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ABSTRACT: Tidal fluctuations and transports of particulate organlc carbon (POC)were investigated at
3 marsh creeks (near Georgetown, South Carolina, USA) comprising the major transfer points between
the North Inlet Marsh and the adjoining aquatic ecosystems. Two creeks, Town and North Jones, form
the inlet mouth and are the only marsh-ocean exchange points. The third creek, South Jones, connects
to a brackish water embayment. The creeks were simultaneously sampled every 1.5 h for 50 consecutive hours during neap tides (4 tldal cycles) and 50 consecutive hours during corresponding spring tides
of each season. At the inlet. POC concentrations fluctuated in-phase with the tide during the winter and
out-of-phase with the tide during the summer Combinations of in-phase and out-of-phase patterns
occurred in spring and fall. The fluctuations at the brackish water location were irregular POC
concentrations were similar in each season with values averaging about 1.4 g mP3. Net transports
varied from tidal cycle to tidal cycle with regard to direction of transport (import or export) and
magnitude, ranging from a net import of 240 g POC S-' to a net export of 228 g POC S-'. Annual
budgets revealed Town Creek to export POC at a rate of 2.6 ? 0.5 X log g yr-'; North Jones Creek
imported POC at a rate of 3.8 ? 0.7 X 10a g yr-l; and South Jones Creek exported POC at a rate of
5.5 k 0.8 X 108g yr-' The 3222 ha North Inlet marsh serves as a source of POC to the ocean at a rate of
87 2 16 g of POC per m2 yr-l.

INTRODUCTION

Spartina dominated salt marshes of the southeastern
United States are highly productive ecosystems. Net
primary production ranges from 650 to 1000 g dry
biomass m-' yr-l in North Carolina (Williams and
Murdock, 1966,1969;Stroud and Cooper, 1968) to 1300
to 3700 g dry biomass m-* yr-' in Georgia (Gallagher
et al., 1980). This production was the impetus behind
the concept that salt marshes serve as sources of
organic material that can be exported from a marsh to
the near-shore oceanic environment via tidal flushing
(Teal, 1962; Odum and d e la Cruz, 1967). Presumably,
organic matter may be transported out of the marsh in a
variety of forms, as Spartina wrack, detritus, or planktonic microbiota. The concept of organic matter transContribution No. 429 of the Belle W. Baruch Library in
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port via tidal exchange has been a central part of
ecological thought for approximately 20 yr and several
attempts have been made to gather data that would
empirically test the concept. Nixon (1980) has identified 8 marsh systems for which annual particulate
carbon budgets have been generated. The marshes
studied include: Gott's Marsh, MD (Heinle and Flemer,
1976), Flax Pond, NY (Woodwell et al., 1977), Great
Sippewissett Marsh, MA (Valiela et al., 1978), 2 York
River marshes, Carter and Ware Creeks (Axelrad et al.,
1976), Dill Creek Marsh, SC (Settlemeyer and Gardner, 1975, 1977), and Baritaria Bay, LA (Happ et al.,
1977). Considering the studies where data are available for well-defined salt marshes, net outwelling of
particulate organic carbon (POC) is suggested. Nixon
(1980) cautioned that few of these data have been
subjected to statistical analyses and many of the
studies have not paid enough attention to water discharge. Regarding the Atlantic coast marshes for
which annual carbon budgets have been generated,
each of the marshes, with the exception of the small
Dill Creek system (SC), are located along the northern
portions of the coast. There is a lack of information for
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large undisturbed marshes of the southeastern portion
of the coast.
The absence of a data base on transports of materials
through southeastern marshes, weak statistical analyses of transport information for northeastern marshes,
and continuing destruction through increasing
development of marshes clearly point to the need for
a n evaluation of material exchanges between a southeastern marsh and the coastal ocean. The results presented here add to our knowledge of carbon transports
through southeastern salt marshes by reporting on
tidally induced fluctuations in concentrations and net
transports of POC between a large undisturbed salt
marsh and the bordering aquatic environments. The
experimental design allowed a statistical evaluation of
the net measured movement of POC relative to zero
transport and also permitted an estimation of an
annual POC transport budget.

METHODS
Environmental Setting
The North Inlet Marsh (Fig. 1) is approximately
3200 ha and located near Georgetown, South Carolina
(33"201N, 79"lO'W). The marsh system has a single
inlet to the sea, North Inlet, and 3 major tidal creeks,
Debidue, Town and Jones. The marsh creeks have a
mean tide range of 1.7 m and are typically only 3 m
deep at mean tide level. Peak current velocities have
been recorded at 2.3 m S-' in Town Creek. The northern portion of the marsh is influenced by oceanic
waters and the salinity seldom falls below 32 460. The
marsh is bordered to the south by Mud Bay, a brackish
water embayment and salinities are lower and more
variable. The dominant flora is the cordgrass Spartina:
within the northern high-salinity areas, S. alterniflora,
and within the low-salinity southern areas, S. cynosuroides. Freshwater input into the northern section
is primarily in the form of runoff, and typically less
than 1 % of the tidal prism (T. Williams, Clemson
University, unpubl.).

