrient concentrations in
the water column. Colorinletric methods were used for
determination of ammonium (Solorzano 1969) and
nitrate concentrations (Strickland & Parson 1972) using
either a spectrophotometer (Beckmann Model 24) or
autoanalyzer (Technicon 11).

RESULTS

Sediment characteristics
Redox potentials (mV) of surface sediments usually
showed positive values throughout the study period,
and negative values began to appear 2 to 4 cm below
the sediment-water interface (Table l a ) . During winter
(January), redox potentials of sediments were higher
compared to other seasons, presumably because of
reduced levels of microbial activity. We observed negative values of redox potentials even in surface sediments
at Stn D in Nueces Estuary during the summer. We also
observed that bottom waters at Stn D had low concentrations of dissolved oxygen during that period. Sediments from Stn D had positive redox potentials at every
depth, however, during the winter and spring.
Sediments from the lower estuary stations had lower
percentages of organic matter in both Nueces and
Guadalupe Estuaries (Table l b ) . Sediments from Stn B
in Guadalupe Estuary had the highest content of
organic matter (14 to 15 wt%) of all study sites. Sediments at all stations were muddy, except Stn D of
Nueces Estuary where sediments contained fine sand.
Sediments at Stn D had the lowest amount of organic
matter (2 to 4 wt%) among the 2 estuaries.
The top 10 cm of sediments at Stn A in Nueces
Estuary were very soft and had the highest content of
water (85 % v/v), while the sedirnents of Stn D had the
lowest water content (53 %) among all stations in the
study areas (Table lc).
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Fluxes of N2 from sediments declined rapidly during the first 9 d of
incubation (data not shown). Higher
fluxes of N2 during the initial incubation period were probably due to the
flux of N9that was initially dissolved in
sediment pore waters. These results
are similar to those observed by
Seitzinger et al. (1980), who recommended that denitrification rate
measurements be made after an initial
10 d degassing period. In the present
study, denitrification rates were
measured after the first 9 or 10 d
of incubation. After this initial degassing period, increases in N2 were
linear during each incubation period
in both live and control chambers
(Fig. 2).
We were interested in determining
whether the flux of N2 measured after
10 d in killed controls resulted from
continued pore water exchange or if
atmospheric nitrogen was entering
the chambers during incubation. To
test for these possibilities, chambers
were incubated with formalin-killed
water samples. A steady flux of
36.3 Â 1.5 pmol N2 m-2 h-I (n = 8) was
measured in all control chambers.
These rates of N2 flux were similar to
the rates (30 to 40 pmol m-2 h") measured in killed-control chambers with
sediments, indicating that gas fluxes
after 9 or 10 d of incubation result
primarily from the diffusion of atmospheric nitrogen during incubation
rather than exchange of pore-water
nitrogen. The rates of atmospheric
diffusion into our chambers were
much higher than those measured
previously in chambers sealed with a
rubber o-ring and held together with a
metal clamp (Seitzinger et al. 1980,
Gardner et al. 1987).
We also found that there was no
significant difference (p > 0.1, n = 36)
between fluxes of N2 in aerobic
formalin-killed controls and controls
that were incubated anaerobically to
terminate nitrification. The absence
of measurable denitrification in anaerobic controls indicates that a tight
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controls were preferred over anaerobic controls because they could also be used to distinguish chemical
from biological oxygen consumption.
Salinities ranged from 32 to 44 %o in Nueces Estuary
and 11 to 29 %O in Guadalupe Estuary during the study
period. Salinity ranges in the 2 estuaries reflect differ-
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little direct effect on denitrification, as rates were
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Nueces Estuary during summer, and the lowest rate
was found at Stn D in Nueces Estuary during winter.

