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ABSTRACT: Drainage of interstitial water from creekbanks vegetated by tall Spartina alterniflora was
directly measured using an in situ chamber technique over complete tidal cycles throughout the year
in the Great Sippewissett Salt Marsh, Massachusetts, USA. Estimates of porewater seepage into cham-
bers compared favorably with water exchange calculated from paralle]l measurements of water table
excursion and sediment-specific yield when plants were inactive. Upon low tide exposure of the marsh
surface, there was an initial large loss of porewater, then a continuously declining discharge which par-
alleled the pattern of water table drop in the adjacent creekbank sediments. Seepage losses were
related to the vertical height of the creekbank with banks ranging from 0.5 to 1.0 m showing more than
a 3-fold greater discharge than those only 0.25 to 0.5 m high on a linear basis and nearly 2-fold greater
on an areal basis. Strong seasonal variations in seepage volume and extent of low tide water table
excursion occurred in the tall S. alterniflora zone. In summer when water removal was through both
drainage and evapotranspiration, the water table fell at almost twice the rate as in winter when
drainage predominated. The annually averaged volume of creekbank seepage was 15.2 1m~2or 8.9 1
m~! per tide. The magnitude of the seepage pathway for organic matter and nutrient export from marsh
sediments was assessed from simultaneous measurements of seepage volume and concentrations of
DOC, NH,*, NO3; +NO,;", and PO,*" in both seepage and tidal waters. Sediments underlying tall S.
alterniflora showed a net export of DOC of 1080 mmol C m~2 yr~! (544 mmol m~* yr~!), NH,* 115 mmol
m-?yr ! (57 mmol m™! yr-'), and NO; +NO,~ 6.5 mmol m~? yr~' (4.7 mmol m~! yr~!), while PO~ was
imported from tidal waters. Measured dissolved inorganic nitrogen losses in drainage waters represent
only about 3% of the inorganic nitrogen export from this marsh. While porewater drainage was a major
factor in the water budget of creekbank areas and represents a potential aeration subsidy to sediment
oxidation, it was not found to be a significant pathway for the transfer of organic carbon or inorganic
nutrients from the Spartina root zone to tidal waters.
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INTRODUCTION

Published November 17

Salt marshes have long been considered to be
sources of organic matter to adjacent coastal waters
(Teal 1962, Odum & de la Cruz 1967) and foci of nutri-
ent cycling in estuaries (cf. Nixon 1980). Direct mea-
surement of carbon and nitrogen fluxes in tidal
exchange in both whole system (cf. Valiela 1983} and
sub-marsh studies (Whiting et al. 1989, Jordan & Cor-
rell 1991) support the general conclusion of organic
matter export, uptake of nitrate and loss of ammonium
from marshes to tidal waters.
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The initial hypothesis suggesting that outwelling
from salt water wetlands may occur (Odum 1980) was
put forward based on the measured high above-
ground production of the grasses (notably Spartina
alterniflora, the dominant macrophyte in Atlantic
coastal marshes; cf. Turner 1976), and the relatively
small amount of grazing on live plants (Teal 1962,
Vince et al. 1981). The bulk of the above-ground
production is therefore available to support detrital
food chains, providing a mechanism for the subsidy
of estuarine secondary production. Similar to initial
arguments based upon the aerial portions of the plants,
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the finding that most of the annual production of
Spartina spp. 1s in roots and rhizomes [cf. Good et al.
1982) led to investigations of potential pathways for the
large below-ground carbon and nitrogen pools to con-
tribute to wetland export. Mechanisms for below-
ground to tidal water transfers have necessarily
focused on dissolved export through the marsh surface
(Gardner 1975, Hemond et al. 1984) or via drainage of
porewater through creekbanks (Agosta 1985, Jordan &
Correll 1985, Yelverton & Hackney 1986), although
loss of particulate and dissolved material generated
below-ground has been found to be facilitated by
bioturbation, particularly by fiddler crabs (Katz 1980,
Montague 1982).

