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ABSTRACT: Apalachicola Bay, a bar-built, sub-tropical estuary in the northeastern Gulf of Mexico
(GOM),USA, receives freshwater from the Apalachicola River and exchanges water with the GOM at
4 sltes. The output from a 3-dimensional circulation model and nitrogen measurements in the river and
the estuary over a 2 yr period were used to determine nitrogen input to the estuary and exchange with
the GOM. The Apalachicola River was the major nitrogen source to the estuary and accounted for 92
and 73% of the total dissolved Inorganic and organic mtrogen (DIN and DON) input, respectively
Nitrogen input from the GOM provided the remainder. DIN compnsed 61 % of total dissolved nitrogen
(TDN) input to the estuary from the river and 26% of TDN input from the GOM. Maxima in TDN input
to the estuary occurred during the high river-flow period (October to February). In contrast, TDN input
minima occurred d u r ~ n gthe summer (May to September), when river flow was low. Benthic ammonium
flux to the water column was maxinlum durlng the summer. However, it was not large enough to satisfy phytoplankton nitrogen demand during that period. The fractlon of DIN input that was exported to
the GOM increased linearly as estuarine water residence time decreased from 2 wk during summer to
less than 3 d during winter. Seasonal nitrogen budgets indicated that DIN export to the GOM was maxd-'). In
imum during winter (87 + 5.4 mg N m-' d-') and minimum during summer (9 + 1 . 4 mg N
contrast to the large decrease in DIN export to the GOM between these 2 periods, DON export to the
GOM decreased from 81 5.8 mg N m-2 d-' during winter to only 45 i 3.2 mg N m-2 d-' during summer. Estimated denitrification rates indicated that 9% of the annual total nitrogen input to the estuary
was removed by that mechanism. The f ratio in Apalachlcola Bay varied from 0.11 during the summer
to 0.74 during the winter and averaged 0.19 for a 2 yr period. On an annual basis, DON ~ n p u tto the
estuary and export to the GOM were in balance, while 66% of DIN input to the estuary was exported
to the GOM. The nitrogen budget for Apalachicola Bay was balanced to within 6 % of total nitrogen
input.
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INTRODUCTION
Estuaries, located at the freshwater and saltwater
interface, are more productive than either the river
flood plains or the seas bordering them (Odum 1971).
Rivers supply dissolved and particulate nutrients to
estuaries. The particle-bound nutrients are thought
to be less reactive (Benner et al. 1992) and readily
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sequestered within the estuary following sedimentation (Pennock et al. 1999). However, dissolved nutrients retained in the estuary become available for incorporation by higher trophic levels after uptake and
processing by the phytoplankton and the microbial
community (Seitzinger & Sanders 1997).
Human activities impact estuaries by altering freshwater inflow (Humborg et al. 1997) and/or by modifying river nutrient input to estuaries (Turner & Rabalais
1994). A reduction in freshwater inflow to estuaries
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Fig. 1. Apalachicola River and estuary were sampled a t Stns R1 through R3, and
input and sediment accumulation
1 through 8, respectively, from June 1994 through April 1995. Benthic flux
rates and other internal losses. In this
measurements were performed at Stn 3
paper we report a determination and
analysis of the nitrogen budget of
Apalachicola Bay, a bar-built estuary
after river impoundments or droughts can impact the
located in the northeastern Gulf of Mexico (GOM).The
estuarine food web by modifying the phytoplanktonestuary receives freshwater from the Apalachicola
benthic macrophyte ratio (Baird & Heyrnans 1996) or
River, the third largest river in the northern GOM
the relative abundance of the herbivores and carni(Bianchi et al. 1999), and exchanges water with the
vores (Livingston et al. 1997). Alternatively, excess
GOM at 4 sites (Fig. 1). In response to concerns over
nutrient input to estuaries can cause hypoxic or anoxic
possible water reallocation within the upper portions
events (Rabalais et al. 1996), an increase in noxious
of the river watershed and its impact on the estuarine
algal bloom frequencies (Hallegraeff 1993), and a
productivity, a multi-disciplinary study of the river
reduction in seagrass communities (Orth & Moore
basin and estuary was initiated in 1993 (Lewis 1997).
1983).
Nitrogen is the nutrient that most frequently limits
In response to concerns about eutrophication of
phytoplankton productivity and biomass in Apalacoastal and estuarine environments (Nixon 1995),
chicola Bay (Myers & Iverson 1981, Fulmer 1997). We
nutrient budgets have been constructed to examine
combined the output from a 3-dimensional hydrodythe magnitude and temporal variability in nutrient
namic circulation model of the estuary with monthly
input to estuaries. Boynton et al. (1995) suggested that
measurements of nitrogen concentration in the river
nutrient budgets should be developed for estuaries of
and estuary. Phytoplankton nitrogen demand (PND)
different morphology and hydrology to increase our
and benthic nitrogen processes were included in calunderstanding of ecosystem-scale nutrient dynamics.
culations aimed at determining the magnitude and
Nixon et al. (1996) compiled annual nitrogen ( N ) and
variability in nitrogen input to the estuary and export
phosphorus (P) budgets for water body classes such as
to the GOM on seasonal and annual time scales. We
lakes, estuaries, fjords, coastal embayments and northwere specifically interested in determining the relative
ern hemisphere inland seas to determine the fate of N
contribution of Apalachicola River and the GOM to the
and P at the land-sea interface. The results of that
nitrogen budget of the estuary.
analysis highlighted the importance of hydrology in
retaining these elements within the various ecosystems. An increasing fraction of nutrient input to estuarMETHODS
ies is retained with increasing water residence time
(Nixon et al. 1996).
Study site and sample collection. Apalachicola Bay
Knowledge of estuarine nutrient biogeochemistry is
has an area of 260 km2 and a mean depth of 2.2 m. It is
based mainly on results of investigations of coastal
situated in the northeastern GOM (Fig. 1) and is an
plain, drowned river estuaries, such as those classified
important nursery ground for many commercially
by Cameron & Pritchard (1963). Data from bar-built
important fish and invertebrates (Livingston 1984).
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The estuary provides 90% of Florida's oyster landing
(Wilber 1992). The drainage basin (area = 45 000 km2)
which feeds the Apalachicola River is considered as
one of the least polluted in the US (Livingston 1984).
The Apalachicola River daily discharge, measured at
Sumatra (Fig. l ) ,was obtained from the US Geological
Survey (USGS). Monthly measurements of hydrographic, chemical and biological variables were made
from June 1994 through May 1996 at 3 Apalachicola
River locations and 8 stations in the estuary (Fig. 1).
Temperature and salinity were measured in situ with
a factory calibrated YSI@ salinometer. Surface river
water and surface and bottom estuarine water samples
were collected for nutrient analysis. Samples were
placed in clean polyethylene bottles and kept on ice in
the dark for transport to the laboratory, where they
were filtered through GF/F filters and analyzed within
24 h.
Analytical methods. Nitrate concentrations were
determined with the chemiluminescence detectorbased method for trace nitrite (NO2-) and nitrate
(NO3-) in aqueous samples. The method was developed by Cox (1980) and applied to seawater analyses
by Garside (1982). We used the modified version of
Garside's method (Braman & Hendrix 1989) with a
Thermo Environmentala Model 42 chemiluminescence NOx analyzer. Because NO2- is also reduced
by this method, the procedure gives NO3- plus NO?-.
Nitrite concentration measured colorin~etrically(Strickland & Parsons 1972) was subtracted from the total
value to yield NO3- concentration. Ammonium (NH,+)
was determined with the phenol-hypochlorite method
as outlined in Strickland & Parsons (1972). Dissolved
organic nitrogen (DON) was determined by the persulfate oxidation technique according to Pujo-Pay &
Raimbault (1994).
Sediment nitrogen experimental methods. During
the study period, benthic dissolved inorganic nitrogen
(DIN) flux measurements were made on 9 occasions.
Between 8 and 10 undisturbed sediment cores (8.7 cm
diameter) were collected by divers at Stn 3 (Fig. 1).The
cores were brought to the laboratory and allowed to
equilibrate with circulating water overnight in the
dark at the ambient estuarine water temperature, as
recommended by Sloth et al. (1992).The following day,
before being sealed, water height in each core was
adjusted to 10 cm and a 2 cm, 25 % 0, in air headspace
was established. Slow water stirring was established
with a rotating magnet activated by a motor attached
to each core tube. Samples for NO3-, NOz-, and NH,+
were collected at 1.5 h intervals for 6 h, immediately
filtered through GF/F filters and frozen for later analysis. A mixture of 25% O2 in air was injected into the
headspace when water samples were removed (Sloth
et al. 1992).Linear regression analysis of concentration

