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Nitrogen recycling in coastal waters of southeastern U.S.
during summer 1986

by R. B. Hansont, C. Y. Robertson!, J. A. Yoderl•2, P. G. Verity! and S. S. Bishop!

ABSTRACT
Summer-time pelagic nitrogen recycling using an ISNH4+ tracer technique was studied for

important biological pathways, sinks, and residence times in the microbial food web of coastal
Georgia, U.S.A. Results showed that estimated rates of NH4 + regeneration by a variety of
microheterotrophs and microzooplankton balanced rates of NH4+ assimilation by the microbial
community, i.e., phytoplankton, bacteria and other microheterotrophs, in surface waters. In
bottom water below the 1% light level, NH4+ regeneration exceeded community NH4+ assimila-
tion by 3.5 times. However, over a period of 2 weeks, high NH4+ concentrations rarely occurred
in bottom waters, and this was attributed to rapid mixing of the water column by winds and tides.
Estimated mixing times from time-dependent numerical models were on the order of NH4+

turnover times of 5 to 10 hours. Overall, rates of community NH4 + assimilation exceeded rate
estimates of phytoplankton N demand by 1.8 to 2.7 fold, which were made from rates of 14C02
incorporation into proteins. In bottom samples where phytoplankton were light limited, rates of
NH4+ assimilation exceeded the phytoplankton N demand by 3.6 to 11.1 fold. Calculations
concerning the role of dissolved organic nitrogen in N cycling suggest that only 10% is recycled
to NH4+ daily. This N could support 12 to 29% of the estimated phytoplankton N demand.
Residence times of particulate nitrogen pools, based on rates of NH4 + regeneration, were on the
order of 3-10 days. During summer-time hydrographic conditions and despite other losses,
particulate nitrogen could recycle as often as 100 times before autumn removal processes occur
off southeastern U.S.

I. Introduction

Coastal waters off the southeastern U.S. receive inputs of particulate matter and
nutrients from eight major rivers and salt-marshes (Dunstan and Atkinson, 1976;
Haines, 1979; Imberger et al., 1983; Dame et al., 1986; Whiting et al., 1987). Other
studies have shown decreasing gradients of particulate and dissolved organic material,
plankton production and biomass with distance offshore (cf. Remsen et al., 1972;
Gardner and Stephens, 1978; Turner, 1981; Yoder et al.• 1981; Hanson and Robertson,
1988). Estimates of net total nitrogen (NH4 +, NO) -, N02 -, PON, DON) exported
from these estuaries to coastal waters are of the order of 40 g N/m2 of salt
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marsh-estuarine surface area per year (Kjerfve and McKellar, 1989; Whiting et al.,
1987). This rate, when combined with an estimate of total southeastern U.S. salt marsh
area, implies a total N flux representing only 17% of the N required to support the
annual productivity of inner shelf waters (0-20 m isobaths) (Yoder, 1985). More than
90% of this "new" N exported to coastal waters is either DON or PON (Bishop et al..
1984; Dame et al., 1986), which are sources of N generally not readily available to
phytoplankton. Nitrogen sources which are readily available to support phytoplankton
production (e.g., N03-, N02-, NH/, urea and other low molecular weight organic
compounds) account for far less than 10% of the coastal phytoplankton N requirement.
The results of these previous studies lead to the obvious hypothesis that N recycling is a
key process affecting plankton dynamics. These calculations are obviously rough
approximations of potential nitrogen sources for coastal phytoplankton. However, they
demonstrate our lack of general understanding of time-space scales of nitrogen sources
and availability, nitrogen uptake and regeneration, and autotrophic and microhetero-
trophic interactions in the microbial food web off southeastern U.S.

Coastal pelagic ecosystems support high year-round productivity because of their
proximity to anthropogenic inputs of "new" nutrients, to recycled nutrients from shelf
sediments, to upwelling of nutrient-rich oceanic water, and to internal recycling of
nitrogen within pelagic-benthic food webs. It is often accepted that marine food webs
are nitrogen-limited without rigorous proof of nitrogen limitation at all organizational
levels (Hecky and Kilham, 1988). Therefore, a better understanding of phytoplankton
production in coastal ecosystems requires information on biogeochemical pathways,
sinks and residence times of various nitrogen species. Our objective in this study was to
examine phytoplankton and microheterotrophic assimilation of regenerated NH4 +

during a period when growth rates and biomass of both functional groups are at
seasonally high levels. The relationships among measured biological pathways, pools of
organic and inorganic nitrogen, and biomasses of functional groups provided some
information on important rate processes within each functional group, phytoplankton
nitrogen limitation, organic nitrogen availability, and the residence times of various
nitrogen species off southeastern U.S.