Indications that Spartina productivity may be related
to the rate of porewater turnover within the rooting
zone has stimulated interest in the subsurface hydrol-
ogy of vegetated areas of intertidal marshes (Wiegert
et al. 1983, Howes et al. 1986). Typically, along the
banks of tidal creeks where plant productivity is
highest, low tide water tables are deeper than in less
productive areas a few meters inland. The lower
creekbank water table results from the addition of
porewater drainage to the water removal by evapo-
transpiration which occurs throughout the vegetated
marsh (Howes et al. 1981, Hemond & Fifield 1982). The
processes underlying the association of increased plant
productivity with increased water table excursion
appears to operate both directly through advective
removal of dissolved species, primarily dissolved
sulfide (King et al. 1982, Mendelssohn & McKee 1988),
or elevated salinity (Nestler 1977a), and indirectly
through increased sediment oxidation due to increased
air entry (Howes et al. 1986). In addition, inter-marsh
comparisons of plant productivity suggest a positive
relationship with tide range (Steever et al. 1976) which
may be related to subsurface water movement (Harvey
et al. 1987, Nuttle 1988). Clearly an understanding of
subsurface hydrology is important to both evaluating
material exchanges through tidal water as well as
determining the factors controlling the rates of primary
production in intertidal wetlands.

A wide variety of methods have been used in
attempts to quantify both the rates and pathways of
porewater loss from salt marsh sediments. Methods
include geochemical budgets (Howarth & Teal 1979),
physical budgets (e.g heat; Redfield 1965) and hydro-
logic models generally based upon Darcy's law
(Jordan & Correll 1985, Yelverton & Hackney 1986,
Harvey et al. 1987, Nuttle 1988) and measures with
dyes (Nestler 1977b, Jordan & Correll 1985), surface
chambers (Hemond et al. 1984, Yelverton & Hackney
1986), and changes in wet weight of sediment (Valiela
et al. 1978, Howarth et al. 1983, Agosta 1985). Al-
though some of the methods appear to be insensitive or

prone to artifact (e.g. geochemical budgets or weight
changes in short Spartina marsh), in general most sug-
gest that porewater loss through creekbanks is
restricted to the several meters directly adjacent to the
creeks. Direct measurements of subsurface water
exchange in short Spartina marsh are consistent with
reports of negligible drainage of porewater in these
areas, water loss being dominated by evapotranspira-
tion (Hemond & Fifield 1982, Dacey & Howes 1984,
Howes et al. 1986). There have been few studies, how-
ever, which have attempted to measure porewater
drainage through creekbanks by directly measuring
the volumetric flux of the water (Jordan & Correll
1985), even though collection of seepage water has
been used in other geochemical studies (Chambers
& Odum 1990).

In the present study, we made direct measurements
of seepage using vertically oriented creekbank seep-
age chambers which allowed the determination of both
volume of porewater discharge and mass flux of dis-
solved organic carbon (DOC) and dissolved inorganic
nutrients (nitrate, ammonium and ortho-phosphate).
Water loss to chambers was verified using a sediment
water balance determined from measured specific
yield and changes in hydraulic head. Seepage was
estimated for creekbanks with a range of elevations
and throughout the year to assess potential influences
of hydraulic gradient and seasonal evapotranspiration
on porewater drainage and dissolved export. Meas-
urements were made in Great Sippewissett Marsh,
Massachusetts, USA, where whole system tidal
exchanges of nitrogen have been quantified (Valiela
& Teal 1979) to assess the potential role of porewater
drainage in salt marsh export.

MATERIALS AND METHODS

Study sites. Seepage from the near-vertical face of
creekbanks was investigated at 3 sites with highly
organic sediments (15 to 25% carbon) typical of New
England pocket marshes. Only creekbanks extending
25 to 100 cm above the creek bottom and vegetated by
Spartina alterniflora, representing 95% of the tidal
creek bank in Great Sippewissett Marsh, were
assayed.

Seepage measurements. Seepage chambers (28.9 cm
i.d., 12 cm long) were thin walled (1 mm) with an open
and a sealed (flat) end. Chambers were inserted 7 to
9 cm into the creekbank with the closed end nearly
vertical so that water within the chamber would flow to
a port at the [owest point of the exposed portion of the
chamber. A second port situated at the highest point in
the chamber allowed air to enter or leave to equilibrate
the pressure as water entered or exited. The effect was
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that the sediment surface within the chamber had the
same inundation and exposure time as the adjacent
creekbank. Water draining through the bottom port
was collected in sealed heavyweight polyethylene
bags (12 | capacity, 38 x 62 cm) attached via 15 cm of
Tygon tubing. Because sampling was initiated at high
tide when the chamber headspace was filled with
water, all water volumes were corrected for the head-
space volume (ca 2.5 1). This volume was determined
by rapidly filling and draining the headspace several
times 1n succession until a constant volume was deter-
mined; these results agreed with values calculated
from the measured dimensions of each headspace. The
chambers were painted white to prevent photosyn-
thesis by surface algae or diatoms and to minimize
increases in sediment temperature. No significant dif-
ference was found in seepage rates 2 and 10 d after
insertion.