Sampling Procedures
Samples were collected seasonally throughout 1979
from 2 transects near North Inlet and from a 3rd transect near Mud Bay (Fig. 1). The Town Creek transect
was sampled from 3 boats and both Jones Creek transects (hereafter North Jones Creek and South Jones
Creek) were sampled from 2 boats each. Boats were
positioned so data would accurately reflect material
flows through the transects (for a detailed discussion of
station placement, see Chrzanowski et al., 1979 and
Kjerfve et al., 1981).
At Town and North Jones Creeks water was pumped
(Guzzler Pump, Dart Union Corp.) from 3 depths, 0.2 m
below surface, 0.2 m above bottom, and a midway
point. At South Jones Creek water was pumped from
0.2 m below the surface and 0.2 m above the bottom.
Water was collected in sterile, acid-washed, 500-m1
glass bottles and immediately transported to laboratory facilities onshore. Samples were collected every
1.5 lunar h (93 min) for approximately 50 h during
neap tides and spring tides (with the exception of the
winter when samples were collected during mid tides).

Analytical Procedures

Fig. 1 . Location of marsh and transects where the flux of
particulate organic carbon was monitored

POC was measured using the method of Strickland
and Parsons (1968). POC contained in 50 m1 sub-samples (not prescreened) was collected on precombusted
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47-mm glass-fiber filters (Whatman, GF/F) usually
within 2 h of sample collection. The filters were held
over concentrated HCl for several seconds, placed In
precombusted 10-m1 glass ampules (Oceanography
International), dried (100 "C, 3 d), purged with oxygen,
sealed, and combusted for 4 h at 480 "C. The resulting
CO, was analysed with a n infrared analyser (Beckman
model 215A).
Velocity measurements were taken with water samples using biplane current crosses (Pritchard and Burt,
1951). These data were computer-fitted to a smooth
curve and new values extrapolated at every one-tenth
depth from surface to bottom. For detailed descriptions
of this procedure, methods for cross-sectional bathymetry, and tide curve construction, consult Kjerfve
(1975) and Chrzanowski et al. (1979).
The instantaneous transport was calculated from:

where F = transport; Q = water density (1.02 g ml-');
N = number of sampling stations; h, = depth at the jth
station; VoI,WO,,and CO,= velocity, width, and concentration at the surface of the jthstation; V,,, W,,, and
C,, = velocity, width, and concentration at the i t h
depth of the jth station (Kjerfve et al., 1981). Single
tidal cycle transports were calculated by summing the
instantaneous mass transport values for each tidal
cycle.
Sustained rhythms were detected, mathematically
defined, and incorporated in a descriptive equation to
calculate average net transport for each 4 tidal cycles.
The equation fits instantaneous POC transport (F, Eq.
1) as a function of time (T, hours from an arbitary

Fig. 2. Temporal fluctuations in
concentrat~on of particulate organic carbon (POC), relative tidal
height, and instantaneous net flux
of POC at Town Creek in February. In this and following figures
POC concentrations (broken line)
and tide level (smooth line) are
illustrated in upper panels and
net flux values in lower panels. In
lower panels, positive flux values
indicate export from the marsh;
negative flux values signify import

starting point) and calculates a mean instantaneous
transport (p, g S-') for each 4 consecutive tidal cycles.
The descriptive equation is

mean instantaneous net transport; a , , a2,as,
coefficients; E = a random error term.
Instantaneous transports are a result of the tidal
periods (24.84, 12.42, and 6.21 h) were included to
explain deviations from the mean net transport (p).
Sine and cosine terms are incorporated to explain
variability resulting from tidal oscillations and reduce
the standard error of the estimator of p, allowing for a
statistical test of significance.
where p

=

p,, p2, P3 =

The equation is a form of general linear model and
least squares estimates of p and coefficients were
found using the general linear model procedures of the
SAS computing package (Helwig and Council, 1979).

RESULTS
Two distinct fluctuation patterns were observed in
POC concentrations at the ocean interfaces. One pattern, typical of data collected during the winter, is
described by maximum levels of POC bimodally distributed around high tide and minimal concentrations at
low tide (Fig. 2). The second pattern, typical of summer
data, is described by minimal POC concentrations at
high tide and maximum concentrations at low tide
(Fig. 9). O n occasions, mixtures of the 2 patterns were
observed. The temporal fluctuations at the brackish
water location were predominantly erratic.
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Fig. 3. Temporal fluctuations in
concentration of particulate organic carbon (POC), relative tidal
height, and instantaneous net flux
of POC at North Jones Creek in
February. Instantaneous flux values for the spring tide (B) are not
available