2. Methods
a. Study sites. Over a two week period in July 1986, the magnitude of nitrogen
(NH4 +) assimilation and regeneration in phytoplankton and microbial communities
was examined in estuarine and coastal waters of Georgia, U.S.A. (Fig. I). An estuarine
station (#3) was chosen at the mouth of Wassaw Sound and a coastal station (If?) at the
10 meter isobath off Wassaw Island, 5-10 km inshore of the coastal frontal zone
(Blanton et al.. 1984). Water samples from I meter below the surface and I meter
above the bottom were collected with 5-liter Niskin Bottles from the R/V Blue Fin.
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Figure 1. Location of study area on the southeastern U.S. coastline and sample sites in the
waters of Wassaw Sound and coastal waters of Wassaw Island.

b. Nutrient and biomass measurements. Dissolved inorganic and organic nitrogen
were analyzed after water samples were filtered through combusted (450°C for 2
hours), glass-fiber filters (Whatman GF IF). The filters were retained for particulate
analyses (below). Filtered water was dispensed in acid-cleaned polypropylene bottles.
Samples for dissolved NH4 + were fixed with a phenol-ethanol solution on ship and
refrigerated until analyzed the next day (Solorzano, 1969). Ammonia samples were
taken immediately before and after tracers were added to each experimental bottle and
again at the termination of the experiment. Samples for total dissolved nitrogen were
stored frozen until analyzed by the persulfate oxidation method (Solorzano and Sharp,
1980). Nitrate was undetectable in nearly every sample analyzed. NH4 + and nitrate
were analyzed using a Technicon Auto Analyzer II, with precision of 0.03 and 0.1
~moles/l, respectively.

Particulate matter on glass-fiber filters was analyzed for C and N, chlorophyll a and
ATP. Particulate C and N on oven-dried (60°C) filters were determined with a
Perkin-Elmer 240 C elemental analyzer. The coefficient of variation (C. V.) averaged
4% for a known carbon and nitrogen standard. Filters for chlorophyll a analysis were
prepared as described by Strickland and Parsons (1972), wrapped in aluminum foil,
and stored frozen at -20°C until analyzed. Chlorophyll a (ChI a) and chlorophyll a +
phaeopigments (ChI a + pheo) were determined (c. V. = 10-15%) with a Turner
Designs fluorometer using the fluorometric method of Yentsch and Menzel, (1963).
Chlorophyll a fluorescence, near-surface temperature and salinity were continuously
measured from water pumped from a depth of about 1 meter along the transect.
Fluorescence measurements were converted to estimates of ChI a + pheo concentra-
tions by comparing fluorescence with ChI a + pheo extracted (see above) from water
samples collected every 30 minutes along the transect. Samples for ATP analysis were
immediately extracted in boiling Tris buffer at pH 7.8 (Sutcliffe et al.• 1976). Extracts
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were stored frozen at -20°C, and ATP concentrations were determined (C.Y. = 5-
10%) with a Chern Glow Photometer. Water samples were also preserved with 0.2
micron filtered, 10% formaldehyde (saturated with carbonate chips), and bacteria
were counted (C.Y. = 4-7%) according to Hobbie et al. (1977).

C. Rate measurements for primary production. For measurements of phytoplankton
primary production and rate of protein synthesis, water samples were dispensed into
250-ml polycarbonate bottles that were previously acid-cleaned. Duplicate bottles were
spiked with 5 #LCiof 14C-bicarbonate (Amersham) and incubated in deck incubators.
Neutral density screens were used to simulate irradiance levels at the 50% isolume for
incubation of near-surface samples or the 1% isolume for incubations of near-bottom
samples.

Following incubation periods of 4 hours, the acid bubbling method was used to
prepare production samples for liquid scintillation counting (Wessels and Birnbaum,
1979). The method of DiTullio and Laws (1983) was used to measure 14Cincorpora-
tion into proteins. From the same incubation bottles used for primary production
measurements, 25-ml subsamples were filtered onto 25 mm Whatman GFjF glass-
fiber filters and processed according to the TCA extraction procedure (DiTullio and
Laws, 1983).