3

versus time on individual cores was used to determine
DIN flux.
The same cores were used for nitrification rate determination with the acetylene inhibition technique
(Sloth et al. 1992). Briefly, after the 6 h incubation,
60 m1 of saturated acetylene water was injected into 6
to 8 of the cores, while 2 were kept as controls. Samples were collected every 1.5 h for 6 h, filtered through
GF/F filters and immediately frozen for NH4+analysis
at a later time. NO3- fluxes were not measured in September and November 1994. Nitrification rates were
determined by subtracting the NH4+flux before inhibition from rates after inhibition (Sloth et al. 1992, Caffrey & Miller 1995) for each core when slopes of the
regression lines before and after treatment were found
to be significantly different (Sokal & Rohlf 1981).
Denitrification rates were estimated by subtracting
NO3- fluxes from nitrification rates under the assumptions (1)that nitrate ammonification was insignificant,
(2) that the sediment NO3- pool was not changing during the incubation period (Caffrey et al. 1993), and
(3) that benthic microalgae were not significantly
affecting the nitrogen fluxes across the sedimentwater interface. For September and November 1994
we assumed that NO3- flux was equal to the mean
NO3- flux for all the other months.
Water budget calculations. Water exchange with the
GOM was determined for Apalachicola Bay with a 3dimensional, time-dependent, numerical hydrodynamic model that allowed velocity, temperature and
salinity field calculations. A Blumberg & Mellor (1980,
1987) model application to Apalachicola Bay used a n
explicit-in-horizontal, implicit-in-vertical, finite-difference format with freshwater inflow, tide, and wind
stress forcing. The set of governing equations is given
by Blumberg & Herring (1987). The model solved a
coupled system of differential, prognostic equations
describing conservation of mass, momentum, heat, and
salinity at each of 930 horizontal grids and 5 vertical
layers of the computational scheme. A horizontal,
orthogonal, curvilinear coordinate system allowed representation of coastline irregularities. A sigma-coordinate system allowed vertical stretching to simulate
water level changes in the estuary. A turbulence closure sub-model, which provides eddy viscosity and
eddy diffusivity for vertical mixing, permitted variation
in the forcing factors (Mellor & Yamada 1982, Galperin
et al. 1988). The model has been successfully applied
to Chesapeake Bay (Blumberg & Goodrich 1990) and
Delaware Bay (Galperin & Mellor 1990).
The model was calibrated and verified with hydrographic data recorded at 0.5 h intervals from in situ
instruments located throughout the estuary during a
6 mo period (Huang & Jones 1997). For simulations
used in the present analysis, measured river discharge,
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error propagat~onthroughout time, with the method of
More1 & Andre (1991).
f ratio calculations. Dugdale & Goering (1967) partitioned total phytoplankton nitrogen production into
' n e w and 'regenerated' production. New production is
supported by allochthonous nitrogen sources while
regenerated production is supported by nltrogen recycled In situ through the food web of a system. Eppley &
Peterson (1979) later defined the ratio of new to total
production as the f ratio. Apalachicola Bay PND was
calculated from daily primary productivity rates, which
were measured monthly in Apalachicola Bay during
the study period (Mortazavi et al. 2000). Carbon productivity rates were converted to nitrogen with the
Redfield (1958) C:N ratio, cvhich approximates the C:N
ratio for Apalachicola Bay phytoplankton (Chanton
1997).Monthly f ratios were calculated by dividing the
fraction of net DIN input available to primary producers in the estuary by PND. The fraction of net DIN
available to primary producers was determined
by subtracting DIN input to the estuary from the
sum of DIN exported from the estuary and taken
up by the sediments.