Regardless of the type of temporal concentration
patterns, the transport patterns were typically rhythmic, with peak transports corresponding to maxima in
water discharge (Fig. 2). Exceptions were noted at
South Jones Creek. The standard error of the mean
POC concentration at each sampling interval was less
than 10 % of the mean for more than 90 % of sampling
intervals. Consequently, error bars were omitted from
the figures. The relative tidal height, concentrations of
POC, directional transport, and descriptive statistics
are presented below for each sampling period and
organized by creek on a seasonal basis.
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the mid- and spring-tide sampling periods (Figs. 2 and
3). POC concentrations were in phase with the tidal
fluctuations; maximum levels during periods of high
tide and minimum concentrations during low tide.
Peak concentrations were bimodally distributed
around high tide with elevated levels immediately
before and after highest water level. Higher concentrations of POC were commonly found during rising water
and corresponded to maximum flood-directed discharge of POC (Fig. 2B). Secondary concentration
peaks occurred immediately after high tide and were
usually coincident with maximum ebb-directed discharge of POC. Maximum concentrations on falling
tides were 24 to 41 % lower than the maximum levels
on rising tides. At South Jones Creek, the temporal
POC fluctuations and transport data were erratic
(Fig. 4). The rhythmic pattern describing POC levels
and the correlation of peak concentration to maximum
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Fig. 4. Temporal fluctuations in
concentration o f particulate organic carbon (POC),
relative tidal
height, and instantaneous net flux
of POC at South Jones Creek in
February
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Table 1 Descript~vestatistics for POC collected during each tidal series at each transect

g POC m-3
Date

Feb 21-23

Tidal
series

Mid

Feb 25-27

S P ~

May 18-20

Neap

May 25-27

SPr

July 17-19

Neap

July 10-12

SPr

Oct 26-28

Neap

Nov 2-4

SPr

Transect '

N

Mean

Minimum Maximum
value
value

TC
NJ
SJ
TC
NJ
SJ

1056
704
704
1056
264"
704

0.9
0.9
1.1
1.5
1.4
2.4

0.2
0.2
0.5
0.7
0.7
0.7

2.2
2.4
2.5
34
2.5
5.6

2.0
2.2
2.0
2.7
1.8
4.9

1.3

TC
NJ
SJ
TC
NJ
SJ

1056
704
704
1056
704
704

1.5
1.1
1.7
1.5
1.2
1.9

0.6
0.5
0.9
0.5
0.6
0.8

3.0
2.0
4.4
2.8
2.9
4.4

2.4
15
3.5
2.3
2.3
3.6

1. 5

TC
NJ
SJ
TC
NJ
SJ

1056
704
704
1056
352'
704

1.1
1.8
1.1
1 .O
1.8

0.5
0.4
0.7
0.1
0.5
0.9

2.9
3.8
4.8
2.0
1.7
3.8

2.4
3.4
4.1
1.9
1.2
2.9

1.3

TC
NJ
SJ
TC
NJ
SJ

1056
704
704
1056
704
704

1.O
09
1.4
l .7
1.6
2.7

0.3
0.3
0.6
0.6
0.1
1.0

2.3
3.6
7.8
2.9
3.1
8.8

2.0
3.3
6.2
23
3.0
7.8

1.5

1.1

m

Range

Seasonal
mean

TC Town Creek Transect; NJ North Jones Creek Transect; SJ South Jones Creek Transect
Based on Station 1 only, 3 tidal cycles
' Based on Station 1 only
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Fig. 5. Temporal fluctuations in
concentration of particulate organic carbon (POC), relative tidal
height, and instantaneous net flux
of POC at Town Creek in May
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flux at the northern locations occurred only once at
South Jones Creek, during the second high tide of the
spring tide sampling (Fig. 4B).
Average POC levels at the northern locations were
similar during mid and spring tide samplings
(Table 1). Average POC concentrations at South Jones
Creek were higher than concentrations observed at the
northern transects. The maximum winter concentration, 5.6 g POC m-3, occurred during the spring tide at
South Jones Creek.
Spring

The in-phase tidal rhythm and bimodal distribution
of POC concentrations during the winter at Town and
North Jones Creeks occurred frequently during the
spring (Figs. 5 and 6). Additionally, high levels frequently occurred at low tide. The North Jones Creek,
neap tide data are illustrative as elevated levels occurred just prior to low tide on 3 of 4 tidal cycles (Fig. 6A).
POC fluctuations at South Jones Creek were not as
erratic as during the winter (Fig. 7). Maximum POC
concentrations were often around high tide and frequently corresponded to maximum POC discharge.
The maximum POC concentration during the May
neap-tide at Town Creek, 3.0 g m-3, was only slightly
greater than the maximum for the spring tide sampling
at the same location (Table 1). Mean concentrations at
North Jones Creek were 1.1 and 1.2 g POC m-3 for the
neap and spring tides respectively.

Summer

At Town and North Jones Creeks the POC concentrations fluctuated out-of-phase with the tide (Figs. 8
and 9). Maximum POC levels were at low tide and
minimum levels were around high tide - reverse of the

1500

winter pattern. The highest concentrations at Town
Creek were just prior to slack low water and only
rarely did peak concentrations correlate with transport
maxima. During neap tides at North Jones Creek,
concentration maxima occurred at slack low tide during 3 of the tidal cycles (Fig. 9A); whereas, during
spring tides, levels resembled those obtained at Town
Creek with maximum concentrations just prior to low
tide (Fig. 9B). At South Jones Creek, POC concentrations resembled the patterns at the northern locations
during May (Fig. 10). A mixture of patterns were apparent with concentrations frequently corresponding to
transport maxima and elevated concentrations occasionally at low tide.
The mean POC concentrations at Town and North
Jones Creeks were essentially the same (approximately 1.1 g POC m-3) during both neap and spring
tides (Table l). The mean concentrations at South
Jones Creek were also similar for neap and spring
tides (1.8g mW3),slightly higher than the means at the
northern locations.
Fall