d. Rate measurements for NH4 + recycling. Estimates of NH4 + assimilation and
regeneration were made following 15NH4+ tracer procedures described earlier (Han-
son and Robertson, 1988). Briefly, water samples were spiked with 0.05 /-Lmoles/L
15NH4+ (99% atom enrichment) in 21 acid-cleaned polycarbonate bottles. Incubation
conditions were the same as described above for the measurement of primary produc-
tion. Water samples (500 ml) for 15N/4N analysis and concentration determination of
dissolved NH4 + and particulate N were collected at time 0 and 2 hours. Particulate
nitrogen samples were filtered onto Whatman GF jF glass-fiber filters, rinsed with
filtered seawater using a separate filtration manifold, dried at 90°C, and stOl'edunder
vacuum. To facilitate 15NH/ distillation, filtrates were spiked with NH4C1 (10
#Lmoles)and 5 ml NaOH-borate solution, and 100 ml of distillate was collected in acid.
Distillates were evaporated on Whatman 934 AH filters and stored under vacuum. All
15Nfilters were ground with Cuprox plus platinum catalyst, placed in discharge tubes
with CaD, evacuated to <4 microns of Hg, and sealed with a torch. Tubes were
combusted at 500°C and later analyzed for 15Nj14N on a lasco NIA-I emission
spectrometer (Fiedler and Proksch, 1975). The analytical model of Laws (1985) was
used to estimate NH/ recycling rates. Laws' (1985) model provides an estimate of
NH4 + regeneration (R) and distinguishes actual NH4+ assimilation (A) into PN from
NH4 + uptake (U), which simply reflects the loss of NH4+ from the dissolved pool and
ignores alternate pathways. R:A ratios were calculated for each sample and provide an
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Figure 2. Near-surface distributions of salinity (S), temperature (T) and chlorophyll a (C) from
stations 2-7 (see Fig. I) on 4 different dates and tides (high, H; low, L) during the study period
of July 1986.

estimate of the NH4 + balance. In addition, Laws' (1985) model provides an estimate of
the net assimilation rate of N species other than NH4 + (a). We felt this model would
yield realistic estimates of nitrogen transformation rates.

3. Results
a. Physical setting. Figure 2 shows the distribution of surface temperature, salinity
and Chi a + pheo along 4 transects (3 at high tide and 1 at low tide) extending through
Wassaw Sound and out to the 10 meter isobath (see Fig. 1). Rates of plankton
processes were measured at station 3, located within the estuary containing high
phytoplankton biomass and particulate matter, and station 7, located in coastal waters
characterized by lower phytoplankton and particulate matter concentrations. A salin-
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Figure 3. Particulate nitrogen (A and B), dissolved organic nitrogen (C and D), and ammonia
(E and F) concentrations in waters of Wassaw Sound and coastal waters off Wassaw Island,
Georgia, July 1986.

ity front which defined the boundary between estuarine and coastal waters, fluctuated
around station 5 (Fig. 2) (Bishop et al., 1980; Yoder, 1985).

Subsurface irradiance was measured on days when rates of plankton processes were
determined. At station 3, the 1% irradiance level ranged between 2.5-6.0 meters and
averaged 4.1 meters (n = 7). At station 7, the 1% irradiance level ranged between
7-10 meters and averaged 8.3 meters (n = 6).

b. Nitrogen and carbon distribution. Particulate nitrogen (PN) concentrations in the
estuary were slightly, but not significantly, higher in bottom waters than ill surface
waters (Fig. 3, Table 1). In coastal waters, PN was higher in near-bottom waters;
however, concentrations were only 40% of those measured in the estuary. Likewise,
coastal dissolved organic nitrogen and ammonia were 73 and 75%, respectively, of that
measured in the estuary (Table 1).

Particulate carbon (PC) concentrations showed site distribution patterns similar to
those of PN (Fig. 4; Table 2). The C:N ratio of 8-9:1 for particulate matter suggests a
mixture of nonliving and living carbon (assuming biological carbon has C:N close to
the Redfield ratio of 6.6:1). All estimates of biomass were highest in the estuary;
however, only PC and ChI a concentrations were significantly different between sites
(P < 0.001; Table 2). Correlation analysis showed that estimates of biomass correlated
significantly (P < 0.01) with PN and PC in surface and bottom waters (ChI a, r=O.72
and 0.72; ATP, r = 0.61 and 0.81). Bacteria were not correlated with estimates of
biomass, particulate nitrogen or particulate carbon.

c. Ammonia assimilation and regeneration. Rates of ISNH4+ assimilation by surface
and bottom plankton showed significant differences between sites (Fig. 5). Excluding a
bottom sample collected on 11 July with a PN concentration of 38 J.lmolesN 1-1 and a
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Table 1. Concentrations of particulate nitrogen, dissolved organic nitrogen, NH4 +, and
particulate molar C:N ratios in southeastern U.S. coastal surface and bottom waters during
July 1986. AlI values are expressed as means ± standard error (S.E.), and overalI averages are
given for each site. Letter pairs indicate mean values that are significantly different: A,
P < 0.10; B, P < 0.05;·C, P < 0.01; D, P < 0.001.