winds tides, temperature, and salinity were applled to
the model as boundary conditions The model was
used to calculate water inflocv and export at the passes
The estuanne water residence time was calculated by
dividing the estuary's volume by the sum of the total
water imported to the estuary
Nitrogen inputlexport calculations. We used the
results of the hydrodynamic circulation model combined with nver flow and measurements of nitrogen
species in the river and the estuary to estimate net DIN
a n d DON Input to the estuary The daily nver DIN and
DON input to Apalachicola Bay a n d the estuary DIN
and DON exchange with the GOM were calculated for
each month This involved multiplying the mean river
discharge and mean seawater exchange at the passes,
averaged over 4 d pnor to each sampling, by the mean
river a n d exchange site DIN a n d DON concentrations,
respectively Standard error values were estimated by

RESULTS
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The long-term (1965 to 1989) Apalachicola
River monthly mean discharge is 710 m3 S-' (Fu &
Winchester 1994).Discharge minima occur during
the summer season, while the winter and early
spring seasons are characterized by discharge
maxima (Fig. 2A) in response to rainfall over the
river drainage basin. Mean river discharge for the
study penod (June 1994 to May 1996) was 926 +
127 m3 S-' (+ 1 SE). The unusually high discharge
in July 1994 was the result of several low-pressure atmospheric systems that delivered large
amounts of rain throughout the watershed. After
the flood, nver flow remained high before resuming normal flows in winter 1995.
St. George Sound (Fig. 1) was the major source
of GOM water to the estuary, and accounted for
all the seawater input to the estuary, except in
January 1996, when 2 % of GOM water entered
the estuary through Bob Sikes Cut. Mean seawater input to the estuary for the 2 yr study period
was 403 95 m3 S-' (Fig. 2B). Lowest seawater
flow into the estuary occurred during high river
flow periods. Maximum GOM inflow (1253 m3 S-')
to the estuary occurred in October 1995 and
exceeded the long-term mean river flow for that
month by a factor of 3 (Fig. 2) Of the water out-

*

Fig. 2. (A) Long-term (1968 to 1989) mean Apalachicola River flow
a n d mean nver flow for 4 d pnor to each sampling event (B) Water
exchange at the eastern boundary of the estuary determined from
the hydrodynamic circulation model. Negative flow rates i n d ~ c a t e
estuarine water outflow to the GOb1, a n d positive flow rates ~ n d i cate GOM water inflow to the e s t u a q
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flow from the estuary to the GOM, 67% (range 11 to
87 %) occurred through West Pass (Fig. 1).However, in
April 1995, St. George Sound was the major water outlet for the estuary and accounted for 67 % of the total
outflow.

Dissolved nitrogen input and export

5

Particulate phytoplankton nitrogen exchange
Particulate phytoplankton nitrogen (PNchl)exchange
with the GOM was determined from chlorophyll (chl) a
concentration converted to nitrogen with a 1:50 ch1:C
and the Redfield (1958) C:N ratios. Throughout the
study PNchlexport exceeded input (Fig. 5 ) . Maxima in
PNchlinput to the estuary occurred in January 1995,
while maximum export to the GOM occurred in March
1995 (Fig. 5). Annual PNrhl input to the estuary and
export to the GOM were equivalent to 2.5 and 9 % of
the combined river and GOM TDN input, respectively.