Fig. 2. Fluxes of NZ gas in chambers containing live and
formalin-killed sediment cores. Cores were incubated for 10 d
prlor to these measurements to allow degassing of pore-water
N2 a n d penetration of formalln throughout sediments

coupling exists between nitrification and denitrification in these sediments. Formalin-killed controls were
run at all stations for each sampling period, and N2
fluxes measured in controls were subtracted from rates
measured in replicate live chambers. Formalin-killed

Oxygen consumption rates

Rates of oxygen consumption (chemical plus biological) in Nueces Estuary sediments ranged from
176 to 409 pm01 m-2 h - ' with the exception of a relatively high rate (818 pm01 m-2 h-') at Stn D in the
summer (Table 2). As mentioned earlier, the bottom
water of Stn D had low dissolved oxygen concentrations

Table 2. Rates of denitrification and oxygen consumption in Nueces and Guadalupe Estuanes. Incubation temperatures w e r e
30 "C in August, 16 "C in January. 24 "Cin October and 23 "C in May. The averages and standard deviations (SD) of 5 measurements in replicate cores are shown. Control (anaerobic or formalin-killed) values were subtracted from measurements in
replicate cores for estimates of NZ production
Stn

Month

NA

Aug
Jan
May
Aug
*ug
Jan
May
Aug
Jan
May
Oct
Jan
May
Jan
May
Oct
Jan
May

GB
GC

Salinity
(PP~)

NZproduction
(pm01 m-2 h-')

O 2 consumption
(pm01 m-' h-')
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when the sediments were collected, and the redox
potential of surface sediments was -236 mV (Table 1)
indicating very reducing conditions. Therefore, the rate
we measured under relatively high dissolved oxygen
concentrations was probably the potential rate rather
than the actual rate. The range of oxygen consumption
rates in Guadalupe Estuary (208 to 550 pm01 m-2 h-')
was similar to that observed in Nueces Estuary. Oxygen
consumption rates at the upper estuary stations were
generally higher than those at the lower estuary
stations for both Nueces and Guadalupe Estuaries as
was observed for denitrification rates.
We consistently observed that oxygen was continuously consumed in the killed controls after 9 d of
incubation. As demonstrated earlier, this period of time
was sufficient to exchange all of the pore-water N2 and
should, therefore, have also been sufficient to mix
formalin throughout the sediments. Oxygen consumption in killed controls was most likely due to chemical
oxidation of reduced inorganic compounds resulting
from anaerobic biological processes, such as sulfate
reduction. The addition of formalin to sediments
should terminate these anaerobic processes as well as
aerobic respiration processes. Therefore, the chemical
oxygen consumption measured in killed controls
appeared to result from oxidation of residual metabolites in sediment pore waters and is likely to underestimate rates under steady-state conditions.
To further investigate the existence of a residual pool
of chemically oxidizable species in sediment pore
waters, incubations containing 200 m1 of seawater with
4 % formalin and 1 or 2 cm sections of sediment cores
were mixed vigorously after 15 h of incubation to
rapidly expose any reduced compounds to oxidizing
conditions. Oxygen consumption was very high (4.7
and 6.2 mm01 O2 m-' h-' in 1 and 2 cm sediments,
respectively) immediately following mixing (Fig. 3).
The decrease in oxygen tension in the headspace of
the chambers was due to a dilution effect as well as
chemical oxidation, assuming that sediment pore
waters were anoxic. Taking the maximum potential
dilution effect into account, we estimate that chemical
oxygen consumption during the 2 h following mixlng
was at least 3.5 (1 cm sediment) and 3.7 mm01 O2
m-2 h-' (2 cm sediment).
These results indicated that the chemical oxidation of
reduced compounds, such as sulfide, consumed a substantial fraction of the total oxygen uptake by estuanne
sediments. Chemical oxygen consumption was 40 to
80 % of the total sediment oxygen consumption in the
study areas (Table 3 ) . Measurements of chemical oxygen consumption were not made during August 1988
because anaerobic controls were used instead of formalin-killed controls to investigate the linkage between
nitrification and denitrification. Dale (1978) reported
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Fig. 3. Oxygen consumption by formalin-killed sediments.
Sections of sediment cores were incubated for 15 h in 200 m1
of a 4 % formalin solutlon prior to vigorous mixing

that chemical oxygen consumption was 61 to 77 % of
total oxygen consumption in coastal marine sediments
of western Norway, and Hargrave (1972)also observed
that 10 to 65 % of total oxygen consumption was due to
chemical oxygen consumption in lake sedirnents.