A. Estuarine Water
Dissolved Particulate

Particulate Organic Carbon:Nitrogen
Nitrogen Nitrogen Ammonia Ratio

(ILmoles/l) (ILmoles/l) (ILmoles/l) (molar)

Surface 14.65 ± 2.56 B 18.77 ± 0.59 0.93 ± 0.17 8.03 ± 0.37
Bottom 18.33 ± 3.50 B 17.44 ± 0.60 0.88 ± 0.14 9.19 ± 0.71
Average 16.49 ± 2.14D 18.11 ± 0.44 D 0.91 ± 0.11 8.61 ± 0.42

B. Coastal Water
Surface 5.87 ± 0.40 B 13.04 ± 0.42 0.62 ± 0.15 9.46 ± 0.73
Bottom 7.50 ± 0.64 B 13.56 ± 0.66 0.77 ± 0.11 8.10 ± 0.63
Average 6.63 ± 0.41 D 13.28 ± 0.37 D 0.69 ± 0.09 8.83 ± 0.50

calculated rate of 2.01 ~moles N 1-1h-1 (not plotted), NH4 + assimilation ranged
between 0.01l and 0.169 ~moles N 1-lh-1 (Fig. 5). The median rate was 0.0985
~moles N I -Ih-I. Significant differences between surface and bottom rates were only
found in coastal waters (Table 3, t-Test, P < 0.05). Overall, NH4 + assimilation was
not correlated (r = 0.19, P> 0.1) with photosynthesis in surface waters. In bottom
waters, NH4 + assimilation correlated with ATP (r = 0.84, P < 0.002), PC (r = 0.85,
P < 0.001), and ChI a (r = 0.68, P < 0.02) concentrations.
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Figure 4. Particulate carbon (A and B), chlorophylI a (C and D) and ATP (E and F)
concentrations in waters of Wassaw Sound and coastal waters off Wassaw Island, Georgia,
July 1986.
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Table 2. Mean and standard error (S.E.) of particulate carbon, chlorophyll a, adenosine
triphosphate, and bacteria for surface and bottom waters, and overall average (mean ± S.E.)
at each site, July 1986. Letter pairs indicate mean values that are significantly different as in
Table I.

A. Estuarine Water
Particulate Adenosine

Carbon Chlorophyll a Triphosphate Bacteria
(mg/I) (~g/I) (~g/I) (109/1)

Surface 1.34 ± 0.139 A 8.13 ± 0.94 0.85 ± 0.21 3.25 ± 0.85
Bottom 1.93 ± 0.264 8.30 ± 1.02 1.01 ± 0.34 3.15 ± 0.36
Average 1.63 ± 0.164 D 8.21 ± 0.67 D 0.93 ± 0.19 3.20 ± 0.41

B. Coastal Water
Surface 0.65 ± 0.049 A 3.01 ± 0.42 0.64 ± 0.12 2.52 ± 0.32
Bottom 0.71 ± 0.060 3.98 ± 0.62 0.68 ± 0.11 2.39 ± 0.86
Average 0.68 ± 0.038 D 3.46 ± 0.37 D 0.66 ± 0.08 2.45 ± 0.41

Regeneration rates of NH4 + in the estuary were significantly (P < 0.01) faster by 2
fold than rates measured in coastal waters (Fig. 5). Rates measured near the surface
waters were similar to rates measured near the bottom at either site (Fig. 5, Table 3).
Overall, rates of NH4 + regeneration correlated with dissolved organic nitrogen
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Figure 5. Assimilation (A and B) and regeneration (C and D) of NH/ (N-15) in waters of
Wassaw Sound and coastal waters off Wassaw Island, Georgia, July 1986.
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Figure 6. Autotrophic uptake of 14C02 (A and B) and incorporation into proteins (C and D) in
waters of Wassaw Sound and coastal waters off Wassaw Island, Georgia, July 1986.

(r = 0.51, P < 0.005), particulate carbon (r = 0.38, P < 0.04) and particulate nitro-
gen (r = 0.32, P < 0.1) concentrations. Estuarine estimates of NH4 + regeneration did
not correlate with DON concentrations (r = 0.16, P> 0.5), whereas coastal rates of
regeneration did correlate with DON (r = 0.73, P < 0.001). The model parameter for
the assimilation or excretion of alternative nitrogen species (a) showed that there was
no major alternative source or loss of nitrogen in the estuarine. Rates of NH4 +

regeneration balanced NH4 + assimilation by surface plankton in both estuary and
coastal waters. Calculated NH4 + regeneration to assimilation (R:A) ratios suggest
that rates were nearly balanced (1.06:1) for surface waters, but uncoupled (3.5 ± 1.9:
I) in bottom waters (Table 3).

d. Carbon dioxide assimilation and incorporation into proteins. Rates of surface
14C02 uptake and incorporation into proteins showed significant site differences
(Fig. 6; Table 4). Highest rates occurred in the estuary, but varied by a factor of 7 over
the study period. In bottom waters, rates were significantly (P < 0.05) reduced at the
1% light level (Table 4). Although the mean rates in bottom waters at both sites were
low (Table 4), rates were significantly greater than zero (univariate analysis, P < 0.01).
Surface rates of CO2 uptake were significantly (P < 0.05) correlated with particulate
carbon (r = 0.81 and 0.95) and nitrogen (r = 0.0.83 and 0.94), Chi a (r = 0.0.79 and
0.77), and ATP (r = 0.69 and 0.78) concentrations.