No clear seasonality was observed in river DIN and
DON concentrations (Fig. 3A). Mean river DIN concentration (350 ? 21 mg N m-3) was significantly higher
than mean river DON concentration (183 20 mg N
m-3). DIN and DON concentrations at the estuary's
Residence time a n d nitrogen retention
eastern boundary were 115 k 20 and 208 14 mg N
m-3, respectively (Fig. 3B).
Apalachicola Bay water residence time (mean = 6 d)
River nitrogen input to the estuary increased with
increasing river flow (Fig. 4A). Maxima in river DIN
varied from 2.5 d during the high river flow periods to
12.5 d , when river flow decreased to summer low vala n d DON input (Fig. 4A) to the estuary occurred in
July 1994 and February 1995, during times when river
ues (Fig. 6A). The longest residence time periods in
flows were maxima (Fig. 2A). Following the
July 1994 flood, nitrogen input to the estuary
remained relatively high compared to summer and fall 1995. DIN input to the estuary
c
frequently exceeded DON input (Fig. 4A).
-2
On an annual basis DIN input represented
gc
61 % of the river total dissolved nitrogen
3
(TDN) input (171 + 7.6 mg N m-' d-l) to the
estuary.
c Z
Nitrogen input through St. George Sound
was, with the exception of January 1995,
.a
dominated by the organic form (Fig. 4B). This
L
contrasts to the river TDN input, which was
.-2
dominated by the inorganic form (Fig. 4A).
e:
Maximum DIN and DON inputs to the estuary
from the GOM occurred in January a n d October 1995, respectively (Fig. 4B). Annually
?
E
integrated DIN and DON inputs to the estuary from the GOM were 9
0.7 and 25
5 on
2.1 mg N m-2 d-', respectively.
2 .g
Minimum TDN export to the GOM occurred in summer 1995 (Fig. 4C), when river
flow and river TDN input were low (Figs. 2A
& 4.4) while maxima in export to the GOM
occurred during July 1994 flood and the 1995
winter season (Fig. 4C). However, the seaU
sonal pattern in DON export to the GOM was
m
not as clear as the pattern in DIN export. The
0
maxima in DON export occurred during the
M J S N J M M J S N J M M
1994 flood event (Fig 2A), while maxima in
DIN export to the GOM occurred in March
1995 (Fig. 4C). Integrated DIN and DON
for the duration Of the
export to the
Fig. 3. Time senes of mean (*l SE) DIN and DON concentrations ( A ) in
study period were 75 4.7
89 6.9 mg
the river and (B) at the eastern boundary of the estuary. DON samples
m-2 d-l, respectively.
were not collected in June 1994
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Fig. 4. Time series of mean (*1 SE) (A) river and (B) marine DIN and
DON input to the estuary and (C) marine DIN and DON export to the
GOM. DON input to the estuary for June 1994 was not determined

Apalachicola Bay (Fig. 6A) were concurrent
with periods of low nitrogen input (Fig. 4) and
high primary productivity (Mortazavi et al.
2000). As residence time decreased during
high river flow periods (Fig. 2A), DIN export to
the GOM increased (Fig. 4C). During periods
when residence time exceeded 6 d, 27.8%
(+11.0) of the DIN input to the estuary was
exported. In contrast, 74.8% (k8.3) of the DIN
input was exported when residence time was
less than 6 d (Fig. 6B). Nearly half of the variability in the fraction of DIN input to the estuary that is exported to the GOM is explained
by residence time (r2 = 0.48, F = 17.94, p <
0.001). Annually, 34 % of the DIN input to the
estuary was exported to the GOM, with the
fraction of DIN input exported increasing as
estuarine water residence time decreased
(Fig. 6B). This is in contrast to DON input and
export which were balanced (Fig. 7 ) .

Benthic NH4+flux ranged from undetectable
(November 1994) to a maximum of 42.0 +
1.2 mg N m-2 d-' during summer months, when
estuarine water temperature was high (Fig. 8).
Annually integrated NI I,+ flux to the overlying
water was 16 +- 1.1 mg N m-2 d-', providing
recycled nitrogen to the water column at a rate
equivalent to 14 % of the total DIN input to the
estuary.
In most instances, NH4+production rates increased after the addition of acetylene. However, for the periods when NH,' flux decreased following the acetylene addition
(Table l ) , we assumed that nitrification rates
were below the detection limit. Significant
nitrification rates were measured in summer
and fall 1994, and winter 1996 (Table 1).
Mean nitrification rate was 4 k 1.0 mg N m-2
d-* and varied from undetectable to a maximum of 19 ? 1.3 mg N m-2 d-' in December
1994 (Table 1). Apalachicola Bay sediments
were generally a sink for No3- (Fig. 8). Annually integrated benthic No3- flux was -17 k
3.6 mg N m-' d-' and ranged from zero to a
ma~imumof-41+2.6rngNm-~d-'inFebruary 1996 (Fig. 8). Estimated denitrification
rates varied from undetectable to 48 4.4 mg
N m-' d-' in February 1996 (Table 1). On
average, nitrification provided 10 % of the
N03
used in denitrificationr for a
mean estimated denitrification rate of 21 +
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Fig. 5. Phytoplankton particulate nitrogen input to the estuary and
export to the GOM determined from chlorophyll a concentrations
converted to particdate nitrogen
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d-l). Benthic NH,' flux was a
import (4 0.5 mg N
significant nitrogen source and supplied the water column with 30 + 4.7 mg N m-' d-'. Nitrification rates
were undetectable during this period. Nitrate influx
into the sediment, where it was subsequently denitrified, occurred at a rate of 23 3.7 mg N m-' d-'. PND
during this period was 186 mg N m-2 d-', of which
21 mg N m-' d-I was supplied by net DIN input (44 i
2.7 mg N m-' d-l) to the estuary (Fig. 10B). The average f ratio during this period was 0.1 1

Net nitrogen input and primary
productivity
Apalachicola phytoplankton productivity has a distinct seasonal pattern, with high rates measured during summer months, when photosynthetically active
radiation and water temperature are high (Mortazavi
et al. 2000). PND ranged from 17 mg N m-' d-l in winter (February 1996) to a maximum of 300 mg N m-' d-'
in summer months (Fig. 9 ) . Net DIN input to the estuary (38 + 6.5 mg N m-2 d-l) was equivalent to 34 %
(range 0 to 100%) of PND (Fig. 9).

