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ABSTRACT: Organic carbon exchange via tidal transport between a 190 ha Spartina alterniflora marsh 
and Delaware Bay was quantified during 5 seasonal sampling periods in April, June, August, October, 
1980 and January, 1981. Based on hourly samples collected over 3 consecutive tidal cycles, mean ebb 
tide concentrations of particulate organic carbon (POC) were hlgher than flood tide concentrations, 
except in January when the marsh surface and creeks were frozen. Mean ebb tide dissolved organic 
carbon (DOC) concentrations were greater than flood during all seasons, although the difference was 
only significant in August and January. Hourly concentrations were variable, ranging from 0.4 to 11.4 
mg POC 1-' and 1.5 to 15.5 mg DOC I-'. The relative degree of marsh surface flooding, current velocity 
and phytoplankton concentration are important factors influencing seasonal differences in mean flood 
and mean ebb concentrations of POC. A broad size spectrum of particulate detritus is available to 
estuarine consumers, with 60 to 84 % of the total POC on both flood and ebb tides being < 20 pm in size 
and the remaining material distributed fairly equally among larger fractions (> 243 pm, 243-63 pm, 
63-20 pm). There was a net export of POC from Canary Creek marsh during all seasonal studies, except 
in January when exchange processes were much reduced. DOC was exported during all studies, except 
in June when the water volume transport estimate was significantly biased toward the flood direction. 
Annually, 1.05 x 10' kg was exported as POC and 1.97 x 105 kg as DOC. The influence of storms was 
not included in the annual organic carbon exchange budget. However, during an October tropical storm 
ebb-directed transports of POC and DOC were 5 to 6 tlmes greater than during the normal ebb cycles 
monitored in October, suggesting that major coastal storms are significant to salt marsh organic material 
exchange processes. Elevated POC concentrations during 2 ebb cycles following an intense rainstorm in 
April suggest that these episodic events also represent important marsh-estuarine exchange mechan- 
isms. 

INTRODUCTION 

An appreciation for the problems associated with 
estimating material fluxes through salt marshes has 
evolved over the past few decades. Nixon (1980) pro- 
vides a review of salt marsh flux studies and states that 
most lack statistical interpretation of data and few 
adequately estimate water volume discharge, the key 
term to the direct estimation of material fluxes. All flux 
studies conducted to date have collectively contributed 
to our interpretation of salt marsh-estuarine exchanges 
and the ecological significance of these material 
exchanges. However, studies at only 4 coastal systems 
have clearly addressed the issues of creek hydrody- 

' Present address: Narragansett Bay Project, 291 Promenade 
St, Providence, Rhode Island 02908, USA 

namics and error analysis (North Inlet, South Carolina, 
USA: Kjerfve et al. 1981, Whiting et al. 1985, Dame et 
al. 1986; Wachapreague, Virginia, USA: Boon 1978; 
Kiawah Island, South Carolina: Ward 1981; Great Sip- 
pewissett, Massachusetts, USA: Valiela et al. 1978). 
Boon (1975) compared 2 common methods for deter- 
mining water volume discharge when conducting 
marsh flux studies (direct current measurements and 
area-height or hydroscopic model) and concluded that 
the direct approach is clearly preferable. The objective 
of this research was to add to this growing database 
whereby the net direction of salt marsh carbon fluxes, 
on seasonal and annual bases, could be estimated 
directly and with certainty. 

This study quantifies organic carbon flux through a 
Delaware salt marsh where hydrographic aspects of 
water discharge have been carefully evaluated (Roman 
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1984) and errors determined. Also included is size volume discharge between consecutive tidal cycles 
fractionation analysis of particulate organic materials, (Erkenbrecher & Stevenson 1978, Kjerfve Pr Proehl 
only previously reported for Georgia (USA) salt mar- 1979, Ward 1981, Chrzanowski et  al. 1982). Diurnal 
shes (Odum & de  la Cruz 1967, Halnes 1977), and inequality and wind effects are probably the salient 
further, a n  assessment of storm-generated organic car- factors contributing to these net fluxes. To account for 
bon exchange. some of this cycle-to-cycle variability, 3 consecutive 

tidal cycles were sampled in this study. 
At hourly intervals current velocity was measured 

