
Vol. 72: 153-166, 1991 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

Published May 23 

Annual material processing by a salt marsh- 
estuarine basin in South Carolina, USA 

' Department of Marine Science. Coastal Carolina College, Conway, South Carolina 29526. USA 
Department of Statistics. University of South Carolina, Columbia, South Carolina 29298. USA 

Belle W. Baruch Forest Science Institute. Clemson University, Georgetown, South Carolina 29442. USA 
" Belle W. Baruch Institute fo r  Marine Biology and Coastal Research, University of South Carolina, Columbia, 

South Carolina 29208, USA 
Department of Biology, University of Texas at Arlington, Arlington, Texas 76019, USA 

ABSTRACT: A synthesis of a comprehensive annual study of material processing in the Bly Creek 
marsh-estuarine basln is described. The project design provides statistical estimates of material fluxes 
for the water column, salt marsh, and oyster reef subsystems. Fluxes from a freshwater stream, 
groundwater, and rain are also presented Material processing by the Bly Creek marsh-estuarine basin 
is constituent- and subsystem-specific Inflows of material via rain, streamwater. and groundwater are 
small and relatively unin~portant compared to tidal fluxes. The salt marsh dominates the basin in aerial 
extent and in terms of net material fluxes. Most constituents exhibit significant net annual import to the 
salt marsh. Only DON is exported from the marsh and from the basin at  significant levels. The salt marsh 
appears to recycle most of the nitrogen and phosphorus needed for marsh grass primary production. 
Sufficient inorganic particulate material is imported to allow the salt marsh to maintain its elevation with 
respect to ongoing sea-level rise. As a result of metabolic processes, the oyster reef imports particulate 
materials and releases dissolved nutrients. The reef is a significant consumer of chl a and produces 
enough dissolved inorganic nitrogen and phosphorus to support water column primary production The 
N:P ratio of Bly Creek dissolved inorganic nutrients is lower than that of North Inlet or ocean waters and 
implies nitrogen conservation or mobilization of particulate phosphorus into orthophosphate. In contrast 
to human-impacted coastal systems, this prist~ne basin reduces the N : P  rat10 as water passes through it 
Differences in the N:P  ratio are probably the result of DON export, denitnfication, and phosphorus 
import by the basin 

INTRODUCTION 

In the study of any system, the scale of the observa- 
tions is important to understanding the processes pro- 
ducing the observed behavior. Often processes at a 
lower level of organization (i.e. the salt marsh) are used 
to explain system behavior at a higher level (i.e. the 
estuary). In marsh-estuarine systems, 2 approaches 
have been used to determine the functioning of the 
system and its components. The earliest attempts 
involved the indirect determination of production and 
consumption budgets; any imbalances were attributed 
to the export or import of materials (i.e. system 
behavior) (Teal 1962, Day et al. 1973, Pomeroy & 
Wiegert 1981, Hopkinson 1985). Another approach 
involves the measurement of material and water fluxes 
through a corss-section of a creek or inlet with internal 
processes interpreted from total system flux behavior 
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(Woodwell et al. 1977, Valiela & Teal 1979, Dame et al. 
1986). Because both approaches leave doubts concern- 
ing the behavior of the systems and subsystems, we 
used a combined approach with total system and major 
subsystem components being observed simultaneously 
using a statistical design. This approach was applied to 
the Bly Creek salt marsh-estuarine ecosystem in North 
Inlet, South Carolina, USA. In addition, we offer a 
synthesis and explanation of the processing of carbon, 
nitrogen, and phosphorus by this marsh-estuarine 
ecosystem from published substudies and previously 
unpublished data. 

MATERIALS AND METHODS 

Site description. The Bly Creek system (Fig. 1) is a 
well-defined, pristine tidal basin within the North Inlet 
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Fig. 1. (a) Location map for 
North Inlet and Bly Creek. (b)  
Bly Creek at bankful stage with 

sampling sites noted 

(3200 ha), South Carolina, marsh-estuarine system 
(33"20'N, 79" 10'W). The basin is bounded by 2 relic 
beach ridges with narrow stands of pine trees and is a 
geologically young system developing from the up- 
slope migration of sea level (Gardner & Bohn 1980, 
Eiser & Kjerfve 1986). A small blackwater (fresh) 
stream draining about 395 ha of pine-oak forest flows 
into Bly Creek. The Bly Creek study area encompasses 
66 ha, with Spartina alterniflora marsh dominating 53.2 
ha. Tidal creek bottom covers 12.8 ha and dense oyster 
reefs, dominated by Crassostrea virginica, cover 0.1 ha. 
Water temperatures vary seasonally from 8 to 31 'C and 

salinity varies from 15 to 35 ppt, with depressed 
salinities common during the rainy season (i.e. winter). 

Hydrodynamic setting. As with the other water 
bodies in the North Inlet system, Bly Creek is vertically 
well mixed and tides are semidiurnal with a mean 
range of 1.4 m. Maximum water velocities may exceed 
1 m S-'  and are greatest on ebbing tides. In addition to 
tidal flow and freshwater input from the blackwater 
stream, water also enters the system from rainfall and 
groundwater flow. At mean low water, 2500 m3 of 
water remains in the system, which amounts to 0.7 % of 
the volume at basinful stage when the entire marsh is 
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flooded. Sheet flow is a negligible fraction of the total 
water balance for this system for all but the highest 
tides (Eiser & Kjerfve 1986). The flow dynamics of the 
Bly Creek system are completely dominated by tidal 
forcing. 