Highest rates of 14C02 incorporation into proteins also occurred in estuarine waters
(Fig. 6). Incorporation rates into proteins by surface and bottom plankton were highly
correlated with 14C02 uptake (r = 0.82 and 0.95, P <0.001), even though rates were
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Table 4. Mean and standard error (S.E.) of CO2 assimilation and incorporation into proteins,
percent incorporation in proteins, and estimated C:N assimilation ratio for surface and bottom
waters, and overall average value (mean ± S.E.) at each site, July 1986. Letter pairs indicate
mean values that are significantly different as in Table 1.

A. Estuarine Water
14C02 C:N

14C02 Incorpora tion Incorporation Assimilation
Assimilation In Proteins In Proteins Ratio
(ILgC/I/h) (ILgC/I/h) (%) (Molar)

Surface 57.18 ± 20.52 C 10.43 ± 4.83 19.94 ± 3.69 D 31.40 ± 11.95 A
Bottom 4.96 ± 1.31 C 1.98 ± 0.42 41.94 ± 2.95 D 8.04 ± 0.55 A
Average 33.45 ± 13.52 A 6.59 ± 2.86 29.94 ± 4.16 20.79 ± 7.25

B. Coastal Water
Surface 17.23 ± 3.04 D 4.27 ± 1.23 B 24.09 ± 4.49 B 19.17 ± 5.74
Bottom 1.83 ± 0.38 D 0.80 ± 0.23 B 42.22 ± 7.40 B 9.23 ± 1.75
Average 10.12 ± 2.72 A 2.67 ± 0.82 32.46 ± 4.77 14.58 ± 3.39

significantly suppressed due to little or no photosynthesis in bottom waters. The percent
of 14C02 incorporated into proteins to total14C02 uptake by surface plankton was 19.9
to 24.1 %, while the range for bottom plankton (dark) was 41.9 to 42.2% (Table 4). The
percent incorporation was not significantly different (P > 0.1) between sites (Table 1).

Nitrogen balance between phytoplankton and other community microheterotrophs
can be evaluated by comparing phytoplankton N demand as described above and
community N demand as estimated from 15NH4+ assimilation. Table 5 shows that the
rates of community NH4 + assimilation (A) exceeded estimates of phytoplankton N
demand by 1.8 to 2.7 times in surface waters, while in bottom samples rates of
community NH4 + assimilation exceeded estimates of phytoplankton N demand at low
light by 3.6 to 11.1 times. Similar calculations were also made for regeneration, and the

Table 5. Comparison of phytoplankton nitrogen demand (Pt, estimated from 14C02incorpora-
tion into proteins), community NH4+ assimilation (A), and NH4+ regeneration (R) for
surface and bottom waters, and overall average value (mean ± S.E.) at each site during July
1986.

A. Estuarine Water
A/Pt R/Pt

Surface 1.81 ± 0.92 2.22 ± 1.50
Bottom 11.07 ± 6.20 2.92 ± 0.64
Average 4.89 ± 2.44 2.54 ± 0.84

B. Coastal Water
Surface 2.67 ± 1.20 1.58 ± 0.80
Bottom 3.57 ± 2.05 5.83 ± 2.42
Average 3.17 ± 1.20 3.54 ± 1.29
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results show that NH4 + regeneration exceeded phytoplankton N demand by 1.6 to 2.3
surface waters while in bottom waters regeneration exceeded estimates of phytoplank-
ton N demand by 2.5 to 3.5.

4. Discussion

a. Mass balance of the J5NH4 + tracer technique. Dugdale and Wilkerson (1986)
identified several analytical and experimental problems associated with 15N-tracer
techniques which limit the interpretation of field results. Most often, problems occur
with samples collected from low-nutrient oceanic regions. However, even in nitrate-
rich coastal bays and upwelling systems, several researchers have reported problems in
obtaining 15N mass balance (Gilbert et al., 1982; Laws, 1984; Kokkinakis and
Wheeler, 1987). Likewise, Hanson and Robertson (1988) found 1.5 times more
15NH4+ left the dissolved phase [uptake (U)l than was recovered in particulate
components [assimilated (A)l in organic-rich waters off southeastern U.S. In this
study 15N balanced well within the estuary (1.06:1), but in coastal waters a large
imbalance occurred (4.05:1). This imbalance was well within the range of 105 to 20:1
reported by others (Glibert et al., 1982; Laws, 1984; Kokkinakis and WheeRer, 1987,
Hanson and Robertson, 1988).