METHODS with a TSK flowmeter and tide height recorded. Instan- 
taneous average cross-sectional velocity, computed 

Study area. The Canary Creek salt marsh, dominated after Roman (1984), multiplied by cross-sectional area 
by Spartina alterniflora, is located in Lewes, Delaware yielded an estimate of instantaneous volume flux. A 11 
(Sussex County), near the mouth of Delaware Bay, water sample was then immediately collected for par- 
USA. Canary Creek is about 5 km long and drains ca ticulate organic carbon (POC) and dissolved organic 
190 ha of marsh. The area is characterized by semi- carbon (DOC) determinations. At 2 h intervals and 
diurnal tides with a mean range of 1.3m and a spring simultaneous with the above-mentioned 11 sample, 
range of 1.6m. Mean salinity measured over complete duplicate 401 samples were collected. In the field, the 
tidal cycles near the mouth ranged from 22 ppt in April 40 1 samples were washed through a series of nylon 
to 30 ppt in January. mesh sieves (243 pm, 63 pm, 20 pm). An aliquot of the 

All sampling was from a 30 m wide cross-section filtrate (< 20 pm fraction) and the sets of sieves were 
located near the creek mouth. Mean depth was 1.5 m at taken to the laboratory. During periods of high particu- 
mean low water. Current velocity at the cross-section late concentrations filtering of only 201 was needed to 
was ebb-dominated, with peak ebb velocity recorded obtain an adequate amount of sample. 
at 62 cm S-' and peak flood velocity at 39 cm S-'. Based All water was collected with a submersible pump 
on 15 tidal cycles, the mean tidal prism was 2.09 X from mid-depth near the center of the sample cross- 
10' m3. section. A preliminary tidal cycle study, with total sus- 

Field sampling. Roman (1984) describes the method pended material collected from 3 depths along a verti- 
used to estimate water volume discharge through the cal transect at mid-creek, revealed a homogeneous 
cross-section. To account for cross-sectional velocity distribution (ANOVA, F =  0.956, p =  0.379, df = 29), 
variations, a dense spatial array of current meters was and thus, material concentrations from this one station 
established and simultaneous velocity measurements were assumed representative of the entire cross-sec- 
taken at hourly intervals over 3 complete tidal cycles. tion. 
Based on the array data, best possible, or 'ideal', Laboratory procedures. Material retained on a 
estimates of instantaneous volume discharge were Whatman GF/C filter was analyzed for POC using a 
obtained. Bivariate Linear regression was then used to CHN analyzer (Hewlett-Packard Model 185B), follow- 
predict instantaneous volume discharge based on a ing the method of Sharp (1974). The coefficient of 
velocity measurement from only one point within the variation or precision relative to the mean was + 6 %. 
cross-sectional array. It was determined that by Filtrate passing through the GF/C filter was analyzed 
employing a simplified spatial array (i.e. one measure- for DOC by the IR-absorptive technique (Menzel & 

ment), instantaneous cross-sectional discharge could Vaccaro 1964, Sharp 1973), with a relative precision of 
be  estimated with an uncertainty of + 11 % when com- f 5 %. For size fractionation, the material on one set of 
pared to the 'ideal' data set. Total tldal cycle discharge sieves was washed onto pretared 4.25 cm diameter GF/ 
could be  estimated with an  error of only f 7 % C filters, and dried to a constant weight at 60°C. The 

While conducting a carbon flux study it would be filtrate that had passed through the sieves was similarly 
ideal to estimate volume flux based on a dense current retained on a tared filter and dried. Dry weights and 
meter array and simultaneous water sample collec- ash-free dry weights (obtained by combust~on at 550 "C 
tions. However, establishing a current meter array at for 2.5 h) were determined for each size fraction. 
frequent intervals is often not practicable. Thus, the Materials from the second set of sieves were washed 
method described by Roman (1984) is useful In allow- into pre-muffled aluminum pans and dried in vacuum 
ing the estimate of volume discharge from a simplified desiccators until analyzed for organic carbon content 
spatial array while maintaining acceptable error. with a CHN analyzer. A known volume of the filtrate 