Temporal variability
Temporal variations in rates of denitrification and
total oxygen consumption appeared to be dominated
by temperature. The average denitrification rate in
Nueces Estuary (the average of all stations) was about
6 times higher in the summer and 3 times higher in the
spring than in the winter (Table 4 ) . In Guadalupe
Estuary, the average denitrification rate during the fall
was similar to the average rate during the spring, but
Table 3. Percentage of total oxygen consurnptlon as chem~cal
oxygen consumption in formalln-killed sediments from
Nueces and Guadalupe Estuaries. nd: not determined
Stn

Chemical oxygen consumption ('K) of total)
Oct
May
Jan

NA
NC
ND

nd
nd
nd

58
70

GA
GB

47
nd
68

65
80
46

GC

40

55
40
53

64
73
64
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nitrite exhibited a similar pattern. There
were no measurable fluxes of nitrate plus
nitrite in the lower estuary stations (Stns
ND a n d GC) for both estuaries. The flux
of N2 (from denitrification) accounted for
52 to 67 0/;, of the total inorganic N flux
[NZ + NH,' + (NO3- + NOz-)] in Nueces
Estuary in May 1989 and 29 to 80 'Yo of the
N flux in Guadalupe Estuary in October
1988 and May 1989.

Table 4. Temporal variations in rates of denitrification and oxygen consumption in Nueces and Guadalupe Estuaries. Mean values of all stations
a r e shown
Location

Month

Temp.
("C)

Nueces
Estuary

Aug
Jan
May

30
16
23

Guadalupe Oct
Estuary
Jan
May

24
16
23

Denitrification
(ymol N? m-? h - ' )

l63

Oxygen consumption
(prnol O2 m-? h - ' )

Nitrification rates
was 1.6-fold higher than during the winter. In Nueces
Estuary, the total oxygen consumption rate (the avera g e of all stations) was 2.5- a n d 1.3-fold higher during
the summer and the spring, respectively, than during
the winter. In Guadalupe Estuary, the average total
oxygen consumption rate during the fall was similar to
that during spring, but about 2-fold higher than that
during the winter.

Fluxes of ammonium. nitrate and nitrite
Ammonium fluxes from sediment cores ranged from
8.4 to 101.5 pg-at. N m-2 h-' in the study areas during
the fall and the spring (Table 5). This flux range is
somewhat lower than fluxes we observed during shortterm (2 h) in situ benthic chamber experiments (30.8 to
459.2 pg-at. N m-2 d-l) in the summer (Benner & Yoon
1989). The ammonium flux was highest in the upper
estuary a n d decreased with distance from the river
mouth in both Nueces and Guadalupe Estuaries
during the spring (Table 5). The flux of nitrate plus

Nitrification rates in sediments were estimated from
denitnfication rates and the fluxes of nitrate plus nitrite
by assuming that nitrate which was either consumed
during denitrification or accumulated in the aqueous
phase of incubations was continuously provided by
nitrification in the sediments. The above assumption
seems reasonable because nitrate did not accumulate
in chambers containing water and no sediments.
Likewise, several other investigators have concluded
that nitrification in sediments serves a s the major
source of nitrate for denitrification (Jenkins & Kemp
1984, Gardner et al. 1987, Seitzinger 1987). In the present study, the calculated nitrification rates during the
fall in sediments from Guadalupe Estuary ranged from
48.9 to 78.1 pg-at. N m-2 h-'. During the spring nitrification rates ranged from 40.5 to 79.4 pg-at. N m-' h-'
in Guadalupe Estuary and 17.2 to 140.2 pg-at. N m-'
h-' in Nueces Estuary (Table 5). The spatial variation
of nitrification activity was very large in Nueces
Estuary. The nitrification rate at the upper estuary station (Stn NA) was about 8-fold higher than a t the lower
station (Stn ND) of Nueces Estuary. There was, how-

Table 5 . Benthic fluxes of ammonium, nitrite + nitate, dinitrogen gas, and the calculated nitrification rates in sediments of Nueces
( N ) and Guadalupe (G) Estuaries. T h e percentages shown in parentheses represent the fraction of total N flux from sediments.
nd: not determined: bd: below detection
Date

Oct 1988

Flux (pg-at. N m-' h - ' )

Stn

GA
GB
GC

NH4*

N o 3 -+ NO2-

Nz

Total N flux

Calculated
nitrif~cation"

56.6 (42 "h)
101.5
47.8 (49 %)