*

Annual nitrogen mass balance for Apalachicola Bay
Apalachicola Bay nitrogen mass balance for high
river flow periods

Mean river flow during the 2 yr study period was
926 m3 S-', slightly higher than the long-term mean river
discharge of 710 m3 S-' (Fu & Winchester 1994).The major nitrogen source to the estuary was the Apalachicola
River, which accounted for 92 % of total DIN input (113 +
4.6 mg N m-2 d-l) and 71 % of total DON input (92 +
6.5 mg N m-2 d-l). Annually integrated DIN and DON
export to the GOM were 75 k 4.7 and 90 6.9 mg N m-'
d-l, respectively (Fig. 10C). Benthic regeneration sup-

The Apalachicola River had a mean discharge of
1198 m3 S-' during the October 1994 to February 1995
period. The river supplied 134 i 3.5 and 65 + 9.0 mg N
m-' d-' of DIN and DON, respectively, to the estuary.
GOM water entering the estuary through the passes
transported DIN, DON, and PNrhIat a rate of 22 k 1.0,
22 + 2.8, and 10 + 0.1 mg N m-2 d-', respectively (Fig. 10A). Significant amounts of DIN
16
(87 k 5.4 mg N m-' d-l), DON (81 + 5.8 mg N
m-' d-l), and PNchl(25 + 1.6 mg N m-' d-')
were exported to the GOM. During this time,
.l2
'2
benthic NH,' flux was insignificant However, NO3- uptake by the sediments removed
P
5 t 2.4 mg N m-' d-' from the water column.
4
g
Denitrification accounted for a net loss of 15 i
ix
2.1 mg N m-2 d-'. PND for the October 1994
to February 1995 period was 88 mg N m-' d-'
0 ,
M
(Fig. 7) and 65 ? 7.0 of the net 70 * 7.0 mg N
m-' d-' DIN input to the estuary was used by
phytoplankton as new production. The f ratio
for this period was 0.74.
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Apalachicola Bay nitrogen mass balance
for low river flow periods
During May 1995 to September 1995 river
flow averaged 474 m3 S-'. River DIN input to
the estuary was 47 + 2.2 mg N m-' d-l, significantly higher than DIN input from the GOM
(6 0.6 mg N m-2 d-l) (Fig. 10B). However,
river DON input (26 c 2.5 mg N m-' d-l) during this time was similar to GOM DON input
(26 1.7 mg N m-' d-l) to the estuary. DIN
and DON export to the GOM were 9
1.4
and 45 * 3.2 mg
m-2 d-l,
(Fig. 10B).Export of PNchl (13 * 1.0 mg N m-2
d-l) was significantly greater than PNCM
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The regression was significant at p < 0.005
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Table l . Apalachicola Bay nitrification and denitrification
experimental results. Significant increase or decrease (p <
0.05) in the slopes of NH,* fluxes after the acetylene addition
was detected with an F-test (Sokal & Rohlf 1981).Nitrification
rates were determined by subtracting the NH,' flux before
inhibition from rates after inhibition. BDL: instances when the
2 slopes were not significantly different. Denitrification rates
were estimated by subtracting NO, fluxes from nitrification
rates. Values for nitrification and denitri.fication rates are
means t l SE
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No. of cores
receiving
acetylene

Sep 1994
Nov 1994
Dec 1994
Jan 3.995
Apr 1995
Aug 1995
NOV1995
Feb 1996
Jun 1996

8
8
6
7
6
6
8
6

N~trification Denitrificatlon
rates
rates
(mg N m-' d") (mg N m-' d-')
9.7 i1.8
10.5 * 0.8
18.6 r 1.3
6 5 r 1.3
BDL
BDL
BDL
7.5 + 3.6
BDL

13.8 + 1.8
14.6 r 0.9
22.7 r 2.9
7.5 t 1.4
33.9 r 9.9
21.0 r 1.3
2.7 r 3.3
48.2 r 4.4
4.1 t 0.3

DISCUSSION

plied an amount of nitrogen equivalent to 14 % of total
DIN input, while denitnfication removed 19 % of the DIN
input to the estuary (Fig. 10C).PNchlexport from the estuary (18 4.7 mg N m-2 d-l) exceeded input (5 c 0.5 mg
N m-' d-l). During the study period, 45 % of the net DIN
input to the estuary was denitrified, while the remainder
was incorporated into phytoplankton new production
(Fig. 10C). Annually integrated PND during the study
period was 113 mg N m-* d-', of which 22 mg N m-' d-'
was supplied with new nitrogen. Therefore, the longterm mean f ratio for Apalachicola Bay is 0.19.