Sampling was conducted over 3 consecutive tidal was collected on a GF/C filter and POC analysis per- 
cycles on each of 5 dates in April, June,  August, and formed for the smallest fraction. 
October 1980, and January 1981. Previous studies have Chlorophyll a was determined fluorometrically using 
documented considerable short-term variability in total a Turner (model 111) fluorometer, following the 
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laboratory methods of Strickland & Parsons (1972). 
Relative precision was ? 6 '10. 

RESULTS AND DISCUSSION 

Seasonal concentrations - some considerations 

There was minimal variability of mean flood tide and 
mean ebb tide concentrations of POC and DOC among 
consecutive tidal cycles (Table l ) .  However, the few 
times when significant differences were noted (POC: 
June flood tides, August flood tides, January ebb tides; 
DOC: January ebb tides) justifies the need to sample 
over consecutive tidal cycles, thereby accounting for 
some of the inherent short-term variability. Monitoring 
consecutive tidal cycles becomes especially relevant 
when an ultimate objective is to assess seasonal trends. 

The seasonal pattern of flood and ebb mean concen- 
trations of POC appears relatively steady (Table 2). 
More northern systems generally show peak POC con- 
centrations in late summer and fall (Woodwell et  al. 
1977, Valiela et al. 1978), corresponding to the period 
of vegetation senescence. At Canary Creek the poten- 
tial for a consistently occurring pulse of POC to creek 
waters is apparently minimal as Roman & Daiber (1984) 
report a fairly constant seasonal biomass of dead marsh 
vegetation. However, mean ebb concentrations are sig- 
nificantly greater than mean flood concentrations, with 
the difference derived, at  least in part, from marsh 
vegetation. The lowest mean ebb concentration of POC 
occurred during the January study when Canary Creek 
was completely frozen, effectively limiting the poten- 
tial for detrital exchange between the marsh and creek 
waters. 

As suggested for the North Inlet system (South 
Carolina), factors such as the relative degree of marsh 
flooding, current velocity, phytoplankton concentration 
and rainfall events influence daily and seasonal varia- 
bility of POC concentrations (Wolaver et  al. 1986). 
These factors are also considered important a t  the more 
temperate Canary Creek system (Table 3). Tide height 
(a measure of relative marsh surface flooding) was 
positively correlated with POC concentration in all sea- 
sonal sample periods, except January when the marsh 
surface was frozen. This clearly suggests that inunda- 
tion of the marsh surface influences material concen- 
trations. The process of creekbank erosion in influenc- 
ing POC concentrations is indicated by significant posi- 
tive correlations with current velocity. The role of rain- 
shower events and storms as controlling factors is pre- 
sented in a later section of this paper. 

For DOC, no seasonal trends are apparent. Mean ebb 
tide DOC concentration was consistently higher than 
mean flood tide concentration for all studies, although 
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Table 2. One-way ANOVA's used to determine differences in mean flood and mean ebb concentrations of POC and DOC by study 
date (POC, n = 16 to 21; DOC, n =9 to 20). Tidal stages were analysed separately. Based on Scheffe's a posteriori multiple 
comparison procedure, mean values in columns with different letters are significantly different @< 0.05). Significant differences 

between mean flood and mean ebb concentrations for each study date were determined by t-test ( '  p< 0.05) 

Study date POC (mg l-l) DOC (mg I-') 
Flood (R + SE) Ebb (X +_ SE) Flood (X L SE) Ebb (R f SE) 

April 
June 
August 
October 
January 
October storm 

nd: no data 

Table 3. Correlation analysis of hourly POC concentrations important role in the processing and suspending of 
versus tide height, mean cross-sectional c u ~ ~ e n t  velocity, and detrital materials within the marsh ecosystem, es- 
chlorophyll a concentration. Significant correlation coeffi- pecially during the warm months when up to 40 % of 

cients are shown ( '  ~ ( 0 . 0 5 ;  ' ' p<0.01; df = 36 to 38) 
the total POC was wthln the larger size fractions. Ward 