Fluctuations of POC concentrations at Town and
North Jones Creeks were similar to the patterns in the
May data, with mixtures of in-phase and out-of-phase
oscillations (Figs. 11 and 12). Data from neap tides
(Figs. 11A and 12A) exhibited this mixture to a greater
extent than the data for spring tides (Figs. 11B and
12B). POC fluctuation patterns during spring tides
were similar to those of the summer samplings, with
elevated levels more closely corresponding to low tide
periods than high tide periods or peak transports. High
concentrations associated with peaks in transport
occurred frequently throughout the eight tidal cycles
monitored at South Jones Creek (Fig. 13).Despite this
association, there was an absence of the rhythmic

k g POC I s

g

P O C / m'

g POC I " ?
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Fig. 13. Temporal fluctuations in
concentration of particulate organic carbon (POC), relative tidal
height, and instantaneous net flux
of POC at South Jones Creek in
October and November
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changes in concentration like those of the northern
locations.
The highest concentrations of POC during the fall,
7.8 and 8.8 g POC m-3 for neap and spring tides
respectively, were at South Jones Creek (Table 1).
Average POC concentrations for each location during
neap tides were lower than corresponding spring tides
values. As in the other seasons, the average concentrations of POC at the 2 northern creeks were similar and
lower than average concentrations at South Jones
Creek.
Descriptive Statistics Summary
Descriptive statistics for POC data show that POC
concentrations on spring tides were greater than or
equivalent to the levels during neap tides. Ranges at
Town and North Jones Creeks were similar throughout
each season, usually around 2 g POC mP3; however,
South Jones Creek data were more variable and ranges
were typically above 3.4 g POC mP3. The widest
ranges, 7.8 and 7.2 g POC m3, occurred at South Jones
Creek during the fall.
Mean concentrations were calculated on a seasonal
basis by considering the values from the 3 creeks
collectively. The highest mean seasonal concentration,
1.5 g POC m-3, was calculated for both spring and fall.
The mean for winter and summer seasons, both 1.3 g
POC m-3, were only slightly lower than the values
obtained for spring and fall.
Mass Flux of POC
Net POC fluxes for each tidal cycle at each transect
are presented in Table 2. Maximum transport rates

1200 l 8 0 0 0 0 0 0 0 6 0 0 1200 l 8 0 0 0 0 0 0 0 6 0 0 1200
TIME

varied dramatically. The greatest import at Town
Creek for a single tidal cycle was 240 g POC S-',
representing approximately 1 1 kg POC per tidal cycle
(Cycle 4, spring tide, November). The highest export
rate at Town Creek, 228 g POC S-', (Cycle 2, spring
tide, November) was nearly as large as the maximum
import rate. POC was exported from Town Creek on 30
of the 32 tidal cycles (94 %) and resulted in a net
outwelling of POC during each tidal series (Table 3).
At North Jones Creek, the maximum import rate was
about half the rate at Town Creek. Like the maximum
import rate at Town Creek, the maximum import rate
at North Jones Creek occurred during the 4th tidal
cycle of the fall, spring tide. The greatest export rate
through North Jones Creek was 34 g POC S-' (Cycle 2,
neap tide, May; Cycle 3, neap tide, July) which corresponded to 1.5 kg POC per tidal cycle. Unlike Town
Creek, POC was exported from North Jones Creek on 6
of the 24 tidal cycles (27 %). The export periods were
during the warmer months of May and July; whereas,
imports were during the colder seasons. POC was
imported during each of the 12 tidal cycles monitored
in the winter and fall.
The highest import and export rates through South
Jones Creek were 9 g POC S - ' (Cycle 2, neap tide,
October) and approximately 50 g POC S-' (Cycle 4,
spring tide, July; Cycle 1, sprint tide, November)
respectively. POC was exported from South Jones
Creek on 28 of the 32 tidal cycles (88 %).
Occasional diurnal discontinuities were observed in
POC transport. A pattern of alternating low import or
export during a tidal cycle followed by high transport
was noted at Town and North Jones Creeks (Table 2).
Examples are the May spring tide at Town Creek and
the November spring tide at North Jones Creek. This
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Table 2. Net transports of POC for each tidal cycle studied at each transect
Transport of POC ' ' '

Transport of POC ' ' '
Date

Feb 21-23

Feb 25-27

May 18p20

Tidal Tran- Ttdal
Net
series sect' cycle (g S-' + S.E. .)