Many environmental and biological conditions have been identified for the 15N mass
imbalance (cf. Dugdale and Wilkerson, 1986). The results noted here and elsewhere
suggest that nitrification and/or excretion of labeled dissolved organic nitrogen by
phytoplankton or "sloppy grazing" by zooplankton influence mass balance. These
possibilities, including small particles or organisms passing through filters, may have a
significant effect on the loss of 15N mass from the particulate nitrogen and dissolved
nitrogen pools. If so, the 15N-tracer technique may underestimate NH4 + assimilation
and/or overestimate NH/ regeneration. Laws' (1985) analytical nitrogen model
includes a parameter for excretion or assimilation of other alternative nitrogen species
(a) in the particulate nitrogen pool. Our results show that within analytical error ofthe
technique, there was little or no release of labeled dissolved organic nitrogen d.uring the
assay. Anticipating the possibility of bioiogical15N recycling, we kept the incubation
periods as short as possible (2 h). Nevertheless, nitrification on hourly time scales may
be important in the nitrogen metabolism of southeastern coastal waters (Whiting et al.,
1987). In Delaware Bay, nitrification has been identified as a major mechanism of
NH4 + removal from the NH4 +pool (Lipschultz et al., 1986).

b. Assimilation and regeneration of NH4 +. Many studies on regeneration and assimi-
lation of NH4 + have shown that these processes are well balanced in most marine
systems (Harrison, 1978; Caperon et al., 1979; Glibert et al., 1982; Harrison et al.,
1983). During this summer-time study, rates of regeneration also balanced the rates of
assimilation in near-surface waters, and rates of regeneration in bottom water equaled
regeneration rates measured in near-surface waters. However, when bottom samples
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were collected below the 1% light level, regeneration exceeded assimilation by a factor
of 3.5: 1. These results suggest that ammonium assimilation by photoautotrophs can be
uncoupled from heterotrophic regeneration in near-bottom waters. Such conditions
probably occur whenever surface waters mix below the 1% light as well as after sunset
(i.e., diel periodicity, Caperon et al., 1979). Unfortunately, bottom samples were
neither incubated in full sunlight (or surface samples incubated in the dark) nor taken
after sunset. Although not at all examined here, it appears that the ratio between
NH4 + regeneration and assimilation can potentially vary over a wide continuum of
spatial-temporal scales in turbid southeastern coastal waters. As an example, in
s.tratified waters of Chesapeake Bay, summer phytoplankton production was a conse-
quence of nitrogen recycling during the previous spring (Malone et al., 1988).

Although rates of NH4 + regeneration exceeded assimilation in bottom samples with
an increase in NH4 + concentrations during the incubation, natural ammonium concen-
trations in bottom waters were not significantly different from those measured in
surface waters. A simple explanation is that the water column was unstratified and
presumably well-mixed during July, a theory also supported by similar concentrations
of materials in surface and bottom waters and a time-dependent, mixing model for
coastal Georgia (Blanton et al., 1989). The turnover times for ammonium, derived
from NH4 + concentrations and rates ofNH4 + regeneration (Table 3), ranged from 5 to
10 hours and were on the time scale of tides. The response time of coastal waters to
mixing, which is under control by local wind stress/direction, water depth and
currents, also varies on the scale of 6 to 24 hours. Therefore, with summer plankton and
nutrients continually mixing throughout the water column, a relatively constant NH4 +

concentration can be maintained near bottom waters.

c. Assimilation balance of phytoplankton carbon and nitrogen synthesis. Laboratory
cultures of phytoplankton growing under optimal conditions usually assimilate carbon
and nitrogen close to the Redfield ratio of 6.63: 1 by atom for marine organic matter.
When rate processes of natural phytoplankton vary greatly from the Redfield ratio,
nutrient limitation and unbalanced growth are usually discussed as possible causes
(Goldman et al., 1979). To assess summer-time C:N assimilation ratios and nitrogen
demand of southeastern phytoplankton, the DiTullio and Laws (1983) procedure was
used. The estimates of phytoplankton N demand are considered rough because it is
assumed that the C:N ratio of phytoplankton protein is close to 3.33:1 by weight and
85% of phytoplankton N is protein N under nitrogen limitation (DiTullio and Laws,
1983, 1986). For example, previous C:N measurements of phytoplankton protein have
shown that the ratio varies from about 3.1 to more than 30.1 with incubation time,
nitrogen sources, shading, and light intensity (Fisher et al., 1982; Laws et al., 1985;
Carpenter and Dunham, 1985; Paasche, 1988). However, the method works best when
ambient inorganic N concentrations are low, which is characteristic of Georgia coastal
waters.