Study date Factors 
Height Velocity Chl a 

April 0.36' 0.61 ' ' 
June 0.42- ' 0.49. . 
August 0.48. 0.78. 
October 0.50 0.57" 0.75" 
January 0.51 " 0.38' 

(1981) found suspended material concentrations to 
double from winter to summer in a South Carolina 
marsh, suggesting that biological activity was an 
important controhng factor. 

The size distribution of Canary Creek detrital materi- 
als has widespread implications in terms of utilization 
by estuarine consumers. The dominance of suspended 
particulates within a size range of < 20 pm (Table 4 )  
complements the small particle size preference (1 to 
10lm) of filter-feeding mollusks (Mahlenberg & kis -  

the difference was only significant in August and Janu- gdrd 1978, Palmer & Williams 1980). Wilson (1973), 
ary (Table 2). studying Acartia tonsa, a dominant copepod in the 

The particle size distribution of POC reveals that on Delaware Bay estuary, found that it has the ability to 
ebb tides, as opposed to flood tides, a greater percen- select larger particles (up to 70 pm) over smaller, yet 
tage of the particulate material was > 20 pm in size, more abundant, particles. These studies stress the con- 
except in June when the trend was not statistically cept that a broad spectrum of detrital materials are 
significant (Table 4). Bioturbation may be playing an utilized by estuarine consumers. 

Table 4. One-way ANOVA's used to determine hfferences in mean flood and mean ebb size fractlon data (n = 7 to 10 
observations) by study date. Data are presented as percent contribution of each fraction to the cumulative total concentration of 
POC. Tidal stages were analysed separately. Based on Scheffe's a posteriori multiple comparison procedure, mean values in 
columns with different letters are significantly different @<0.05). Significant differences between mean flood and mean ebb 

percentages for each study date were determined by t-test ( '  p<0.05) 

Study date 243 wm 243-63 ]*m 63-20 pm 20 km 
Flood Ebb Rood Ebb Flood Ebb Flood Ebb 

(X 2 SE) (X +_ SE) (X 2 SE) (X 2 SE) (X + SE) (X 2 SE) (X 2 SE) (X + SE) 

April 
June 
August 
October 
January 
October storm 

I nd: no data 
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Material exchange 

Water volume flux represents the most important term 
in the calculation of material exchanges. The value for 
water volume per unit time is several times larger than 
corresponding material concentrations, thus, small 
errors in measuring discharge can result in significant 
errors in material exchange (Kjerfve & Proehl 1979, 
Valiela et al. 1980, Roman 1984). The volume flux data 
show considerable short-term variability between the 
flood and ebb portions of the 3 consecutive cycles (Table 
5). This is probably related to diurnal inequality of the 
tides, as supported by a strong positive relation between 
tidal range and volume flux (Table 5) .  When the tidal 
cycles are averaged to dampen these fluctuations, it is 
evident that the April, August and January studies are 
within or near the experimental error of f 7 % as 
determined by Roman (1984), indicating a balance 
between import and export of water. During the June 
and October studies there was a n  import of water from 
Delaware Bay to Canary Creek. 

When all flood cycle and ebb cycle volumes are 
averaged the respective tidal prisms are 220 400 m3 and 
197 600 m3, resulting in a net flood-directed residual 
which is l l % of the mean tidal prism (209 000 m3). This 
residual, being greater than the acceptable experimen- 
tal error of f 7 O/O suggests that the volun~e flux data are 
slightly biased toward the flood direction. This flood 
residual is based on 2 % (15 tidal cycles) of the total 
number of tidal cycles flushing Canary Creek yearly. A 
flood/ebb balance would be expected had a greater 

number of tidal cycles been monitored. These data 
suggest that to establish greater reliability in flux 
estimates, studies must encompass consecutive tidal 
cycles. More than 3 consecutive cycles are  needed,  a t  
least at  Canary Creek, to adequately account for short- 
term variability and to negate the slight flood bias. At 
North Inlet, 4 consecutive tidal cycles were sampled 
with considerable diurnal variability recorded 
(Chrzanowski et  al. 1982). Ward (1981) monitored 
water volume flux for 7 consecutive tidal cycles and 
found a net balance. 