Net
(lo5g
cycle-')

1
2
3
4
1
2
3
4
1
2
3
4

110.92199.4
19.92 286.5
-21.92 188.9
136.5k 251.1
-1.6f 43.6
-13.9f 51.1
-19.4f 41.0
-3.32 48.8
-2.7f
4.9
5 . 4 f 15.4
1 . 5 f 3.9
11.62 16.4

49.6
8.9
-9.8
61.0
-0.1
-6.2
-8.7
-1.5
-1.2
2.4
0.1
5.2

1
2
3
4
1
2
3
4
1
2
3
4

40.42619.9
93.4k689.7
209.8k626.1
-10.7f 685.2

18.1
41.7
93.8
-4.8

35.8k 79.7
11.2254.5
2 . 5 2 23.2
7 . 8 t 31.4

16.0
5.0
-1.1
3.5

1
2
3
4
1
2
3
4
1
2
3
4

3 6 . 1 f 483.5
226.12535.5
52.0k 398.0
111.4f389.7
-32.32 86.4
33.95 77.3
16,4f 67.0
1 . 1 2 60.8
1 2 . 3 f 33.4
30.32 31.8
31.9f 21.3
37.0f 31.7

16.1
101.1
23.2
49.8
-14.4
15.1
7.4
0.5
5.5
13.5
14.3
16.5

Mid

Spr

Neap

NJ

1
2
3
4

....

Tidal Tran- Tidal
Net
S.E.. ' )
series sect' cycle (g S-'

Net
(loSg
cycle-')

1
2
3
4
1
2
3
4
1
2
3
4

113.82328.0
126.02349.3
188.22 316.7
30.0k288.8
4 . 5 k 65.3
6.8-C 61.0
33.6+ 70.7
11.9-C 66.8
19.0k 27.2
11.2k 17.7
21.1233.8
7 . 5 2 14.7

50.9
56.3
84.2
13.4
-2.0
3.0
15.0
5.3
8.5
5.0
9.4
3.4

1
2
3
4
l
2

126.82405.7
203.52 444.0
47.3k480.8
175.7k376.7

56.7
91.0
21.1
78.6

*

TC

''-l9

Neap

NJ

SJ

TC

July 10-12

170.8-+540.3 76.4
81.92279.4
36.6
156.92424.6
70.2
148.1f 3 0 5 . 7
66.2
1
-3.82 96.7
-1.7
2
0 . 1 2 59.1
0.1
May 25-2f
Spr
3
-21.5f 80.7
-9.6
4
13.42 40.3
6.0
1
1 . 5 5 26.9
6.5
2
-1.82 11.4
-0.1
12.3
3
27.52 36.3
2.3
4
5 . 1 f 9.3
' TC Town Creek Transect; NJ North Jones Creek
Transect; SJ South Jones Creek Transect
' ' Standard error of estimate
" ' Negative signs signify import to marsh; positive
signs, export from marsh
No data

....

Date

Spr

NJ

SJ

4
1
2
3
4
1
2
3
4
1
2

Oct 26-28

Neap

NJ

SJ

3
4
1
2
3
4

. . . m

43.42
27.02
12.8k
52.7*

71.7
30.3
67.0
43.5

19.4
12.1
5.7
23.6

213.8k312.5
5.92242.5
166.0k250.5
-20.02228.4
4 . 6 - t 57.2
-23.22 52.6
-3.52 50.8
-24.1 k 56.2
32.2-t 47.6
-8.92 19.2
5 . 6 2 32.6
19.92 40.6

95.6
2.6
74.2
-8.9
-2.1
-10.4
-1.6
-10.8
14.4
-4.0
2.5
8.9

38.5
1
86.1 2467.0
228.1 2586.1 102.0
2
43.0
TC
3
9 6 . 3 f 506.6
4 -239.8k735.4 -107.2
1
-54,92147.2 -24.6
2 -109.0k 153.0 -48.8
2-4
Spr
NJ
3
-14.42105.9
-6.5
4 -123.7 2 195.4 -55.3
1
53.4 2 116.3
23.9
2
72.62 76.4
32.5
SJ
3
57.8246.2
25.9
4
49.92 90.6
22.3
' TC Town Creek Transect; NJ North Jones Creek
Transect; SJ South Jones Creek Transect
' ' Standard error of estimate
"' Negative signs signify import to marsh; positive
signs, export from marsh
No data

. . . m

24 1
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Table 3. Descriptive statistics for transport data collected d u r ~ n geach sampling period
Transport of POC'
M e a n net
Date

Tidal series

Transect '

r2

P>/t/

105g POC S-'
-1 S.E.

'

Seasonal
average
105g POC

cycle-'

105g POC
cycle-'