Sampling design. The Bly Creek system is a large, 
structurally complex system, and interacts with the 
land, atmosphere and adjacent portions of North Inlet 
estuary. A comprehensive determination of material 
fluxes requires a number of different methodologies, 
utilizing different sampling time scales which are inte- 
grated to the same annual scale. Thus, not only were 
water column material fluxes within Bly Creek meas- 
ured, but fluxes to and from the salt marsh and oyster 
reef, and input fluxes from rain, blackwater stream, 
and groundwater were determined. A major theme of 
this study is to attempt to reduce through sampling 
design the large amount of variability associated with 
net flux estimates in previous estuarine studies (Kjerfve 
& Wolaver 1988) and provide reliable standard errors 
and tests of significance. 

Our study was conducted from 20 June 1983 to 19 
June 1984. Net material fluxes between the Bly Creek 
area and the adjacent North Inlet estuary and the 
material exchanges between the creek and the salt 
marsh and oyster beds were determined simultan- 
eously on 34 of the 707 tidal cycles which occurred 
during this period (about every 10.2 d).  Spurrier & 
Kjerfve (1988) demonstrated that this is a sufficiently 
large number of cycles to ensure statistical signifi- 
cance. We anticipated that there would be periodicities 
in the net fluxes corresponding to annual, lunar fort- 
nightly, and solar diurnal and semidiurnal cycles, in 
addition to nonperiodic variations due to storm events, 
wind conditions, and temperature fronts. Weather var- 
iables were recorded for all 707 tidal cycles and used as 
predictor variables in regression estimates of annual 
net fluxes (Spurrier & Kjerfve 1988). 

Creek cross-section. To determine the flux of materi- 
als between the Bly Creek basin and the adjacent 
North Inlet estuary, we established a 53 m wide tran- 
sect across the creek (Fig. 1) from which measurements 
were made. The average water depth at  mean tide 
height is 1.33 m at this portion of Bly Creek. A prelimi- 
nary study (Kjerfve & Wolaver 1988) indicated that 
2 samples (one near the bottom and a second at mid- 
depth) taken from an anchored boat in the middle of 
the transect adequately represented fluxes through the 
transect. We measured water velocities with current 
crosses at depth increments of 0.5 m from the creek 
bottom to the water surface (Kjerfve 1982) and cor- 
rected for flow direction variations with observations of 
surface flow using surface ribbon streamers (see 
Kjerfve & Wolaver 1988 for a detailed description). We 
multiplied the corrected water velocities by transect 

width and time-varying depth and summed the pro- 
ducts over the cross-section to yield instantaneous 
creek discharge. We computed the instantaneous mass 
fluxes (IMF) similarly by multiplying the material con- 
centrations by the corresponding instantaneous dis- 
charge, station wldth and depth values, and summing 
over the cross-section. We then integrated the IMF 
values for a given tidal cycle using a sine-cosine model 
(Wolaver et al. 1985, Kjerfve & Wolaver 1988) to obtain 
net material fluxes per tidal cycle. 

Salt marsh flume. To study material exchange 
between the salt marsh and the adjacent Bly Creek 
during tidal inundation, we built a flume 140 m long 
and 20 m wide (280 m') across a portion of Spartina 
alternjflora marsh near the upper reaches of the Bly 
Creek basin (Fig. 1). The flume consisted of 2 parallel 
walls (removable plastic sheets), which channeled tidal 
water from the edge of the creek across the various 
height forms of Spartina (Wolaver et  al. 1985). At each 
sampling, we took water samples and made tidal 
height measurements near the mouth of the flume 
adjacent to the tidal creek. We combined tidal height 
measurements with a knowledge of marsh topography 
to estimate the instantaneous discharge of water onto 
and off of the marsh (Eiser & Kjerfve 1986). To obtain 
instantaneous mass fluxes (IMF), we multiplied the 
instantaneous discharge estimates by the material con- 
centrations and then integrated these values over a 
complete tidal cycle to obtain the net material transport 
(see Wolaver et  al. 1985, Spurrier & Kjerfve 1988 for 
details). 

Salt marsh weir. To determine the flux of materials 
from the salt marsh during low tide exposure, a small 
creek (2 m wide X 15 cm deep) ,  which drained an area 
of about 9000 m2 adjacent to the salt marsh flume, was 
dammed and a V-notched weir installed. Water flow 
through the weir was measured and water samples 
taken on each of the 34 observed tidal cycles. We 
calculated per cycle material fluxes by multiplying 
concentrations by water discharge and  assumed these 
values represented each tidal cycle for the time 
between observations. 

Oyster reef tunnel. Because of the high density of 
animal biomass on and the large volume of tidal water 
passing over the oyster reefs, we developed a portable 
10 m long Plexiglas tunnel covering 7.9 m2 to deter- 
mine the uptake and release of materials from this 
subsystem. As there was continuity of water flow 
through the tunnel, we estimated water flux from water 
velocity measurements calibrated to the tunnel's cross- 
sectional area. Paired water samples (input end and 
output end) were taken for material concentration 
estimates. By determining the difference between 
input and output concentrations and multiplying the 
difference by water flux, we were able to compute IMF 
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for the oyster reef. Dame et al. (1984) discuss the details 
of tunnel design and flux calculations. 

Blackwater stream. The input of water from the 
blackwater stream to Bly Creek was measured continu- 
ously using a Parshall flume (Fig. 1) (Parshall 1950). 
Because earlier studies (Wolaver & Williams 1986) 
showed that most stream flow occurred during rain- 
storms, we sampled one stormflow event per month 
every 2 h. Because these streams have very little slope 
and have sandy bottoms, this initial study found negli- 
gible amounts of particulate materials and these com- 
ponents were not measured in the annual study. Net 
monthly fluxes were calculated by multiplying the 
monthly discharge by streamwater material concen- 
trations. 