654 Journal of Marine Research [48,3

Based on our experiments, summer-time phytoplankton assimilated carbon and
nitrogen at a relative rate of 19 to 31:1 while in near-bottom samples relative rates
ranged from 5 to 11:1. Large C:N assimilation ratios such as these are expected when
phytoplankton cycle continually between high and low light conditions by synthesizing
carbon and assimilating nitrogen when conditions permit (Eppley, 1981; Wheeler et
al .. 1983; Cuhel et al.. 1984; DiTullio and Laws, 1986). Ratios greater than 10:1 may
indicate nitrogen limitation during the incubation period. Therefore, if the DiTullio
and Laws (1983) procedure accurately measures C and N assimilation by phytoplank-
ton, then our results suggest that southeastern phytoplankton experience uncoupled
rate processes and are possibly nitrogen limited in surface waters.

d. Nitrogen demand of phytoplankton and other microbes. Community NH4 + assim-
ilation (A) is a conservative estimate of the community N demand as not only is NH4 +

a major nitrogen source for both phytoplankton, bacteria, and other microheterotrophs
(Wheeler and Kirchman, 1986; Goldman et al., 1987), but bacteria and other
microheterotrophs can use other combined nitrogen sources with dissolved-free amino
acids being preferred over combined amino acids (Hollibaugh and Azam, 1983;
Kirchman and Hodson, 1984). We suggest that a strong heterotrophic N demand
exists in southeastern waters. Other estimates of the southeastern U.S. coastal ecosys-
tem have also shown that pelagic community metabolism favors net heterotrophic
respiration of organic matter over autotrophic production of organic matter (Hopkin-
son, 1985; Hopkinson et al., 1989; Pomeroy and Wiebe, 1988; Griffith et al.. 1990).

e. Residence times of particulate and dissolved organic matter. In coastal southeast-
ern U.S. waters, particulate material includes utilizable and refractory organic matter
and living plankton. Based on estimates of phytoplankton and community biomass,
nonliving organic matter accounts for most (70 to 85%) of the particulate matter in
Georgia waters, calculated assuming 50,."g C/,."g Chi a (Malone et al., 1983) and 250
,."gC/,."g ATP (Sutcliffe et al.. 1976). The residence times of particulate matter can be
calculated in terms of particulate mass divided by the sum of the production rate minus
removal rate (Eppley et al.. 1983), although the source term is dominated by both
phytoplankton and microheterotrophic production.

We calculated residence times of POC from rates of phytoplankton and community
C production. Estimates of community C production were based on the mean rate of
NH/ assimilation (Table 3) and a Redfield C:N ratio of 6.6:1. Rates of carbon
removal were estimated from NH4 + regeneration. Our estimates of community C
production most likely error conservatively because other sources of particulate and
dissolved organic nitrogen are known to contribute to heterotrophic growth. Thus, we
caution strict interpretation of these estimates of residence time. The results are given
in Table 6 with residence times of particulate carbon ranging from 1 to 31 days and
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Table 6. Mean, minimum and maximum residence times (days) of particulate carbon and
nitrogen in southeastern U.S. waters during July 1986. Estimates based on rates of carbon and
nitrogen production (Pd) calculated from phytoplankton CO2 uptake and community NH4 +
assimilation, and rates of removal (Rv) calculated from NH4 + regeneration. Phytoplankton
carbon estimated using 50 Ilg Cj Ilg Chi a (Malone et al., 1983) and microbial carbon
estimated using 250 Ilg C/Ilg ATP (Sutcliffe et al., 1976). Biomass and rates expressed in
terms of carbon (C) and nitrogen (N) assuming a Redfield C:N ratio of 6.63: 1.

MEAN
MIN
MAX

Phytoplankton
Carbon Nitrogen
(Pd-Rv)c (Pd-Rv)n

3.8 67.7
1.2 3.7

26.2 90.8

Carbon
(Pd-Rv)c

10.0
1.0

31.0

Microbes
Nitrogen
(Pd-Rv)n

7.9
1.0

22.7

with mean residence times of 3.8 days and 10 days for phytoplankton and microbial
biomass, respectively.

Residence times of particulate nitrogen can also be calculated based on community
NH4 + assimilation. Calculated residence time for particulate nitrogen was 7.9 days,
similar to residence time of particulate carbon. Again, this is probably a conservative
estimate of residence time in southeastern waters. However, if nitrogen production is
based on phytoplankton N demand, the mean residence time for particulate nitrogen
was 67.7 days (Table 6). Thus, heterotrophic processes may account for a large
fraction of community N production and recycling rates.