Fe b
21-23
25-27

Mid
SPr

TC

21-23
25-27

Mid
SPr

NJ

2 1-23
25-27

Mid
SPr

18-20
25-27

0.89
0.97

0.091
0.200

71.5 f 40.1
81.4 f 62.0

32.0
36.4

0.90

0.350

-7.4

. .+. . 7.7

-3.3

SJ

0.59
0.71

0.455
0.246

3.1 J- 4.1
15.8
13.3

1.4
7.1

4.3

Neap
SPr

TC

0.94
0.92

0.082
0.069

+ 60.3
+ 58.9

48.8
50.0

49.4

18-20
25-27

Neap
SPr

NJ

0.93
0.91

0.689
0.542

4.3 +- 10.5
-7.1 2 11.5

1.9
-3.2

-0.7

18-20
25-27

Neap
SPr

SJ

0.83
0.49

0.001
0.618

27.1 -t 6.5
4.6 f 9.2

12.1
2.1

7.1

17-19
10-12

Neap
SPr

TC

0.96
0.93

0.010
0.034

99.9 t 35.7
135.1 f 60.1

44.7
60.4

52.6

17-19
10-12

Neap
Spr

NJ

0.92

0.349

. .+. . 9.8

4.2

17-19
10-12

Neap
SPr

SJ

0.77
0.84

0.036
0.014

13.8 f 6.2
32.0 -t 12.1

6.2
14.3

10.3

Oct/Nov
26-28
2- 4

Neap
SPr

TC

0.95
0.96

0.008
0.867

92.3 2 31.8
10.7 -1 62.9

41.3
4.8

23.1

2628
2- 4

Neap
SPr

NJ

0.96
0.95

0.035
0.001

-12.9 -1 5.8
-82.7 f 17.5

26-28
2- 4

Neap
SPr

SJ

0.7 l
0.76

0.252
0.019

12.5 f 10.7
55.7 -1 22.2

+

May
109.2
111.9

34.2
-3 3

July

9.3

-5.8
-37.0
5.6
24.9

4.2

-21.4
15.3

TC Town Creek Transect; NJ North Jones Creek Transect; SJ South Jones Creek Transect
Negative signs indicate import to marsh; positive signs, export from marsh
' ' ' Standard error of estimate
No data
''

. . . m

diurnal inequality was not observed at South Jones
Creek (Table 2).
Net transports for each tidal series were calculated
using Eq. 2 and are presented in Table 3. For Town
Creek data, the descriptive equation accurately reproduced the observed transport patterns and comparison
of descriptive and measured transports generated correlation coefficients (?) that ranged from 0.89 to 0.97.
At North Jones Creek correlation coefficients ranged
from 0.90 to 0.96. POC transports through South Jones
Creek were not as rhythmic as those through the northern interfaces; as a result, correlation coefficients
ranged from 0.49 to 0.84. Town Creek exported POC
during each of the 8 tidal series monitored. The highest
export rate, 135 g POC S-', was calculated for the July,

spring tide series, while the lowest rate was during the
October/November spring tide series. Transports for
each neap and spring tide were averaged to obtain
seasonal rates. The highest seasonal rates of export
were in spring and summer and the lowest rates in
winter and fall. North Jones Creek imported POC
during 4 of the 6 tidal series. The maximum import
rate; 83 g POC S - ' , occurred during the fall, spring tide
series. The exports through this location were small
with the largest only 9 g POC S-'. The maximum
seasonal rate occurred during the fall and was flooddirected. POC was exported through South Jones
Creek during each tidal series. The rates were small,
ranging between 3 and 56 g POC S-'. The maximum
transport rate was during the fall, spring tide and the
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minimum rate was during the winter, mid tide. The
maximum seasonal export rate through South Jones
Creek was less than half the minimum rate at Town
Creek.
Differences in transport rates may be partially
explained by differences in volumes of water flowing
past each transect. Estimates of the yearly average
volumes flowing through the creeks are approximately
1.7 X 107, 3.3 X 106, and 6.9 X 10' m3 per tidal cycle
for Town, North Jones, and South Jones Creeks respectively (calculated according to Kjerfve et al., 1981).
POC was exported via Town Creek during each tidal
series; however, only 3 of the 8 transport estimates
(July, neap and spring tide; October/November, neap
tide) were distinguished from zero transport at an
acceptance level of a = 0.05 (2-tailed 'T' test). When
the acceptance level was widened to a = 0.10, the
estimates from 3 additional periods were significantly
different from zero (May, neap and spring tide; February, mid tide). Only 2 of the 6 transport estimates
obtained at North Jones Creek were distinguished
from zero (a = 0.10). Both instances occurred during
the October/November sampling and the net transports were flood-directed. The 8 flux estimates for
South Jones Creek were ebb-directed and 4 were different from zero (May, neap tide; July, neap and spring
tide; October/November, spring tide). In summary, 12
of the 22 tidal series estimates of net transport (55 %)
were distinguishable from zero transport at a = 0.10
and 9 of the 22 estimates (41 %) were different from
zero transport at the more critical acceptance level
of a = 0.05. Considering significant transports at
a = 0.05, all but one occurred during the summer or
fall.

DISCUSSION

This study employed a sampling design in which
samples were collected periodically throughout 4 consecutive tidal cycles. This design was a departure from
the single tidal cycle sampling designs utilized in most
previous transport investigations. As a result, we were
able to demonstrate that transport rates are variable
even among consecutive tidal cycles. The variability
appears to be related to the diurnal inequality associated with a semi-diurnal tidal regime. Alternate tidal
cycles had an increased discharge and a concomittant increased POC transport (compare for example
Figs. 4A and B, bottom panel and the corresponding
transport data from Table 2). Additionally, the transport direction was occasionally reversed on alternate
tidal cycles (Fig. 4B, bottom panel and Table 2).
Erroneous conclusions may result concerning magnitude and direction of transport if data originating