Groundwater. Bly Creek receives groundwater input 
from a shallow aquifer located in the surrounding salt 
marsh and beach ridge sediments. We determined 
groundwater flow gradients with 108 piezometers 
installed a t  varying depths along 3 transects across the 
Bly Creek basin (Fig. 1). The sites were sampled every 
other month for piezometric pressure and material con- 
centrations. Monthly and annual groundwater fluxes 
were calculated by multiplying material concentrations 
by groundwater discharge (as calculated by the Darcy 
equation). 

Rainwater. We estimated rainwater input to the Bly 
Creek basin, i .e .  open water and marsh, from a weigh- 
ing-type rain gauge located 800 m west of the basin. 
After each rainstorm, w e  took water samples from the 
gauge and measured them for dissolved nutrient con- 
centrations. The collected rainwater and material con- 
centrations were used to estimate monthly and annual 
material inputs. 

Analytical methods. Water samples (200 ml) were 
filtered through Whatman GF/C filters. These filters 
were heated until dry in an  oven (60°C) and weighed. 
Inorganic sediment concentrations were determined by 
subtracting the weight of the filter after heating in a 
muffle furnace for 4 to 5 h at  450°C from the previous 
filter weight. 

A water sample (20 ml) was filtered through precom- 
busted Whatman 25 mm GF/C filters which were 
passed over concentrated HC1 fumes for 20 s to remove 
the inorganic carbon fraction, inserted into ampules, 
and frozen for particulate organic carbon (POC) analy- 
sis. The filters were later dry combusted using CuO as 
an oxidant (Oceanographic International, unpubl. tech- 
nique) with the resultant COz measured by infrared 
adsorption using an  Oceanographics International car- 
bon analyzer (Model 524c). An additional 200 m1 sam- 
ple was filtered through a Whatman 47 mm GF/F filter 
with the filtrates refrigerated until dissolved organlc 
carbon (DOC) determination with a Beckman carbon 
analyzer (Model 915A). 

Ammonium concentrations were measured by the 
phenolhypochlorite method (Solorzano 1969) on a 
Technicon AutoAnalyzer (Glibert & Loder 1977). 
Nitrate + nitrite was determined by cadmium reduc- 
tion and autoanalysis of nitrite (Glibert & Loder 1977). 
Total nitrogen and total dissolved nitrogen were deter- 
mined by persulfate oxidation on an unfiltered and 
filtered sample, respectively (D'Elia et al. 1977), fol- 
lowed by nitrate + nitrite analysis. 

Orthophosphate was determined using the single- 
reagent method of Murphy & Riley (1962). Total phos- 
phorus was measured by digesting the appropriate 
filtered and unfiltered samples via the alkaline per- 
sulfate technique of Glibert & Loder (1977). Particulate 
phosphorus was calculated by subtraction. 

Total microbial biomass was estimated from adeno- 
sine triphosphate (ATP) concentrations. A boiling Tris 
buffer was used to extract ATP from material collected 
on Whatman GF/F filters. Extractions were assayed by 
the luciferin-luciferase technique using a n  SAI-3000 
photometer. 

Chlorophyll a (chl a) analyses were done by standard 
fluorometric techniques using the freeze-thaw acetone 
extraction procedure of Glover & Morris (1979). Deter- 
mination~ were made on a Turner-l l l fluorometer. 

Statistical approach. In calculating annual net flux 
estimates for the tidal creek, salt marsh, and oyster 
reef, we utilized the statistical technique of regression 
estimation (Cochran 1977, p. 189-200, Spurrier & 
Kjerfve 1988). This technique considers a year as a 
finite population of tidal cycles. Annual net flux can be 
estimated using a regression estimator. Thus, for the 3 
subsystem f l u e s ,  34 tidal cycles were observed out of a 
total of 707 in the sample period. To estimate net 
material transport on each tidal cycle during the year, a 
set of 24 potential predictor variables were measured 
for each of the 707 tidal cycles (Table 1). Because there 
were 224 subsets of predictor variables to consider, 
stepwise regression was performed first, to reduce the 
number of subsets considered. This smaller set of pre- 
dictor variables was further refined by running all 
possible regressions and selecting the model that pro- 
duced the minimum value of the Mallows (1973) Cp 
statistic. The regression estimate of net annual flux is 
equal to the sum of the predicted flux values for the 707 
tidal cycles. 

The purpose of the regression model is to provide the 
best estimate of the annual net flux of a constituent. 
This method has a smaller standard error than the 
traditional method of averaging individual tidal cycle 
estimates and multiplying by the total number of tidal 
cycles. Thus, variability is explained by regression esti- 
mation and this allows us to establish the direction of 
net flux with tight confidence bounds on annual net 
flux. 



Dame et al.: Material processing by marsh-estuarine basin 157 

RESULTS 
0 

2 
U 

n 

a + 

Tidal water flux 
z 6 6 
v I 1  1s 12 - 
I  I 1  

* 
0 
4 

C9 f 
X I I  Ic.1 I W  
C! I l 

I  

yXZ'?Xzz 
m m - . - m r - Q )  
- 1  l l z m l  
I 

I 

Due to its strong influence on material transport, the 
water budget is the most important component in the 
determination of material flux in tidal waters. The 
regression estimate for water discharge from the Bly 
Creek basin during the study is not statistically differ- 
ent from zero. The estimated annual discharge from 
this model is 1.15 X 107 m3 with a standard error of 8.01 
X 1 0 % ~ .  In an associated but separate study, Eiser & 

Kjerfve (1986) determined that sheetflow in the Bly 
Creek basin is a negligible fraction of the total water 
balance for all but the highest tides. The Eiser & 

Kjerfve (1986) measurements were made during an  
average neap tide. Their estimate of 2500 m3 per tidal 
cycle (1.8 X 106 m3 yr-l) sheetflow is thus hardly 
representative for the entire year. Since the measured 
water imbalance only corresponds to a net basin export 
of 0.36 m3 S-', all of this flow could easily be  explained 
by incoming sheetflow during higher portions of the 
tide, especially during spring tides. Nevertheless, the 
measured annual water imbalance rate of 0.36 m3 S-' is 
at least 30 times smaller than the average Instantan- 
eous discharge during either a flooding or ebbing tlde. 