Apalachicola Bay nitrogen mass balance

*

Although there is a contribution from the GOM, the
magnitude and seasonality of ni.trogen input to Apalachicola Bay is mainly determined by the Apalachicola
River flow pattern. River discharge increases during
winter in response to high rainfall onto the upper
watershed and to reduced terrestrial evapotranspiralion. Despite the 1954 construction of Jirn Woodruff
dam at the confluence of the Chattahoochee and Flint
Rivers, the Apalachicola River seasonal
35
flow pattern has not significantly changed
JO
(Meeter et al. 1979).
The population density in the drainage
basin
that feeds the Apalachicola River is
O25
'
X -^ 20
3
low
(50
people km-', Frick et al. 1996) and
3
20 =is,
therefore,
considered as one of the least
E E 0
02
5
polluted estuaries in the US (Livingston
M
1984). Based on measurements made by
2 .E -20
l0
the USGS at a station 60 km upstream
g
of the river mouth, the flow-adjusted
-40
NO3- concentration has not significantly
0
changed between 1972 and 1990 (Frick et
M J S N J M M J S N J M M J
al. 1996). Mean DIN input to Apalachicola
Bay, based on those measurements, was
1994
1995
1996
34 g N m-' yr-' and varied from 17 to 47 g
N m-' yr-' (Frick et al. 1996). The mean
Fig. 8. Apalachicola Bay water temperature and mean (*l SE) benthic
annual river DIN input to the estuary of 38
ammonium and nitrate flux rates. When error bars are not shown, errors
are smaller than the symbol
r 1.6 g N m-= yr-', estimated from our 2 yr

I

p

U

I
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A greater fraction of sediment NH,'
efflux is expected at higher estuarine
salinities (Gardner et al. 1991, Rysgaard et al. 1999). During the winter
high river flow period, the average
salinity in Apalachicola Bay was
< l 0 PSU. With decreasing river flow,
the salinity increased to >25 PSU during the summer months (Pennock et
al. 1999). Increased ion exchange and
ion pairing of NH,', as a result of
increased seawater cation concentration at higher salinities, cause in-50 creased
sediment
NH,+ efflux (Gard1
~
1
~
1
'
I
~
I
~
I
'
I
~
I
~
I
I
I
~
I
~
ner et al. 1991).The seasonal sediment
M
J
~
N
J
M
M
J
S
N
J
M
M
ammonium flux differences in Apala1994
1995
1996
chicola Bay (Fig. 10A,B) are consistent
with that model and similar to rates
Fig. 9. Phytoplankton nitrogen demand (m) and net DIN input (open bars) to
measured in other GOM estuaries
Apalachicola Bay from June 1994 to April 1996. Error bars a r e *l SE
(Twilley et al. 1999).
The increased benthic NH,' flux
during the summer season is important in the estuary's nitrogen dynamics since it prostudy period, was similar to the long-term estimate
vides DIN to the water column at a rate similar to that
made by the USGS.
of DIN input to the estuary. However, since only 11 and
We did not measure the contribution of nitrogen
16% of the summer PND were supplied through new
input by direct atmospheric deposition over the estunitrogen input and benthic regeneration, respectively,
ary's surface area. The long-term (1975 to 1984) mean
water column regeneration was the dominant nitrogen
monthly precipitation in Apalachicola is 15.7 cm (Livsource, providing 73% of the PND (Fig. 10B). In coningston et al. 1997) and the volume associated with
trast, during the winter season the maln nitrogen
the rainfall over the estuary is equivalent to only 2 %
source to the primary producers was new nitrogen
of the long-tern? mean monthly river discharge
supplied to the estuary by the river and the GOM.
(710 m3 S-'). Based on measurements made from 1985
Water column regeneration supplied only 26 % of PND
to 1991, nitrogen input by atmospheric deposition to
(Fig. 10A) and benthic nitrogen flux was insignificant
the Apalachicola River watershed ranged from 0.4 to
in the nitrogen budget during winter.
0.7 g N m-2 yr-' (Frick et al. 1996). By inference from
The average PND during the study period was
these calculations, the nitrogen input by direct atmos113 mg N m-2 d-l, of which 22 and 16 mg N m-2 d-' are
pheric deposition to the estuary was considered an
insignificant term in the nitrogen budget of Apalasupplied through new nitrogen availability and benthic regeneration, respectively (Fig 10C). Therefore,
chicola Bay compared to river nitrogen input.
Apalachicola Bay benthic nitrogen flux measureon an annual basis, water column regeneration annuments made during the study period covered the
ally supplied nitrogen to primary producers at a rate
annual ranges of nitrogen input to the estuary and
approximately 5-fold greater than did b e n t h ~ cregenerwater temperature. During the high river flow period,
ation (Fig. 10C).The benthos represented a significant
an amount of nitrogen equivalent to 6 % of TDN input
loss term in the nitrogen budget, since denitrification
removed nitrogen that would otherwise be available to
to the estuary was removed by denitrification. During
the primary producers at a rate equivalent to 19°') of
the summer months, however, denitrification was a
more significant loss term in the nitrogen budget of the
the annual DIN input to the estuary.
Annual river PN input to Apalachicola Bay is a n estiestuary, with 2 2 % of the summer TDN input to the
mated 33 mg N m-' d-I based on a calculation which
estuary denitrified (Fig. 10B). During the summer lowused river POC concentration (Mattraw & Elder 1984)
river-discharge period, water column No3- was the
and a C:N ratio (9.7g g-l, n = 14, Mortazavi unpubl. data)
main nitrogen source for denitrification and NH,' was
for river particulate matter. The annual nitrogen budget
released to the water column. In contrast, durlng the
(Fig. 10C)indicated that all input terms combined, river
winter high flow period, nitrate produced by nitrificaTDN and PN plus TDN and PNchl from the GOM, to
tion was the main nitrogen source for denitrification
Apalachicola Bay were equivalent to 243 ? 8.0 mg N m-2
(F1g. 10A).