Seepage measurements began when the falling
tide was level with the top port of each chamber, and
measurements continued until the following flood tide
reached the bottom of the chamber. The initial sample
was collected when the water level reached the bottom
of each chamber and included water from the head-
space plus any seepage during this interval, usually
about 1.5 h. After the initial sample, collection con-
tained only seepage water with measurements at 1 to
1.5 h intervals. At each sampling, the volume of water
was measured, and subsamples for nutrient analysis
filtered (0.22 pm, Millipore) into HCl-leached Nalgene
bottles (125 ml) and transported on ice to the labora-
tory. Additional samples of the tidal water flooding
over the creekbank and 4 to 6 samples of creek water
were collected throughout each run. Seepage and
creek waters were analyzed for DOC, NH,*, and salin-
ity on all samples and for NO;~, NO,~, and PO,*" on
selected samples. Except for some of the NO;~ and
NO,~ samples which were frozen (-15°C) for later
analysis, all assays were performed within 24 h of sam-
ple collection.

We were concerned about potential artifacts caused
by the method of seepage water collection, particularly
the effects of cutting of root and rhizome material dur-
ing insertion and the shading of the sediment surface
within the chambers. As the chamber was of large
diameter (28.5 cm) and was inserted <10 cm into the
vertical face of the creekbank where there are no plant
shoots, the input of DOC, etc. leaching from cut roots
and rhizomes (Howes et al. 1985b) should have been
small. The potential for creating artificially high DOC
concentrations was further reduced by allowing sev-
eral days to elapse between chamber placement and
sampling, during which seepage through these surfi-
cial sediments continued. There was no visible change
in the appearance of the sediment surface (e.g. color,

texture, formation of precipitates) when the chambers
were removed after sampling. The shallow insertion of
the chamber relative to the distances traveled by
seepage water per tide further reduced the likelihood
of chamber effects. The impact on the volume of
seepage measured should also be minor since the
depth of penetration was <10 cm, rates showed no
consistent bias through several weeks following inser-
tion, and hydraulic gradients suggest flow nearly
directly along the long axis of the chambers as placed.

To further confirm the validity of the chamber
measurements, we determined total water and solute
loss at one of the chamber sites from a water budget
and porewater sampling. In the budget, water loss was
estimated from measured water table drop and specific
yield of the sediments. The loss of water was calculated
at the 1 h intervals of well monitoring with parallel
measurements of seepage from 4 chambers positioned
in the adjacent creekbank. During these parallel
studies, porewater was collected using sippers (Howes
et al. 1985b) at 5, 10, 20, 30, 40, 50 cm depths, 0.5 and
1.0 m inland from the creek. DOC and ammonium
concentrations were assayed in order to calculate loss
in draining porewater for comparison to directly
measured flux to creekbank chambers. In order to min-
imize water losses to evapotranspiration, comparisons
were made in the late fall when the plants were not
active and under conditions of low evaporative poten-
tial (overcast, cool, ca 50 % humidity).

Water table measurements. Water table depth was
monitored in concert with each seepage determina-
tion. Wells (PVC, 0.95 cm i.d., screened through the
water table) were placed adjacent to boardwalks in
2 transects perpendicular to the creekbank where each
set of chambers were positioned. Deep wells (40 cm)
were placed at 0.3, 0.5, 0.75 and 1.0 m, with 30 cm
wells at 1.25, 1.5 and 2.0 m from the creek edge. Water
levels were measured at hourly intervals throughout
low tide using a graduated resistance probe, with an
accuracy of 1 mm (Dacey & Howes 1984).