Streamwater, groundwater and rainwater fluxes 
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Streamwater, groundwater, and rainwater inputs to 
the Bly Creek basin are all much smaller than tidal 
water fluxes (Table 1). During the study, the black- 
water stream flowed from January to May when local 
rainfall was heaviest. 

Although groundwater flow measurements are dif- 
ficult to make, both the piezometric and drilling logs 
data were consistent with a homogeneous sand aquifer 
resting on a continuous aquiclude. The piezometnc 
pressure data show uniform and parallel flow lines 
from the pine forest to the salt marsh, indicating that 
the net flow of groundwater is into the creek. 

Rainwater input to the Bly Creek basin is about the 
same as streamwater flow (Table l )  and occurs mostly 
during late winter and spring. There were no major 
storms (hurricanes) during the sample period. Thus, 
1.7 X 106 m3 yr-l of water entering the basin can be  
accounted for by streamwater, groundwater, and rain- 
water. 
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Inorganic suspended sediments 

Inorganic suspended sediment (ISS) concentrations 
vary seasonally within the Bly Creek basin, with max- 
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imum concentrations (85.1 mg 1-l) occurring in summer 
(Wolaver et al. 1988b). Of the material deposited on the 
marsh during tidal submergence, an amount equiva- 
lent to 38 % is exported by surface flow during low tide 
exposure (Table 1). The submerged salt marsh is a sink 
for ISS, but the estimate for tidal water, although con- 
sistent in direction, is not statistically significant. 

Organic carbon 

Particulate organic carbon (POC) concentrations 
vary seasonally from 0.63 to 5.3 mgC I-' ,  with highest 
values in late summer (Williams et al. 1991). From the 
regression estimate, the net flux of POC via tidal waters 
appears to be into the Bly Creek basin with POC 
removed by the submerged salt marsh and the oyster 
reef. Of the POC taken up by the marsh, an amount 
equivalent to 43 % of this input is returned to the creek 
during low tide exposure (Table 1). The annual POC 
net flux by tidal water is not significantly different from 
zero, but it is of the same magnitude and direction as 
the net annual uptake by the salt marsh. 

Dissolved organic carbon (DOC) varies seasonally in 
concentration from 2.5 to 11.8 mgC 1-' (Williams et al. 
1991), with lowest values in summer and fall and highest 
observations in late winter and spring. DOC leaves the 
basin via tidal flow, with streamwater and groundwater 
accounting for only 11 % of the observed net export 
(Table 1). Although the salt marsh appears to export 
DOC during low tide exposure, the regression estimate 
of DOC flux from the submerged marsh (flume) is not 
significantly different from zero. The Bly Creek basin 
annually exports an order of magnitude more DOC than 
can be explained by the observed sources. 

Nitrogen 

Particulate nitrogen (PN) concentrations vary sea- 
sonally in the tidal waters, reaching a maximum (492 
pgN 1-') in the late spring and summer (Wolaver et al. 
1 9 8 8 ~ ) .  Annually, PN is imported by the Bly Creek 
basin, but most of this import occurs during the late 
summer (Wolaver et al. 1 9 8 8 ~ ) .  The regression 
estimates of PN flux by tides, marsh flume, and oyster 
reef tunnel are not statistically significant, but the 
direction of these fluxes is consistent with the other 
particulate constituents and our understanding of the 
systems involved (Table 1). 

Ammonium (NH4) concentrations in the tidal waters 
vary seasonally, with highest values (145 pgN I-') in 
the late summer and early fall (Wolaver et al. 1 9 8 8 ~ ) .  
Although the regression estimate projects (nonsignifi- 
cant) an annual net export of NH4 via tidal flow (Table 

l), seasonally this constituent is imported during the 
late summer and early fall (Wolaver et al. 1988~) .  Of the 
observed subsystems, the submerged salt marsh is a 
major and significant sink for NH4, importing consider- 
ably more of this constituent than is annually available 
from surface runoff from the marsh, oyster reef, stream- 
water, groundwater, and rain (Table 1). 

Nitrate + nitrite (NO3 + NO2) concentrations were 
highly variable during the study year (Wolaver et al. 
1988~) .  On an annual basis, this constituent is imported 
to the Bly Creek basin in streamwater, groundwater, 
and rainwater, and appears to be imported in tidal 
water (regression estimate not significant). The salt 
marsh, as indicated by the flume, imports NO3 + NO2 
and is more than capable of removing all of this con- 
stituent that is potentially imported (Table 1). 

Dissolved organic nitrogen (DON), a calculated con- 
stituent [total dissolved nitrogen - (NH4 + No3 + NO*)] 
varies seasonally, with maximum concentrations (486 
yN 1-l) occurring in spring and early summer (Wolaver 
et al. 1988~) .  There is a statistically significant net flux 
of DON out of the system in the tidal waters (Table 1) 
with about 16% coming from blackwater stream, 
groundwater, and rain input and 62 % from the salt 
marsh (submerged and exposed). 