The magnitude of POC and DOC transported by tidal 
exchange was determined by multiplying each instan- 
taneous volun~e estimate by the corresponding concen- 
tration. Integrating these instantaneous material fluxes 
over complete tidal cycles yielded 3 consecutive flood 
and ebb transport values for each study. Means of the 
respective cycles are presented in Table 6. During the 
April, June,  August and October sampling periods 
there were net exports of POC. Exports in June and 
October occurred despite considerable imports of 
water (see Tables)  associated with the minimal flood 
bias previously discussed. In January there was a net 
import of POC as expected due to the frozen condition 
of the marsh and creek surface. 

DOC was exported during all studies, except in June 
when no net exchange was observed (Table 6) .  In 
January, there was a very substantial net export of 
DOC from the marsh, possibly corresponding to a 
period of high leaching of dissolved organics from 
aboveground and belowground vegetation. The high- 

Table 5. Water volume flux for each consecutive tidal cycle sampled 

Consecutive Volume (m3 X lo3) 
tidal cycles April June August October January 

Flood 1 145 (90)' 243 (135) 144 (131) 264 (149) 130 (99) 
Ebb 1 135 (97) 130 (101) 249 (120) 187 (134) 201 (106) 

Flood 2 285 (125) 144 (107) 338 (145) 310 (166) 169 (139) 
Ebb 2 258 (111) 192 (128) 175 (112) 244 (157) 163 (133) 

Flood 3 129 (85) 342 (145) 168 (114) 322 (161) 174 (121) 
Ebb 3 173 (85) l58 (105) 284 (148) 251 (155) 163 (121) 

Correlation 0 . 9 0 ~  0.94 0.72 0.88 ns 
coefficient 

Rood mean 186 243 217 299 157 
Ebb mean 189 160 236 227 176 
Net fluxc - 3 83 - 19 72 -19 

percentd 2 4 1 8 27 11 

a Tidal range (cm) for flood stage and ebb  stage 
Correlation coefficient evaluating relationship between tidal range and volume flux by month. All significant a t  p<O.OS, 
except August Ip = 0.11). ns: not significant 

C Negative indicates net flux in ebb direction 
"et flux calculated as a percentage of the mean flood and ebb volumes. Net flux greater than or equal to k 7 % is considered 

real and not the result of experimental error (see Roman 1984) 
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Table 6. Seasonal flux budgets for POC and DOC. Values are 
means of 3 consecutive tidal cycles 

Study date Tided POC DOC 
(kg cycle-') (kg cycle-') 

April F 253 527 
E -513 -827 -- 
N -260 -300 

June F 23 1 64 8 
E -354 -606 
N -123 42 

August F 212 977 
E -536 -1144 
N -324 -127 

October F 518 663 
E -580 -879 
N - 62 -216 

January F 223 413 
E -183 -1002 
N 40 - 589 

a F: flood tide; E: ebb tide, N: net movement; positive 
indicates import to the marsh, negative indicates export 

est DOC concentration (15.5 mg l-l) was recorded dur- 
ing the January study. The contribution of DOC to 
creek waters from these components has been quan- 
tified (aboveground Spartina leachate: Gallagher et  al. 
1976, Pakulski 1986; marsh porewater: Howes et  al. 
1985, Yelverton & Hackney 1986). Upland runoff may 
be another significant source of DOC to the marsh- 
estuarine system, as suggested for the North Inlet sys- 
tem (Wolaver et al. 1986). 