17.5 (13 %)
0.4
15.3 (16 %)

60.6 (45 ' X ) )
nd
33.6 (35 '%)

134.7
nd
96.7

78.1
nd
48.9

May 1989

Calculated nitrification rate = denitrification rate

+ flux of

nitrate plus nitrite
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Table 6. Percentages of total and biological oxygen consumption accounted for by estimated rates of nitrification.
nd: not determined
Month

Stn

Oct

CA

Oxygen consumption d u e to nitrificationd
'?L of total
"/p of biologlcalb

GB
GC
May

GA

GB

GC
May

NA
NC
ND

" Oxygen consumption due to nitrif~catlonwas calculated
o n the basis of the following overall reaction:
NH3 + 2 0 2 + FiIVO, t H20
N~tritewas considered as nltrate for the calculation
Biological oxygen consumption = oxygen consumption in
live chambers - oxygen consumption in formalin-killed
controls

ever, only a 2-fold range in the rates of nitrification at
stations in the Guadalupe Estuary.
The contribution of nitrification to total and biological oxygen consumption in sediments is estimated
in Table 6. Nitrification was responsible for 42 to 74 %
of the biological oxygen consumption (17 to 41 % of
total oxygen consumption) in the study areas except
for Stn A in Nueces Estuary where nitrification accounted for as much as 154 % of the biological oxygen
consumption (68 % of total consumption). The high
oxygen consumption due to nitrification at this station
(> 100 % of biological oxygen consumption) suggests
either that the calculated rate of nitrification in
sediments was overestimated or that chemical oxygen
consumption was overestimated in formalin-killed
controls. The contribution of nitrification to total
oxygen consumption in Nueces and Guadalupe
Estuaries was similar to that in Narragansett Bay
(Rhode Island, USA) (Seitzinger et al. 1984) and in
Ochlocknee Ray (Seitzinger 1987),and was within the
range observed by Cooper (1984) in streams.

Carbon mineralization by denitrifiers
We calculated carbon mineralization by aerobic
heterotophs to compare with that by denitrifiers. For
this calculation, oxygen consumed by aerobic heterotrophs was obtained by subtracting both chemical
oxygen consumption and oxygen consurnptlon by

nitrification from total oxygen consumption. In Table 5,
we calculated the nitrification rate by summing the
denitrification rate and the flux of nitrate plus nitrite
from sediments. W e assumed that all of the nitrate
required for denitrification was supplied by nitrification in the sediments. However, we did not measure
the flux of nitrate plus nitrite in all experiments. The
fluxes of nitate plus nitrite from sediments were
usually much lower than the denitrification rates in
the study areas (Table 5). In experiments where
nitrate and nitrite fluxes were not measured we
assumed that the nitrification rate was equal to the
denitrification rate for the calculation of oxygen consumption during nitrification. Thus, oxygen consumption by nitrifiers may have been underestimated and
oxygen consumption by heterotrophs may have been
overestimated.
The carbon mineralization rate by aerobic heterotrophs (respiratory quotient = 1) ranged from 41 to
56 pg-at. C m-' h-' in Nueces Estuary and 52 to
132 lg-at. C m-' h-' in Guadalupe Estuary (Table 7).
Carbon mineralization by denitrifiers was calculated
assuming that 2.4 m01 of NZis produced by denitrifiers
during the mineralization of 6 g-at. of carbon (Gottschalk 1979).The carbon mineralization rate by denitrifiers ranged from 22 to 140 pg-at. C m-2 h-' in
Nueces Estuary, and from 35 to 58 pg-at. C m-' h-'
in Guadalupe Estuary. The carbon mineralized by
denitrifiers was 40 to 179 % of that which was mineralized by aerobic heterotrophs in sediments.