It has been shown previously that biogenic matter, e.g., fecal pellets from small salps
and doliolids, disintegrate in 2 to 4 days, leaving behind the more recalcitrant matter
(Pomeroy and Deibel, 1980; Pomeroy et 01., 1984). Residence time of this matter,
possibly a lignocellulose component in fecal pellets, is probably much more than 2-4
days. Furthermore. respiratory rates of southeastern microheterotrophs confirm the
short residence times (days) of the organic matter produced along this coast (Hopkin-
son et al., 1989; Griffith et al., 1990).

Most dissolved organic nitrogen (DON) in marine systems appears to be resistant to
mineralization and unavailable to phytoplankton (Thomas et al., 1971; Gardner and
Stephens, 1978; Bishop et 01., 1984), although this may not be true for oceanic
systems (Jackson and Williams, 1985). Usually, labile components of the dissolved
nitrogen pool represent only 5-20% of DON, and the turnover times of these compo-
nents are often as short as a few hours (Keller et al., 1982; Wright, 19'84; Wheeler and
Kirchman, 1986). Isotope tracer models for 15N recycling in microplankton communi-
ties also suggest some involvement of the DON pool in nitrogen cycling (Laws, 1984).
Our results were inconclusive. Recently, LaRoche and Harrison (1987) developed
several models using empirical data to support the possible involvement of the DON
pool in which particulate nitrogen and DON pools can exchange nitrogen through the
intermediate NH4 + pool. We can evaluate the significance of the DON pool in
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southeastern waters if we assume that DON is the sole source of NH4 +, and the labile
components of the DON pool are recycled as rapidly as NH4 +. We can also estimate
the labile DON fraction and determine whether this fraction meets the nitrogen
demand for the phytoplankton and the microheterotrophic community.

From our calculations, only 5.5% ± 0.5% of the DON pool could be recycled on the
same time scale of NH4 +, or about 10% of the DON is recycled daily to meet the daily
nitrogen demand of coastal phytoplankton and microheterotrophs. If we assume a
balanced daily C:N assimilation ratio of 6.6:1 for phytoplankton, 12 to 29% of the
phytoplankton N demand can be met by labile DON. However, if AIPt >2, which
indicates a net heterotrophic N demand, then this agrees with empirical data that show
an insignificant fraction of the DON is transferred to southeastern coastal phytoplank-
ton (Bishop et al., 1984). Although Jackson and Williams (1985) suggest that labile
DON is an important source of nitrogen for oceanic phytoplankton, this does not seem
to be the case in southeastern coastal waters. Thus, microheterotrophs in coastal
Georgia waters not only dominate metabolic processes but apparently act as a nutrient
sink (Pomeroy and Wiebe, 1988; Griffith et al., 1990) until materials are recycled by
bacteria and grazing protozoans (Sherr and Sherr, 1987; Sherr et al., 1988; Verity et
al., 1988).

f Ecological significance. The results presented here add to our understanding of
nitrogen flux and recycling in southeastern U.S. coastal waters. Summer-time nitrogen
recycling was controlled by microheterotrophs, which effectively competed with phyto-
plankton for low concentrations of inorganic nitrogen. We believe that bacteria are
likely to be important and that they may account for 50% (surface waters) to 90%
(bottom waters) of the ammonia uptake in our study (see Harrison et al., 1983). Some
results have shown that bacteria prefer to assimilate ammonia even when concentra-
tions of dissolved organic nitrogen are sufficient to meet the nitrogen demand of
bacteria in the southeastern estuarine waters (Wheeler and Kirchman, 1986). Thus,
bacteria are usually strong competitors of phytoplankton for available ammonia
nitrogen under most nutrient conditions. However, depending on the nitrogen content
of dissolved organic matter, which is often nitrogen deficient and refractory (see
below), bacteria may either retain the essential nitrogen from labile organic com-
pounds when C:N ratios of organic compounds are high or regenerate nitrogen as
possibly ammonia when C:N ratios are low (Goldman et af., 1987). In terms of carbon,
however, the conversion of detrital carbon to biomass is usually low (see Pomeroy et af.,
1984; Ducklow et af., 1986; Pomeroy and Wiebe, 1988). These latter conclusions agree
with the high rates of oxygen consumption by microbes in these waters (Hopkinson et
af., 1989; Griffith et af., 1990).

The circulation of shelf waters near the southeastern U.S. coastline is generally
alongshore toward Cape Hatteras in the spring or Cape Canaveral in the summer-
autumn (Blanton et af., 1984). Due to highly seasonal wind regimes (Atkinson et af.,
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1983; Blanton et af .. 1984; Blanton et af .. 1989), the rate of alongshore advection of
coastal waters is variable, averaging <I km/day in the summer to 5 km/day in the
spring and autumn (Blanton, pers. comm.). It is suspected that southeastern spring
blooms are transported off the North Carolina shelf. However, during this summer
study, coastal microbial communities had the potential to consume and recycle organic
matter and detritus up to 100 times during its southerly transit to the Florida shelf.
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