from single tidal cycle sampling designs are extrapolated to estimate monthly transport rates.
The fluctuation patterns of POC and tidal height
offer insights into the ecological processes within the
North Inlet Marsh. The majority of the POC was small
suspended detritial material that could not move independently of the water mass. During the winter at
Town and North Jones Creeks, POC concentrations
fluctuated in phase with the tide, with higher concentrations of POC on rising than on falling tides. This
pattern suggests the POC was coming in from the
ocean and therefore imported to the marsh. During this
period there was a net import of POC to North Jones
Creek as the fluctuation patterns would predict, but
not to Town Creek. The disparity resulted from a net
export of water from Town Creek. When the mass
balance of water was forced to zero and mass.flux
recalculated, the Town Creek system imported POC.
The average export of water from Town Creek for any
tidal series typically did not exceed 17 % of the average tidal prism and normally freshwater input was less
than 1 % of the average tidal prism. (However, following a heavy winter snowfall and rapid melt, the export
of water from Town Creek was close to 50 % of the
tidal prism.) The export of water above normal runoff
may reflect a sampling bias due to estuarine dischargehefill events as a result of continental shelf
waves which were not monitored randomly. Experiments are now being conducted to examine this possibility (B. Kjerfve, University of South Carolina, pers.
comm.).
The in-phase fluctuation pattern of POC at the northern creeks for the winter was probably the result of
POC from oceanic sources and suggest a period of
depressed biological activity in the marsh relative to
the ocean. This hypothesis is supported by data on 2
biological variables, chlorophyll a and total microbial
biomass, which mimicked the fluctuation patterns of
POC (R. Zingmark, University of South Carolina, pers.
comm.; Chrzanowski and Stevenson, unpubl.). During
spring, the POC fluctuations were a combination of inphase and out-of-phase patterns. Chrzanowski and
Stevenson (1979, 1980), using filamentous fungi as an
indicator of marsh sediment suggested fluctuations
out-of-phase with the tide are indicative of resuspension of materials from the marsh surface. The shift in
patterns during spring suggest a change from an inactive (dormant?) marsh to a n active marsh. By summer
the in-phase fluctuations were completely replaced by
out-of-phase patterns, indicating an active marsh in
terms of the formation and suspension of POC. In the
fall, the decline of activity within the marsh was evidenced by a return of the combination of in-phase and
out-of-phase fluctuations.
Similar shifts in patterns were marginally apparent
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at South Jones Creek; however, lack of rhythmical
patterns limits data interpretation. Correlation coefficients between the described transport rates and actual
values were not as high as those calculated for the
northern locations. The low correlation coefficients
and partial filtering of the tidal harmonic suggest that
the shallow brackish water location was more strongly
influenced by factors other than tidal changes.
Fifty-five percent ( U = 0.10) of the transport estimates were distinguishable from zero transport and the
majority were during the summer and fall. Apparently
significant POC transports between the North Inlet and
ocean are a seasonal event with primary exports taking
place in the summer and fall. These significant exports
of POC seem to coincide with at least 2 other events: a
rhythmic rise in sea level, and a period of increased
biological activity within the marsh. Kjerfve (1978) has
calculated that the surface of the North Inlet is inundated approximately 30 % of the year. However, the
extent of submergence varies over the year with 42 %
of the marsh inundated in fall (October) and only 27 %
covered in winter (January). When this hydrologic
information is coupled with the increased biological
activity of such burrowing organisms as Uca during
summer, and senescence and seed production of Spartina during fall, it seems to offer at least one possible
mechanism to account for the POC exports during
these seasons.
A major consideration in computing an annual
budget involves extrapolating the data to an entire
season. The experimental design has provided a very
good estimate of net POC movement between marsh
and ocean for 8 tidal cycles each season. We assume
these net fluxes are representative of the entire season.
However, annual budgets based on this assumption
may be subject to some of the same problems associated with extrapolating single tidal cycle samplings
(see beginning of discussion) and a certain amount of
care must be taken in interpretation.
The breakdown of the year into seasons was based
on monthly water temperatures for the 2 previous years
and the seasonal production and mortality of Spartina
for a Georgia marsh (Gallagher et al., 1980). Months
with similar features were grouped together. The mean
net transport for February was considered representative of transports during the winter months of January,
February, and March 1-16. The data collected during
May were considered representative of the spring
months of March 17-31, April. and May. July's results
were taken as typical of June, July, August, and September, and the data for October/November were considered typical of October, November, and December.
Annual transport budgets may be calculated in
2 ways: the first method considers all data regardless
of statistical significance; whereas, the second method
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considers transport estimates determined to be statistically different from zero. When all data were used,
POC was exported from Town Creek at an annual rate
of 2.8 f 0.6 X log g yr-l, imported to North Jones
Creek at an annual rate of 3.6 1.1 X 10' g yr-', and
exported from South Jones Creek at 6.7 2 1.3 X 10' g
yr-l. These transports corresponded to average annual
rates of 89 g POC S-' at Town Creek, 11 g POC S-' at
North Jones Creek, and 21 g POC S-' at South Jones
Creek.
Annual net transports based on statistically significant data were calculated by replacing nonsignificant
transport estimates with zero and recalculating. Considering only significant data, POC was exported from
Town Creek at an annual rate of 2.6 t- 0.5 X log g
y r
imported
to
North
Jones
Creek at
3.8 -t 0.8 X 10' g yr-l, and exported from South Jones
Creek at a rate of 5.5
0.8 X 10' g yr-l. The similarity between transport estimates based on each method
is probably a random result brought about by the
fortuitous cancelling of import and export terms. The
2 methods are not comparable.
Town, North Jones, and South Jones Creeks account
for most (approximately 95 %) of the water flow
through the North Inlet ecosystem. This allows a basis
for a reasonable assessment of ecosystem function in
terms of POC transport. Based on significant data, the
system contributed 2.8 t 0.5 X log g POC yr-' to the
non-marsh environment. The intertidal marsh surface
is 2513 ha; assuming the marsh evenly contributes to
the net flux, the annual transport corresponded to
111 & 20 g of POC m-2 yr-l. If creeks are included
into area estimates, the surface area increases to
3222 ha and the annual net export would correspond to
87
16 g POC m-2 F-'.
The relative importance of each creek in terms of
water and POC movements was estimated by considering the tidal prisms of each (Kjerfve et al., 1981).Town
Creek accounted for approximately 81 % of the total
water flow through the 3 creeks, North Jones
accounted for approximately 16 % , and South Jones
only 3 % . As may be expected, movements of POC
closely followed water movements. Approximately
80 % of the total POC movement was through Town
Creek, 15 % through North Jones Creek, and 5 %
through South Creek. In terms of the total non-directional movement of POC and water, the largest creek
monitored, Town Creek, seemed to b e the most important of the 3 creeks.
The relative importance of each creek in terms of
total POC movement and directional net flux of POC
was estimated by considering a ratio of the percentage
of the net POC flux (only statistically significant data)
to the percentage of the POC movement (non-directional) for each creek. The relative contribution by