I
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d-'. TDN and PNcMexport to the GOM plus denitrification and sedimentation were equivalent to 227 + 10.5 mg
N m-' d-l. The results of this budget, therefore, suggest

that PN input and export, associated with detrital matter,
to the estuary from the GOM are approximately in
balance with a remainder of 16 i 13 mg N m-2 d-l net input, or 6 % of total nitrogen input to the
estuary.

Oct 94 - Feb 95 (128 days)

A

River Input

Mean R~verFlow = 1198 rn3 S-'

DIN = 134 t 3.5

Export to the Gulf of Mexico
DIN = 87 i5.4
DON = 81i58
PN,, = 25 i 1 6

May 95 - Sept 95 (126 days)

B

River Input

Mean River Flow = 474 m'

DIN = 47 2 2.2
DON = 26 + 2.5

S-'

23 i 3.7

Net M3N Inpul = 7 i 4.37
Net DIN Input = 44 i 2.7

Input from the Passes
4

DIN = 620.6
DON = 26 t 1.7
PN, = 4 t 0.5

*&

BDL wNq-

7

>

..
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..
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.
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Export to the Gulf of Medco
DIN = 9 t 1.4
DON = 45t32
PN, = 13t 1.0

c

June 94 - May 96
Mean River Flow = 926 m'

River Input
DIN = 104 + 4.5
DON = 67 + 6.2
PN = 33

1

213 1.5

Input from the Passes
4

. ..
4,

-4

.-

:d.*.
. ''&uMrhW

Export to the Gulf of Medco
DIN = 75 i 4.7
DON = 90t 6.9
PN, = 18i4.7

DIN = 9?0.7
DON = 2 5 ~ 2 . 1
PN,, = 5 % 0.5

.!
..
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Nixon et al. (1996) examined nitrogen
retention and residence time, on an
annual time scale, for a data set that
included estuaries and enclosed seas.
Nitrogen retention within these ecosystems decreased as water residence time
decreased. In Apalachicola Bay, the
fraction of monthly DIN input to the
estuary that was retained increased as
water residence time increased (Fig.
6B). On a seasonal time scale, the fraction of DIN input to the estuary that was
retained decreased from 83 % during
the summer months, when the average
residence time was 7.6 + 1.6 d, to 4 5 %
during the winter months, when the
average residence time was 4 i 0.4 d.
Short-term experimental data suggested that DON is not retained long
enough to be completely processed by
the food web in short residence time estuaries (Seitzinger & Sanders 1997).DON
input to Apalachicola Bay and DON export to the GOM are balanced on monthly
(Fig. ?), seasonal (Fig. 10A,B),and annual
(Fig. 10C) time scales. Therefore, the
DON budget for Apalachicola Bay corroborates the hypothesis proposed by
Seitzinger & Sanders (1997).
A greater fraction of total nitrogen
input was denitrified as marine system

S-'

Net DON Input = 2.0+ 8.63
Net DIN Input = 38 i 6.5

..

Estuarine nitrogen retention and loss

..

Fig. 10. Seasonal nitrogen box model for the
penods (A) October 1994 to February 1995
and (B) May 1995 to September 1995.
(C) Annual nitrogen box model. Nitrogen
burial was estimated with a sedimentation
rate of 4.2 i 0.4 mm yr (Hess 1995), a sediment dry gram density of 2.4 g cm-3 and a
porosity of 0.7 (Mortazav~unpubl. data). River
PN ~ n p u tto Apalachicola Bay is based on
nver POC concentration (Mattraw & Elder
1984) and river particulate C:N ratio (9.7 g
g-', n = 14, Mortazavi unpubl. data). Values
for nitrogen processes are means (*l SE) in
mg N m-' d-'

-'

Mortazavi et al.: Nitrogen budget of A p a l a c h ~ r o l aBay

residence time increased, in the data set examined by
Nixon et al. (1996). Nitrogen export at the seaward
boundary, rather than denitrification, represents a
significant loss term in estuaries with residence times
of a few days to a few weeks, including Ochlockonee
Bay (Nixon et al. 1996), Norsminde Fjord (Denmark;
Nielsen et al. 1995),the Ems estuary (The Netherlands;
van Beusekom & de Jonge 1998), Boston Harbor (Nowicki et al. 1997), and Apalachicola Bay (this study).
PN is considered non-reactive (Benner et al. 1992) and
is either exported or buried in estuarine sediments
(Pennock et al. 1999). If DON is not retained within
short residence time estuaries, then denitrification
becomes a more significant loss term in the nitrogen
budget of short residence time estuaries when normalized to DIN input instead of to total nitrogen input.
For example, denitrification removed nitrogen at a
rate equivalent to 19% of the annual DIN input to
Apalachicola Bay as opposed to 6 96 of the annual total
nitrogen input.