Phosphorus 

As with other particulate materials, particulate phos- 
phorus (PP) concentrations are higher in summer (131 
pgP I-') and lower in winter (13 pgP 1-l)  (Dame et al. 
1990). Annually, PP is imported into the system in tidal 
waters (Table l ) ,  but this import is not significantly 
different from zero. The regression estimate of PP 
import to the submerged salt marsh flume is significant 
and, when export during salt marsh exposure is taken 
into account, describes a net import of 851 kgP by the 
total salt marsh. Total phosphorus (TP) behaves simi- 
larly to PP both in seasonality of concentrations and net 
flux, except that small amounts enter the basin in 
streamwater, groundwater, and rain. 

Orthophosphate (PO4) exhibits seasonal variations in 
concentration, from 35 pgP I-' in summer to 3 pgP 1-' in 
fall (Dame et al. 1990). The estimate for the submerged 
salt marsh flume indicates a significant import of PO4 
with an amount equivalent to 18 % of this inflow exported 
during low tide exposure. Streamwater, groundwater, 
and rain can only provide about 11 O/O of this import. 

ATP and chlorophyll a 

The regression estimates (nonsignificant) of ATP and 
chl a suggest these constituents are imported to the Bly 
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Creek basin in the tidal waters. The submerged salt 
marsh flume and oyster reef tunnel took up chl a 
(regression significant); however, when extrapolated to 
the entire basin, the reef and marsh subsystems only 
remove a small portion of the ATP imported by the 
basin (Chrzanowski & Zingmark 1986). 

DISCUSSION 

Water discharge 

Water and material transport measurements in tidal 
creeks are made difficult by the reversing tidal flows 
that are 1 or 2 orders of magnitude greater than the 
concurrent net flows. Gravitational flow driven by 
freshwater inputs, residual tidal flow, wind drift, and 
estuarine storage and emptying due to dynamic coup- 
ling to other water bodies are the major physical 
mechanisms causing net water movements in these 
systems (Kjerfve & Wolaver 1988). Bly Creek is an  ebb- 
dominated system and appears to have a net discharge 
of water (not significantly different from zero) to the 
adjacent estuary. Rainfall, streamwater flow, and 
groundwater inputs also make small contributions to 
the water discharge character of this system. 

Suspended sediments 

Our studies indicate that ISS undergoes the largest 
net flux of material in Bly Creek and that the salt marsh 
is a major sink for this material (Table 1). Most previous 
studies indicate an  export of ISS rather than an  import 
(Axelrad 1974, Boon 1978, Ward 1981), but in their 
study of the Rhode River estuary, Jordan & Correll 
(1986) speculate that large amounts of particulate 
material are removed by sedimentation onto the creek 
bottoms. A similar phenomenon may occur in Bly 
Creek, but the lack of significance in most ISS regres- 
sion estimates and the ebb-dominated nature of the 
creek make such estimates speculative. 

The import of ISS into the salt marsh surrounding 
Bly Creek appears sufficient to keep the marsh surface 
above rising sea level at this location (Wolaver et al. 
1988a). A significant proportion of the ISS imported to 
the salt marsh seems to be redistributed by tidal 
flows after major rainstorms (Wolaver et  al. 1988b). At 
low tide, rain impaction can be  an  effective mechan- 
ism in resuspending and transporting particles (Settle- 
myre & Gardner 1977). The resuspended ISS is trans- 
ported up-creek on the succeeding flood tide, where it 
can be deposited on the marsh and on the creek bot- 
tom, thus reversing the ebb-dominated (export) flow 
pattern. 

Organic carbon 

Unlike our previous observations of the larger North 
Inlet system which showed POC export (Dame et al. 
1986), Bly Creek tidal waters appear to import POC 
(Table 1). Most of this import seems to be taken up by 
the salt marsh and to a lesser extent by the oyster reef. 
As indicated by the import of ATP and chl a, a pro- 
portion of the imported POC must be  living material, 
but only the larger cells containing chlorophyll are 
taken up  by the salt marsh and oyster reef subsystems 
(Table 1). A large proportion of the POC imported to 
the salt marsh is probably removed during low tide 
exposure. In a detailed analysis of the salt marsh flume 
studies, Wolaver & Spurrier (1988) found that DOC was 
exported from the marsh during rainstorms in a pattern 
similar to that observed by Chalmers et  al. (1985) at  
Sapelo Island, Georgia, and Roman & Daiber (1989) in 
Canary Creek, Delaware. 

Unlike POC, DOC is exported via tidal flows from the 
Bly Creek basin. Of this exported DOC, some may be 
throughput from streamwater and groundwater and 
some is from marsh runoff and release from the oyster 
reef. The DOC enters the tidal creek from the fresh- 
water stream during periods of freshwater flow, but 
only accounts for about 10 % of the net  flux in tidal 
water (Wolaver & Williams 1986). Both this study and 
the Georgia study (Chalmers et  al. 1985) imply that if 
labile compounds are released directly into the inun- 
dating tidal water by Spartina leaves (Turner 1978, 
Pakulski 1986) or from the marsh surface by decompo- 
sition followed by diffusion (Pomeroy et  al. 1977), these 
substances are removed from the water before it leaves 
the marsh surface. This observation supports earlier 
work by Gallagher et  al. (1976) which suggests that 
DOC exudates from live Spal-tina leaves are quickly 
removed by epiphytic organisms. 