+

,

+

Mar. Ecol. Prog. Ser. 7: 231-245, 1982

each creek to the total significant net POC flux was
73 % , l l % , and 16 % for Town, North Jones, and South
Jones Creeks respectively. The ratios of the percentage
of the net POC flux to the percentage of the total POC
movement through each creek were 0.9 for Town
Creek, 0.7 for North Jones Creek, a n d 3.2 for South
Jones Creek. The ratio obtained for South Jones Creek
(the brackish water interface) was at least 3 times
greater than the ratios for either of the 2 ocean interfaces. It appears that South Jones Creek, while having
a relatively minor role in the total water (3 %) a n d total
POC ( 5 % ) movements, assumes a more important role
in the actual net export of POC from the North Inlet
marsh system than its size indicates.
The net primary production of Spartina within the
North Inlet ecosystem has yet to be reliably estimated,
but considering production estimates for North
Carolina marshes (Stroud a n d Cooper, 1965, Williams
and Murdock, 1966, 1969) a n d Georgia marshes
(Gallagher et al., 1980), aerial net production probably
falls between 1200 and 2000 g of dry biomass m-'yr-'.
Assuming 45 % of the biomass is carbon, the net export
of POC from the North Inlet ecosystem was approximately 10 to 16 % of the production of the grass. The
export (or import) of POC from the North Inlet system
varies according to the drainage area of each creek. It
is difficult to assess the area of marsh drained by North
a n d South Jones Creeks d u e to complex circulation
patterns and the dendritic anastomosing nature of
creeks within the surrounding marsh; however, the
drainage area of Town Creek w a s estimated to be
1800 ha (Chrzanowski a n d Stevenson, 1979). Integrating the annual POC export over the estimated draina g e area yields a n annual export corresponding to 14
to 24 % of the above ground production of Spartina.
This estimate agrees with Nixon a n d Oviatt's (1973)
report of a n export of 10 to 30 % of the annual production of a Rhode Island marsh.
When t h e North Inlet system is considered as a
whole, the reported export of 9 to 16 % of the estimated
annual production was considerably less than the
export percentages reported for several other marsh
systems. Teal (1962), working from a community
energy budget, reported a loss of 43 % of the above
ground production of Georgia marsh. A greater than
40 % loss of production of a Louisiana salt marsh and
shallow bay system was reported by Day et al. (1973).
In a more recent study, Valiela et al. (1978) indicated
POC export from the Great Sippeswisett Marsh to
Buzzards Bay was equivalent to 40 % of the net annual
above ground productivity of Spartina. Heinle and
Flemer (1976), following a 2-year study of Gott's
Marsh, demonstrated a net export of both water and
carbon. However, if their data are reworked so transport calculations are based solely on the year for which

a working current meter was available, the direction of
net water and carbon transport was reversed from a n
export to a n import. An additional study of marsh
transport processes that indicated a n import of POC to
a marsh is that of Woodwell et al. (1977),who reported
that Flax Pond collects POC at a rate of 60 g C m-2
yr-l. Nixon (1980) has prepared a through review of
studies dealing with directional flows of materials
through salt marsh systems and predicted that marshes
should export between 100 to 200 g of organic carbon

m-2 yr-l.
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