The role of evapotranspiration in observed water
table excursions was determined using lysimeters
(25.6 cm i.d., 40 cm deep) placed in the creekbank tall
grass zone (n = 4) and in the adjacent short Spartina
directly inland (3 to 5 m from creek, n = 4). The lysi-
meters isolate a portion of the plant-sediment system
from the surrounding marsh so that water and solute
losses can only be across the marsh surface, as lateral
and downward porewater flows are prevented.
Lysimeters are placed so that there is no impact on sur-
face waterflows and such that there are no detectable
alterations to plant canopy of the lysimeter and the sur-
rounding grass stand. Water levels within the lysime-
ters and 1 m to either side were monitored with wells
(for a detailed description see Dacey & Howes 1984).
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Specific yield. Five cores (21 cm I.d. x 40 cm long)
were collected within the area of maximum water table
excursion, 0 to 1 m from the creek edge, for determina-
tion of specific yield for the water budget (see above).
Specific yield was determined as in Dacey & Howes
(1984) and Howes et al. {1986). Cores were sealed at
the bottom with the exception of a 3-way valved
drainage port. Depth of water table was determined by
means of a glass tube running from the valve vertically
up the side of the core tube. Periodic removal of known
quantities of water from the core sequentially lowered
the water table, generally in 1 to 3 cm increments. The
top of the cores were covered during assay to prevent
evaporation and water levels were allowed to equili-
brate between water removals. A total of 3 or 4 deter-
minations were performed upon each core; differences
between replicates were small (<5 %). By measuring
the volume required to lower the water table through
the excursion observed in the field, we were able to
determine the volume of water lost for comparison to
seepage measurements.

Proiiles of marsh surface elevation. Surface eleva-
tions and plant height were determined along each
well transect at 25 cm intervals from the creekbottom
into the inland short Spartina alterniflora zone. Creek-
bank height and chamber and well placement were
also surveyed to compare the location of the seepage
chambers to the water table excursion and surface
elevation of the adjacent marsh.

Chemical analyses. Ammonium was measured on
duplicate 5 ml subsamples (0.22 um Millipore filtered)
using an indophenol method (Scheiner 1976) after
sparging with O, to remove dissolved sulfide. NO;~,
NO,~, and PO~ were also assayed by colorimet-
ric techniques (Wood et al. 1967, Bendschneider &
Robinson 1952, Murphy & Riley 1962, respectively) on
about half the total samples. Salinity was measured
using a temperature-compensated American Optical
refractometer.

DOC was determined on triplicate 5 ml subsamples
in sealed ampules using the persulfate oxidation
method of Menzel & Vaccaro (1964). Immediately upon
return to the laboratory, 20 ml of 0.22 pum (Millipore)
filtered sample were pipetted into pre-combusted
screw cap test tubes with teflon cap liners and mixed
with 1 ml of 3% H;PO,*" DOC was measured as CO,
after oxidation using a Beckman IR15 infra-red ana-
lyzer calibrated with both gaseous CO, and ampulated
glucose standards. Potential DOC contamination from
filters was checked by digesting both filtered and
unfiltered distilled de-ionized water.

Above-ground Spartina biomass. Standing live
above-ground biomass of Spartina alterniflora was
estimated through the growing season using a height-
weight regression (Howes et al. 1986). Biomass was

also harvested at the end of the growing season in
replicate quadrates (25 cm x 25 cm) in the tall grass
zone adjacent each chamber site. Harvested biomass
was sorted into live and dead, and oven dried to
constant weight at 60°C.

Creekbank survey of Great Sippewissett Marsh.
The surface area of creekbank available for drainage
throughout Great Sippewissett Marsh was measured
to allow calculations of the contribution of DOC and
DIN from creekbank seepage relative to overall marsh
export. Total linear creekbank was measured using a
planimeter and aerial photographs coupled with direct
field measurements. Creekbank vertical seepage area
was calculated from the linear estimates and measure-
ments of creekbank height at ca 5 m intervals over the
entire marsh.

RESULTS

Seepage volume

The water table tended to fallow the surface contour
of the sediments, The maximum excursion of the water
table within the marsh sediments was greatest nearest
the creek with smaller changes inland. The rate of fall
of the water table was most rapid in the 1 m zone near-
est the creek and exhibited a continually declining rate
of change throughout low tide. In addition to the
smaller excursion in the 1 to 3 m zone, the rate of water
table fall did not appear to vary through time (Fig. 1A).
Water was replenished by the flooding tide primarily
through the horizontal surface of the marsh except in
the 0 to 1 m zone adjacent the creek where water
entered laterally as the tide rose (Fig 1A). Although
the absolute amount and rate of water table excursion
vary, these patterns agree well with measurements
from salt marshes with differing sediment types
(Agosta 1985, Jordan & Correll 1985, Yelverton &
Hackney 1986, Nuttle 1988).