DOC export in runoff and seepage has been 
observed in marsh porewater flux by Howes et al. 
(1985) and Yelverton & Hackney (1986). Although the 
marsh appears to be a source of DOC in our system, it 
only accounts for a small amount of the DOC exported 
from the Bly Creek basin. The release of DOC from 
the oyster reef may offer a clue to the other major 
source of DOC. The oyster reef system is part of the 
benthic community or bottom of the tidal creek, but 
covers only a small proportion of this creek bottom 
area (0.8 %). If the non-reef bottom of the creek pro- 
duces only 50 % of the DOC per unit area which the 
oyster reef produces, this amount would be  sufficient 
to account for all of the DOC exported from the tidal 
creek. 

It is also pertinent to ask how much of the carbon 
produced in the Bly Creek basin is exported. The total 
primary production of the various subcomponents 
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Table 2. Net primary production in the Bly Creek basin 

Subsystem Area Phytoplanktond Microbenthicb Macrobenthicc ~ r a s s ~  Total 
(m2) (gC m-' yr-') (gC m-' y-') (gC m-' yr-') (gC m-2 yr-l) [gC ~ r - ' )  

Creek 
Oyster reef 
Tall marsh 
Mid-marsh 
Short marsh 

I Total system 6.61 X 10' 

* Sellner et  al. (1976) 
Zingmark unpubl. 

C Coutinho (1987) 
Dame & Kenny (1986) 

within the basin is given in Table 2. Total annual plankton, macroalgae, and microbenthic algae within 
primary production is 1.61 X 106 kgc ,  with 6.7 X 105 the creek. 
kgC of this contributed by aboveground production. 
From these calculations, only about 10 % of the total Nitrogen 
carbon produced within the system is exported (1.6 X 

105 kgC/1.61 X 106 kgC), which represents about 24 % As with POC, PN appears to be imported by the tidal 
of the aboveground production. Since there is very little waters and most of this material may be taken up by 
peat formation in this system (Morris & Whiting 1986), the oyster reef and salt marsh. A large proportion of the 
most of the remaining organic carbon must be decom- PN taken up by the salt marsh appears to exit during 
posing in situ. A general study state budget for carbon in low tide exposure. Thus, it seems that enough PN is 
the Bly Creek basin utilizing all estimated and observed imported via tidal water and recycled via runoff from 
annual net fluxes (Fig. 2) shows that only a small amount the exposed marsh to account for the material taken up 
of the carbon exported in the tidal water is from the salt by the submerged salt marsh and the oyster reef. 
marsh. Most of the carbon export (89 %) from the basin Of the dissolved inorganic nitrogen, NH4 appears to 
can be accounted for by primary production of phyto- be exported from the tldal basin and imported to the 

CARBON FLUXES (kgC y r - ' X  1 03) 

PRODUCTION 

GROUND 

?l - 

PRODUCTION STREAM 

PRODUCTION 

Fig 2. Carbon fluxes for the Bly Creek system 
with data from this study and other published 
reports. All production values are for net pri- 
mary production adjusted for area. Total system 

area is 6.61 x 105 m2 

SALT MARSH 

1.2 

W W 

BLY CREEK 0.9 
W OYSTERREEF 
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35 + 

? 

EDIMENTS 
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Fig. 3. Nitrogen fluxes for the Bly 
Creek system with data from this 
study and other published reports. 

Total system area is 6.61 x 105 m2 

NITROGEN FLUXES (kgN yi '1 

Denit. RAIN STREAM 

4 2 0  

2953 
EXPOSED 

NORTH INLET U 
salt marsh at a high rate (Table 1). The large imbalance 
in NH4 sources to the tidal creek and fluxes to the salt 
marsh and from the tidal basin implies internal cycling. 
The tidal creek water column and/or benthic habitat 
may be additional sources within the basin (Wolaver et 
al. 1 9 8 8 ~ ) .  Results from other studies (Agosta 1985, 
Jordan & Correll 1985) indicate that seepage from 
creekbanks during low tide may contribute significant 
amounts of dissolved nutrients to tidal creeks. In addi- 
tion, the advective movement of interstitial water from 
the creek bottom, coupled with diffusion, can supply 
3 times as much NH4 as does the exposed marsh to the 
creek (Whiting & Childers 1989). Unlike NH,, NO, + 
NO2 is imported into the Bly Creek basin at a rate (0.23 
gN m-2 yr-l) lower than most of the observed imports 
of this constituent into other marsh-estuarine systems 
(Nixon 1980). Within the Bly Creek basin, the salt 
marsh appears to be capable of removing all of the NO3 
+ NOz potentially imported into the basin via tidal 
exchange, streamwater, groundwater, and rain (Table 
1). The estimated NO3 + NO2 import to the marsh 
appears to be in excess of that supplied by the tidal 
creek. This excess may come from NO3 + NO2 pro- 
duced within the water column by nitrification and or 
the oxidation of NH,. 

Most of the nitrogen leaving the Bly Creek basin is in 
the form of DON. Although a large amount of this 
material enters the tidal waters from streamwater, rain, 
and groundwater flows, the majority appears to be 

exported by salt marsh runoff (Table 1). This DON is 
probably the product of decomposition processes 
which occur on the salt marsh and gives the marsh, a 
major primary production zone, a distinctive hetero- 
trophic character (Whiting et al. 1989). 