Table 7. Comparison of carbon mineralized in sediments by
aerobic heterotrophs with that by denitrifiers The average
rates for all stations are glven. nd: not determined
Location

Month

Nueces
Estuary

Aug
Jan
May

Guadalupe
Estuary

Oct
Jan

C mineralized
C mineralized
by aerobic
by
heterotrophsd
denitrifiers h
(pg-at.C m-?h-') (pg-at.C m-' h-')
nd
56.3
40.8

140.0
22.3
73.0

may
"Carbon mineralized by aerobic heterotrophs was calculated assuming that I m01 of O2 is consumed to mineralize 1 g-at, of carbon. Oxygen consumed by aerobic
heterotrophs = total O2 consurnptlon - chern~calO2 consumption - O2 consumption by nitrifiers
"Carbon mineralized by denitrifiers was calculated assuming that 2 4 m01 of N, are produced during the
mineralization of 6 g-at, of carbon
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DISCUSSION

A variety of methods have been used to estimate
rates of denitrification in natural systems. We chose the
direct measurement of NZproduction in sealed incubation chambers because this method avoids potential
problems with inhibitors and does not alter ambient
concentrations of oxygen a n d nitrate (Seitzinger 1988).
There are, however, 2 potential disadvantages of this
method: (1) relatively long incubation periods are
required; (2) susceptibility to contamination by atmospheric N2 during incubation and sanlpling. We observed that in most incubations the fluxes of dinitrogen
gas, ammonium, nitrate and nitrite remained fairly constant over the course of incubations (24 d) indicating
that rates of denitrification, ammonification and nitrification were not changing dramatically. Likewise,
Seitzinger (1988) also observed that nutrient fluxes
remained fairly constant for the duration of incubations.
The potential for contamination with atmospheric N2
is high during the incubation and sampling procedure,
but with careful techniques we found that contamination during sampling was avoidable. As observed by
Seitzinger et a1.(1980),w e found that most pore-water
NZ was released from sediment cores during the first
9 d of incubation, indicating that denitrification
measurements should be made after this period. In
the present study various types of controls were used
to monitor for atmospheric NZ contamination during
incubation. We found that contamination with atmospheric N2 was significant using our incubation
chambers and procedures, but contamination was
fairly constant among chambers and incubation conditions. Therefore, all data presented herein for denitrification rates were corrected for atmospheric N2 contamination during incubation.
Another important advantage of having killed controls is that biological a n d chemical oxygen consumption can be differentiated. There are, however, several
potential problems with the use of poisons to differentiate these processes (Dale 1978).Anaerobic biological
processes a r e responsible for ultimately producing
most of the observed chemical oxygen demand, a n d
these processes a r e terminated along with aerobic respiration. Thus, the use of poisons could result in underestimatation of chemical oxygen consumption. Reduced compounds resulting from anaerobic processes,
such as sulfide, a r e susceptible to both biological and
chemical oxidation. These compounds may be more
susceptible to chemical oxidation in the absence of
biological activity leading to overestimation of chemical oxidation. Given these caveats, w e estimate that
chemical oxygen consumption was of the same magnitude as biological oxygen consumption. Moreover,
about half of the biological oxygen consumption was
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d u e to nitrification rather than the oxidation of organic
matter. These results have important implications for
using oxygen consumption a s a measure of aerobic
carbon mineralization in estuaries, and are in general
agreement with recent studies (Mackin & Swider 1989,
Sampou & Oviatt 1991) indicating that aerobic respiration accounts for a relatively small fraction of the total
carbon mineralization in coastal marine sediments.
Denitrification rates reported for marine coastal
areas range from 0 to 888 pm01 N m-* h-' (see review
by Seitzinger 1988). Direct measurements of N, evolution from sediments, a s was done in the present study,
have been reported for 2 other estuaries. Rates of N,
production in Ochlockonee Bay, Florida, ranged from
10 to 115 pm01 N m-' h-' (Seitzinger 1987), and rates
in Narragansett Bay, Rhode Island, ranged from 0 to
210 pm01 N m-' h-' (Seitzinger et al. 1984). Denitrification rates in Nueces a n d Guadalupe Estuaries (4 to
71 pm01 N m-2 h-') were slightly lower than rates in
Ochlockonee and Narragansett Bays.
Sulfate reduction is typically the predominant
process responsible for the mineralization of organic
carbon in anaerobic marine sediments (Jsrgensen
1982) and accounts for about 50 % of the total mineralization of organic matter in shallow coastal sediments
(Jergensen 1977). In the present study the relatively
high percentages of total oxygen consumption that
were accounted for as chemical oxygen consumption
a r e suggestive that anaerobic metabolism (sulfate
reduction) was a major pathway of carbon mineralization. Denitrification is generally considered to be of
minor quantitative significance for carbon mineralization compared to aerobic respiration a n d sulfate reduction. S ~ r e n s e net al. (1979)reported that carbon mineralization d u e to denitrification was only 0.05 % of that
by aerobic respiration and 0.17 %, of that by sulfate
reduction in relatively oxidizing, sandy, coastal sediments. However, in estuarine sediments w e estimated
that carbon mineralization by denitrifying bacteria
ranged from 40 to 179 % of that by aerobic heterotrophs. These estimates are based on the observation
that most (ca 75 % ) of the total oxygen consumption in
sediments of Nueces and Guadalupe Estuaries was
d u e to chemical oxidation and nitrification.
Significant spatial differences in denitrification a n d
oxygen consumption rates were observed in both
Nueces and Guadalupe Estuaries. Spatial differences
were more pronounced in Nueces Estuary, but in both
estuaries rates of denitrification and oxygen consumption were highest in the upper estuary. TWOcharacteristics of the sediments in these estuaries, water content
(porosity) and organic matter content, appear to positively influence denitrification and oxygen consumption rates. The porosity of sediments can influence
these processes by affecting the rates of diffusion of O2