The declining rate of water table drop in the creek
edge sediments, which contribute the largest amount
to discharge, was consistent with the time course of
seepage into the chambers. Generally, about 75% of
the flow into the chambers was found in the first half
of the low tide interval (Fig. 1B), although seepage
continued until flooding by tidal waters with the next
tide. No significant differences (paired t-test, p < 0.05)
were observed in the total volume of drainage during
spring versus neap tides (Nuttle 1988), probably due to
the daily flooding of these sites and the small volume of
seepage which occurs with each additional hour of
exposure (after 5 h). The salinity of seepage waters
indicated that discharge was of porewater, not fresh
groundwater which occurs at the periphery of this
marsh (Valiela & Teal 1979).
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Fig. 1. (A). Cross-section through the creekbank of a Spartina
marsh showing the time course of water table drop through-
out the low tide period and changes with the rising tide (8 h).
Values are means of duplicate wells, arrows represent creek
water level. (B). Time course of water volume draining though
the vertical face of the same creekbank at the same time as
the water table measures in (A). Seepage volume is relative to
a 1 m width of creekbank. Sampling was in late fall, values
are means + SE of 4 replicate seepage chambers

The relative importance of lateral drainage of pore-
water versus loss to the atmosphere via evapotrans-
piration varied significantly from the tall creekbank
(0 to 1 m) to the adjacent (>3 to 4 m) inland short
Spartina areas. Lysimeter measurements during peak
above-ground biomass (July-August) indicated that
while all of the water table movement in the short zone
could be explained by evapotranspiration, drainage
played a major role in the water table excursion within
creekbanks (Fig. 2). Plant water uptake appeared to
continue both day and night in both grass areas as
previously observed in control (Dacey & Howes 1984)
and fertilized (Howes et al. 1986) short Spartina marsh.
The pattern of plant water uptake explains reports of
similar day to night water table drops found in other
marshes (Jordan & Correll 1985, Yelverton & Hackney
1986) but does not indicate that all water loss is
through drainage (Howarth et al. 1983).

Water losses from creekbanks from the water budget
based upon measured water table excursions and spe-
cific yield indicated similar rates to seepage chambers
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Fig. 2. Time course of water table excursion within a lysimeter
and 2 adjacent wells in both a short (upper panel) and tall
{lower panel) Spartina alterniflora grass stand. Greater water
table drops outside versus inside lysimeters are due to
drainage. Plant water uptake occurs both day and night

positioned in the adjacent creekbank. The inland
extension of the zone (ca 1.75 to 2.0 m) contributing to
drainage used in the water budget was based upon the
lysimeter data (Fig. 2) and the temporal pattern and
rate of water table drop (Fig. 1A). Errors in calculated
discharge due to uncertainties of the placement of the
inland boundary should be small due to the diminish-
ing contribution to drainage of sediments at increasing
distances from the creek. A total of 8 field comparisons
were conducted during periods of limited water loss
through evapotranspiration. Cores collected within the
creekbank area contributing to drainage had a specific
yield of 0.036 (SE = 0.063, n = 5), slightly higher than
the 0.02 to 0.03 reported for short grass areas in this
marsh (Dacey & Howes 1984), probably due to the
presence of Uca pugnax burrows, and was the same as
for a Virginia, USA, salt marsh (0.032; Harvey et al.
1987). The volume of water loss calculated from the
budget was consistently slightly higher than measured
from the seepage chambers (Table 1). The ratio of esti-
mates from chambers versus budgets was 0.91 (SE =
0.04). Since some water was lost due to surface evapo-
ration even in fall when these paired measurements
were conducted, the higher water 'loss’ calculated
from the budget might be expected. It appears that the
water loss from the creekbanks is not contributing to a
potential deeper flow system in this marsh. The good
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Table 1 Comparison of directly measured and calculated

porewater drainage through creekbank of Spartina marsh

(November). Direct measurements were taken using 4 repli-

cate flux chambers. Water budget was calculated from mea-

sured specific yield and maximum water table drop. Values
are means (propagated SE)

Method H,0O volume DOC NH,*
(mY (mg Cm™) (umolm™}
Flux chambers  12.6 (0.95) 5.9(1.9) 196 (36.6)
Water budget 145 (1.5) 75.8 (9.9 294 (42.1)°
Ratio 0.87 0.08 0.67

* Concentrations were weighted averages of porewater in
zone of water table drop. Loss was corrected for tidal
water concentration

agreement between these independent techniques
suggests that the more easily employed seepage
chambers yield an adequate measure of seepage flow
through the vertical creekbank surface in this marsh.