A general steady state nitrogen budget for the Bly 
Creek basin (Fig. 3) shows a net loss of nitrogen from 
the Bly Creek basin. However, inputs to the tidal creek 
explain only 65 '10 of the nitrogen leaving. Utilizing 
estimates of nitrogen fixation on the salt marsh of 450 to 
3077 kgN yr-l (Haines et al. 1977, Whiting & Morris 
1986) and material imported during marsh submer- 
gence, there is sufficient material to account for the 
large amount of nitrogen leaving the salt marsh. How- 
ever, for the system as a whole, there is 2874 kgN of 
export unaccounted for. This excess may be due to 
nitrogen fixation in the water column or on the creek 
bottoms. The net uptake of nitrogen by the oyster reef 
is probably due to biomass accumulation during the 
study period (Dame et al. 1989). 

Phosphorus 

The Bly Creek system appears to import PP and TP in 
tidal water and most of this material flux may be attri- 
buted to the significant uptake rates of the salt marsh. 
However, the system as a whole appears to release PO4 
even though our estimates indicate the salt marsh is 
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Fig. 4.  Phosphorus fluxes for the Bly 
Creek system with data from this study 
and other published reports. Total system 

area is 6.61 x lo5 m2 

l l 
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taking up this constituent (Table 1). This apparent column. On the marsh, phytoplankton may be con- 
release of PO4 by the system is explained in part by the sumed by benthos (i.e. marsh mussels, barnacles, etc.) 
oyster reef and runoff from the exposed marsh, but and/or settle out due to low water velocities. 
another source may be the decomposition processes in 
the creek bottoms (Agosta 1985, Jordan & Correll 1985, 
Whiting & Childers 1989). In a preliminary study, Whit- Nutrient ratios 
ing & Childers (1989) observed the advective flux of 
PO4 from the Bly Creek bottom to be 1.3 times that of The ratio of various nutrients can be used as a way to 
the export from the exposed salt marsh. However, identify unusual fluxes and possible mechanisms of 
estimates of PO4 flux from sediments in a North nutrient processing. The standard ratios for comparison 
Carolina estuary (Fisher et al. 1982) are more than are the Redfield ratios (Redfield et al. 1963), that is, 
twice those of Whiting & Childers and can more than C:N:P = 106:16:1. Annual fluxes are used to compute 
account for the material necessary to balance the Bly molar elemental ratios, to illuminate the influence of 
Creek phosphorus budget (Fig. 4). In general, the Bly temporal variations in fractionation during organic 
Creek system appears to ~mport  particulate phosphorus matter decomposition (Nixon et al. 1976) and because 
which is processed into labile PO4 and then exported. the storage and release of reduced end products may 

be aperiodic (Balzer 1984). We have not calculated 
ratios involving organic matter (i.e. POC, DOC, and 

Microplankton 

BL'f CREEK 

Both which is indicative of all plankton, and chl Table 3. N . P  atomic ratios for the various fluxes in the Bly 
Creek system including direction of flux: I = import, E = 

a, which is representative of phytoplankton, appear to export 
be imported into the Bly Creek basin via tidal currents. 
Most of the chl a is taken up by the salt marsh and the 
oyster reef, but little of the ATP removal is explained in 
this manner. Chrzanowski & Zingmark (1986) noted 
that in this system the influence of tides on these 2 
constituents is different and suggest a change in the 
microbial assemblage as water rises and falls over the 
marsh. The uptake of chl a by the oyster reef is likely 
due to the presence of large numbers of filter feeders 
which actively remove phytoplankton from the water 

Flux component Direction N.P 

Streamwater I 2.0 
Groundwater I 12.9 
Rain I 26.0 
Tidal water E 2.8 
Submerged marsh I 17.1 
Exposed marsh E 6 7 
Oyster reef E 37.5 

62 m OYSTER REEF 
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DON), because its composition and what portion is 
actually metabolizable are unknown. 

The N:P flux ratios of reactive nutrients, dissolved 
inorganic nitrogen (NH, + NOs + N02):P04, as ob- 
served in Bly Creek, are shown in Table 3. The tidal 
creek exports the above reactive nutrients with an N:P 
ratio of 2.8 which implies a relative enrichment with 
phosphorus or, more likely, a deficiency of reactive 
nitrogen due to utilization and/or net loss. While water 
from the blackwater stream appears to be enriched 
with phosphorus, the influence of this component is 
more than offset by the higher ratio in groundwater and 
rain. The higher ratio in groundwater is thought to be 
due to the strong adsorption of phosphate by soils and 
sediments along the travel path of this water (Valiela & 

Costa 1988). The elevated value in rainwater is due to 
the absence of phosphorus and relative enrichment of 
nitrogen in the atmosphere. The salt marsh seems to be 
the major influence on the N:P ratio of reactive 
nutrients in the Bly Creek basin. Nitrogen and phos- 
phorus are imported during tidal submergence at a 
ratio of 17.1 and exported at a much lower ratio, 6.7, 
during low tide exposure. Since nitrogen has a gaseous 
form which is lost to the atmosphere, this change in N:P 
ratio on the salt marsh probably reflects denitrification, 
preferential burial of nitrogen-rich compounds, conver- 
sion to DON or nitrogen-limited growth in the basin 
system. Phosphorus is not thought to be limiting in 
turbid salt marsh estuarine systems (Whitney et al. 
1981) due to the large quantities of phosphorus sorbed 
in clay sediments or peats. In Georgia marsh-estuarine 
systems, phosphorus in the sediments and water is 
thought to be in equilibrium due to a physicochemical 
buffer system (Whitney e t  al. 1981), but the fluctuation 
of phosphate concentrations over individual tidal cy- 
cles in Bly Creek and North Inlet (Wolaver et  al. 1984) 
implies non-equilibrium conditions in the latter sys- 
tems. If all nitrogen and phosphorus components are 
considered, then phosphorus seems to be governed by 
the import of PP and export of PO4 while nitrogen 
probably enters via nitrogen fixation and is exported as 
DON. The latter nitrogen fluxes are of much larger 
magnitudes than those of the reactive nutrients and in 
effect obscure them. 