To calculate annual transport budgets for POC and 
DOC between the marsh and Delaware Bay, the year 
was divided into 5 periods, each with a field sampling 
interval a t  the midpoint. A Limitation of this annual 
estimate is the assumption that transport during each 
tidal cycle of a period was equal to the mean value 
estimated during the respective sampling of consecu- 
tive tidal cycles. Accepting this assumption, POC and 
DOC were exported from the 190ha Canary Creek 
marsh at rates of 1.05 X 105 kg yr-' and 1.97 X 105 kg 
yr-', respectively. Transport of floating macrodetritus 
and bedload materials was not included in this esti- 
mate. However, Dame & Stilwell (1984), studying the 
North Inlet system, found that carbon exported as  float- 
ing detritus was minimal, and further, they postulated 
that net bedload transport would also be minimal. 

Storms 

Storms are often considered as significant events 
controlling marsh-estuanne exchange processes and 

detritus budgets. Two contrasting types of storm events 
were monitored in this study. Thundershowers, com- 
mon events in spring and summer, are shown to influ- 
ence material exchange both during the actual event 
and during tidal cycles subsequent to the shower event 
(Fig. 1). During the April study, an intense shower 

0900 1500 2100 0300 0900 l500 2100 
TIME 

8.0- 

-, 6.0- 
E - 
0 g 4.0- 

2.0- 

Fig. 1. Pattern of hourly particulate organic carbon (POC) 
concentration over 3 consecutive tidal cycles monitored in 
April. Note the peak in concentration after an intense shower 
during the late ebb, followed by another peak in the third ebb 

cycle 

t 

Intense 
shower 

0900 hrs 

occurred toward the end of the ebb cycle, resulting in 
elevated POC concentrations. The next ebb cycle also 
revealed elevated concentrations suggest~ng that the 
shower effectively loosened and dislodged materials 
which were then re-suspended by flood waters, and 
ultimately exported from the system. The potential 
influence of these episodic shower events on marsh 
sedimentological and organic material exchange pro- 
cesses has also been observed by others (Settlemyre & 

Gardner 1975, Harriss et  al. 1980, Ward 1981, Jordon et  
al. 1986, Wolaver e t  al. 1986). Rainshowers may repre- 
sent an important mechanism for keeping POC avail- 
able to consumers rather than it being incorporated 
into marsh sediments (Chalmers et  al. 1985). 

Sampling during major coastal storms has generally 
eluded scientists, thus allowing only speculative con- 
clusions concerning their influence on material trans- 
port. On 25 October 1980 material exchange was moni- 
tored during a tropical storm. Sampling was conducted 
hourly from high slackwater to low slackwater; a 
period of 9h .  The flooding storm surge could not be 
sampled; however, it is fortuitous that a planned sam- 
ple period (21 to 22 October) took place just prior to this 
storm event. Ebb tide data from this normal sample 
period are compared with data from the storm ebb. 
Over 1 X 106 m3 of water was discharged from the 
system, a volume about 5 times greater than the aver- 
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N O R M A L  STORM 

Fig 2 Transport of water, partlculate organic carbon and 
dissolved organlc carbon during normal and storm ebb tide 

conditions in October 

age ebb tidal prism of the normal perlod (Flg. 2). Due to 
this large volume, a significant dilut~on of POC and 
DOC would be expected, yet this was not the case 
(Table 2).  From the size fraction results it is seen that 
49 % of the POC was > 63 pm, ca 2 t ~ m e s  greater than 
during the normal October ebb cycles (Table 4). These 
larger fractions contained plant fragments, particularly 
root/rhizome parts, suggesting a vigorous flushing of 
the marsh surface (it is estimated that the marsh surface 
was covered with over l m of water), coupled with 
erosional processes incising the surface peat. Since no 
flood data were collected net transport could not be 
calculated, but it is interesting to note that ebb t ~ d e  
transport of POC and DOC was 5 to 6 times greater 
than during normal ebb cycles (Fig. 2).  These data, 
coupled with those of Pickral & Odum (1977) and 
Hackney & Bishop (1981), support the contention that 
during major coastal storms considerable quantities of 
organic materials may be exported from salt marshes. 
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