New production and the f ratio in estuaries
Only the fraction of primary production based on
'new' nutrients can be exported or removed by biological mechanisms without the pelagic system collapsing
(Dugdale & Goering 1967). Therefore, determination
of new production is important in understanding the
magnitude of biologically mediated carbon export
from the pelagic system (Eppley & Petersen 1979, Iverson et al. 2000) and control of higher trophic level
production (Iverson 1990). New production rates in
coastal and oceanic systems are determined from
I5NO3- uptake rates (Dugdale & Goering 1967),
changes in NO3- concentration (Boyd et al. 1995), or
from export of organic matter from the euphotic zone
(Wassmann 1990) coupled with knowledge of primary
production rates. Nitrate is the 'new' nitrogen in these
environments and is supplied to the euphotic zone by
upwelling, diffusion, turbulent mixing, or after deep
winter mixing. In estuaries, however, new nitrogen is
supplied by rivers in various forms other than NO3-,
including NH4' and urea. Therefore, new production
rates cannot be determined from I5NO3 uptake rates
or changes in No3- concentration, since NO3- represents only a fraction of new nitrogen supplied to the
system. Alternatively, determination of biogenic material exported from the euphotic zone in estuaries is
complicated by input of terrestrial detrital matter, by
storms and tides that resuspend the benthos, and by
strong tidal exchange between the estuary and the
bordering sea. These methodological difficulties have
hampered new production rate measurements in estuaries.
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Estuarine nutrient budgets coupled with primary
productivity rate measurements provide an alternative
tool for estimating new production. Nitrogen is the
nutrient that most frequently limits phytoplankton production in estuaries (Howarth 1988). Measurement of
nitrogen input and export rates and direct uptake by
sediments can be used to determine the new nitrogen
available to the primary producers.
Depending on location and season the f ratio can
vary between 0 and 1.0 in coastal waters (Eppley et al.
1979, Selmer et al. 1993, Bronk & Ward 1999).During
the summer season, when new nitrogen input to
Apalachicola Bay was low and PND was high, the f
ratio was 0.11 (Fig. 10B). However, with increasing
river flow during the October to February period, a
greater fraction of the PND was supplied by river DIN
input, and the f ratio increased to 0.74 (Fig. 10A). Similarly, in a fjord in Norway, the f ratio ranges from
~ 0 . 1 during
0
the summer to 0.76 following NO3- input
to the water column in the spring (Paasche & Kristiansen 1982).
In Apalachicola Bay, 66 and 15Y0 of the 'new' DIN
input to the estuary were exported to the G o b ? and
taken up by the sediments, respectively (Fig. 10C).The
available new DIN to the prj.marv prod.ucers was 22 my
N m-2 d l , which supplied 191:L (f ratio = 0.19) of the
annual PND (113 mg N m'' d-l). The calculated f ratio
for Apalachicola Bay is at the lower limit of the theoretical annual curve (0.20) obtained by Aksnes &
Wassmann (1993) for a data set including fjords and
estuaries.

Management implications
The increasing demand for freshwater associated
with the increasing population within the ACF
(Apalachicola, Chattahoochee and Flint Rivers) Rivcr
basin motivated the 3 states sharing the 4 5 000 km2
watershed to undertake a comprehensive study of water supply and demand within the system (Lewis 1997).
Reduced or altered freshwater flow is responsible for
habitat loss and changes in trophic structures in estuaries. Fish populations in San Francisco Bay were reduced as a consequence of habitat loss resulting from
reduced freshwater discharge to the estuary (Nichols et
al. 1986). In the Skokomish River delta, a 40% reduction in freshwater flow caused a 15 to 19% loss of the
highly productive intertidal zone and an estimated
17 % loss of eelgrass habitat (Jay & Simenstad 1996).A
10-fold decrease in phytoplankton bioinass and an
increase in benthic macrophytes and detritivory in the
estuary were concurrent with a reduction in freshwater
inflow following the Kromme River impoundment in
South Africa (Baird & Heymans 1996).
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Fish production depends on transfer of phytoplankton new production through food webs (Iverson 1990).
Although Apalachicola Bay phytoplankton carbon productivity is lower durlng winter high river flow conditlons compared to summer lob7 river flow conditions,
phytoplankton new production is about 3 times greater
during winter (Fig. 10A) compared to summer
(Fig. 10B). During summer low flow conditions, Apalachicola Bay primary production is nitrogen-limited
(Myers & Iverson 1981). Phytoplankton new productlon is relatively low, with regenerated nitrogen supporting most of phytoplankton carbon productivity
during summer (Fig. 10B). Therefore, a reduction in
Apalachicola River flow into the bay during the summer low flow period, resulting in a reduction in nutrient input to the bay, would negatively affect phytoplankton productivity during that period.
Drought conditions over the watershed supplying
the Apalachicola R~verresulted in reduced freshwater
input to Apalachicola Bay, which was reflected by significant declines in higher trophic level organism biomass (Livingston et al. 1997). Combining the results of
Iverson (1990), Livingston et al. (1997), and the seasonal nitrogen budget resu1.t~(Fig. 10), a reduction in
Apalachicola River flow into the estuary during the
summer low flow period would be expected to result in
modified food web dynamics and decreased higher
trophic level production in Apalachicola Bay.
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