Optimum (Redfield) N:P ratios do not occur often in 
estuaries because of the domination of physical factors. 
In these systems, nitrogen may not accumulate because 
it is exported to the sea (Schindler 1981) faster than it 
can be fixed (Ryther & Dunstan 1971). Low nitrogen 
fixation may be  attributed to the low availability of 
phosphorus, iron and molybdenum (Howarth 1988), 
short residence time of water (Schindler 1981, Smith 
1984), and high turbulence (Pearl 1985) in estuaries. In 
Bly Creek, however, there is 2874 kg of TN export that 
is unaccounted for that is probably the net excess of 

nitrogen fixation over denitrification within the basin. 
Therefore, nitrogen fixation must be fast enough to 
support this rather substantial imbalance in the meas- 
ured fluxes. 

There is a net release of these reactive nutrients from 
the oyster reef; however, as in other bivalve systems, 
phosphorus is preferentially retained (Dame et  al. 
1989), resulting in a high N:P ratio of 37.5. While the 
influence of the oyster reef on the system's nutrient 
budget is larger than that of streamwater, ground- 
water, or rainwater, it is still not large enough to have 
a major effect on the N:P ratio of the creek water leav- 
ing the system. 

The Bly Creek system appears to reduce the N:P 
ratio as water passes through the basin. Thls behavior 
contrasts with other coastal landscape studies where 
water moving through marshes increased the N:P ratio 
(Valiela et  al. 1978, Jordan & Correll 1986, Valiela & 

Costa 1988); however, all of these studies were on 
anthopogenically impacted systems while Bly Creek is 
essentially pristine. 

Assuming a standard Redfield ratio for production in 
the tidal creek, we can calculate the nitrogen and 
phosphorus demand of the plants in the creek. An 
estimated 25 kgN yr-' and 3.5 kgP yr-' are needed to 
support creek primary production (Table 2) .  These 
amounts of nitrogen can be provided by groundwater, 
exposed marsh runoff, or oyster reef excretion (Figs. 3 
& 4 ) .  

Using a C:N ratio of 34.2 for Spartina and 10 for algae 
living on the salt marsh (Haines et  al. 1977), we calcu- 
late the nitrogen demand by the Bly Creek basin salt 
marsh to be 7.15 X 104 kgN yr-l. Since nitrogen fixa- 
tion only provides about 3077 kgN yrp'  a t  most and the 
tidal creek puts in 420 kgN yr-l, most of the nitrogen 
needed for primary production on the marsh seems to 
come from recycling. Similarly, a n  N:P ratio of 15.9 for 
Spartina (Ornes & Kaplan 1989) allows us to calculate a 
phosphorus demand of 1.02 X 104 kgP yr-l. As the tidal 
creek can only provide about 10 % of this demand, the 
remainder can be attributed to recycling within the 
marsh. From these calculations, it is clear that recycling 
is very important to the functioning of this salt marsh 
and there is much more turnover than throughput in 
this system. 

The Bly Creek basin is a young marsh-estuarine 
system developing in response to ongoing relative sea- 
level rise. As a whole the North Inlet system, on the other 
hand, is a more mature system with some areas of marsh 
that have probably existed for up to 5000 yr and other 
marshes, like Bly Creek, that are immature. Bly Creek 
has higher primary productivity and exports consider- 
ably less material per unit area than North Inlet (Table 
4). The higher productivity and nutrient retention of a 
young system (Bly Creek) as compared to an  older 
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Table 4. Material fluxes for North Inlet and Bly Creek (g m-2 
yr-'). Export = + (no sign shown), import = -. N:P ratio 
calculated from fluxes of ammonium + nitrate + nitrite and 
orthophosphate: Redfield ratio = 16; marsh grass = 2.9; 

oysters (est.) = 5 to 8 

Component North Inlet to Bly Creek to 
Atlantic Ocean North Inlet 

Production 1972 2436 

DOC 328 250 
POC 128 -31 
NH4 6.3 0.54 
NO2 + NO3 0.9 -0.27 
p04 1 .7 0.30 

N : P (atoms) 10 2.1 

system (major portions of North Inlet) support the gen- 
eral ecosystem development hypothesis of Odum (1969) 
and Vitousek & Reiners (1975). In a young rapidly 
developing ecosystem, more biomass is being produced 
and thus nutrient storage is higher than in older systems 
where growth is lower and fewer nutrients are needed 
(Vitousek & Reiners 1975). The higher turnover could be 
due to the longer residence time for water within the Bly 
Creek basin as compared to North Inlet as a whole. The 
N:P ratio 2.1 for reactive nutrients in Bly Creek (this 
study), as compared to 10 for North Inlet (Dame et al. 
1986), implies more nitrogen limitation exists in Bly 
Creek than in the inlet itself, which has an N :P  ratio 
closer to the open ocean Redfield ratio. 

In this study, it is evident that different subsystems or 
combinations of subsystems influence or control the 
character of the various material fluxes. The salt marsh 
seems to dominate nitrogen and phosphorus process- 
ing, but seems to be isolated from the other systems 
with regard to carbon. The oyster reef and the marsh 
appear to play a major role in the processing of chl a, a 
phytoplankton indicator, but do not seem to influence 
the fluxes of ATP (which represents the total microbial 
community). While statistically significant annual 
material flux estimates are difficult to establish, this 
study shows that the Bly Creek basin and the marsh in 
particular are not universal exporters of material, but 
more generally they are processors and recyclers. 
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