Mar. Ecol Prog. Ser. 90: 157-167, 1992

Table 8. Sources and sinks of nitrogen in Nueces and Guadalupe
into sediments. Higher rates of O2 diffusion
Estuaries (kg-at.N d-')
into surface sediments may indirectly stimulate denitrification, which itself is inhibited by
Nueces Guadalupe
Reference
02,by enhancing rates of nitrification (GrundEstuary
Estuary
manis & Murray 1977). Most of the nitrate
(492 km2) (410 km2)
used by denitrifiers is supplied by nitrification
in sediments (Jenkins & Kemp 1984, Gardner
Sources
et al. 1987, Seitzinger 1987). In the present
Rivers
study we observed that the incubation of
(DIN)
38
Whitledge (1989)
(DON)
190
sediment cores under anoxic conditions com84
46
(PON)
pletely inhibited rates of denitrification, indi27
Whitledge (1989)
Precipitation
25
cating that nitrification and denitrification
2
Oppenheimer et al. (1975)
Anthropogenic 181
were tightly linked processes.
?
Nz fixation
?
In Nueces Estuary, the highest denitrification rates were observed in the upper estuary
where the porosity of sediments was relatively
Sinks
high, whereas the lowest denitrification rates
Denitrification
620
4 00
This study
were generally observed in the lower estuary
?
?
Sedimentation
where the porosity of sediment was relatively
-0
Whitledge (1989)
low. The organic matter content of sediments,
Export
-0
which serves as the carbon and energy source
?
?
Fisheries
for aerobic heterotrophs and denitrifiers, was
Total
620
4 00
also typically higher in the upper estuaries
where rates of oxygen consumption and denitrification were highest.
supply some portion of the N required in the system,
Strong seasonal variations in denitrification and
but fixation generally accounts for only a minor peroxygen consumption rates were also observed in
centage of N inputs to estuaries (Howarth et al. 1988).
Nueces and Guadalupe Estuaries. Spring and summer
Anthropogenic N inputs from municipalities and indenitrification rates were 2- to 6-fold higher than
dustries are likely to be major sources of N in Nueces
winter rates, and spring and summer oxygen consumpEstuary. Unfortunately, many point source effluents
tion rates were about 2.5-fold higher than winter rates.
are not monitored for DIN or DON. Oppenheimer et al.
Seitzinger et al. (1984) observed no marked seasonal
(1975) estimated that point source effluents, as well as
variation in denitrification rates for Narragansett Bay.
urban and agricultural runoff, provided approximately
Jsrgensen (1989) reported that the peak of denitrifica181 kg-at. N d-l. The current anthropogenic N input
tion rates in Norsminde Fjord was observed during the
into the estuary is probably much higher considering
spring and the highest rate was related to the degradathe industrial and municipal growth in the area during
tion of benthic phytoplankton right after spring bloomthe past 15 yr. It appears that anthropogenic inputs are
ing. Seitzinger (1987) also observed that the highest
the major N source to the estuary.
denitrification rates in Ochlockonee Bay, Florida,
occurred during the late spring.
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