The volume of seepage was significantly greater
(t-test, p < 0.05) from the higher creekbanks (Fig. 3).
The 2- to 3-fold higher drainage from the higher versus
lower creekbanks persisted year-round in both linear
and areal measures, with annually averaged rates of
13.6 (1.6) versus 4.2 (0.6) I m~! and 19.3 (2.5) versus
11.1 (1.3) I m~?, respectively. The difference appears to
be positively related to height since when corrected to
an area basis the difference in rates persists (Fig. 3).

A seasonal pattern of lower seepage volumes in
spring and summer compared to fall and winter was
found at both creek heights (Fig. 3). The seasonal
pattern suggests that plant water uptake during the
growing season effectively ‘competes’ with drainage in
the removal of porewaters most likely by lowering the
hydraulic gradient driving seepage. This is consistent
with the less pronounced seasonal pattern in the lower
creekbanks which had lower peak biomass (600 g dry
wt m~%) hence lower leaf area compared to the 0.5 to
1.0 m high banks (800 to 1500 g dry wt m~?). Compari-
son of summer versus winter maximum water table ex-
cursions also supports the finding of greater seepage in
winter due the maintenance of steeper hydraulic gra-
dients when plant water uptake is negligible and loss
is primarily by drainage alone (Fig. 4). The role of ani-
mal (e.g. Uca pugnax) activity in increasing drainage is
unclear, since the highest seepage rates were found
during winter when faunal activity is lowest. Seasonal
water table measurements also suggest a lower total
water loss across the marsh in winter versus summer,
of similar magnitude to the summertime evapotranspi-
ration in creekbank versus inland marsh (Fig. 2). These
data suggest a seasonal variation in the pathways of
water removal with a slight dominance of biological
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uptake (evapotranspiration) in summer but with the
physical processes of drainage (hydraulic head and
conductivity) controlling water turnover when the
plants are inactive. The mean annual volume of creek-
bank seepage was 151m ?or 891 m™" per tide.

Creekbank survey

The length of creekbank potentially providing seep-
age to the tidal waters of Great Sippewissett Marsh
based on aerial photographs and field survey was
13433 m, with an associated vertical surface area
of 6650 m? These measurements were used to scale
the seepage rates (Fig. 3) marsh wide. However, since
seepage was not measured from creekbanks smaller
than 25 cm (about 5% of the total creek length),
the rate from the <0.5 m banks was applied in the
calculations.

Solute fluxes

Water seeping from the creekbanks carried with it
DOC, NH,*, NO;~, NO,", and PO,*" (data not shown
for the last). For the major constituents, DOC and am-
monium, the concentration increased significantly
through the first few hours and then became relatively
constant at the later lower flow rates (Fig. 5). This pat-
tern likely resulted from the greater dilution of the
porewater in the initial seepage by
the lower concentration creekwater
which entered laterally during the
previous high tide (cf. Fig. 1), com-
pared to the later seepage water
which was from the more interior re-
gion of the creekbank and included
water which had entered through the 10
horizontal surface of the marsh.

Since nitrite levels were always low
compared to nitrate they have been 20+
combined (NO,”) for presentation.
In contrast to ammonium, NO,~
concentrations in seepage were low
and varied little through time. These
temporal patterns in concentration ‘
were seen at all sites throughout the 40!
year.

Profiles of DOC and ammonium }
concentrations in porewater 0.5 and 50 |
1.0 m in from the creek in the tall
Spartina zone indicated a fairly
uniform distribution of DOC both
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Fig. 5. Time course of seepage volume and associated con-

centrations of DOC, NH,*, and NO,~ in discharging water.

Zero time concentrations are of previous flood tide water.

Values are means + SE of 3 chambers on each of 3 dates in
summer

showed increasing concentrations with depth and sig-
nificantly higher levels at the 1.0 m versus the 0.5 m
site (Fig. 6). The greatest rise in ammonium levels was
found in the inland profile below 20 cm, the depth
range of maximum water table excursion at that loca-
tion (Fig. 1). For both DOC and ammonium, no signifi-
cant differences were found between samples col-
lected just after high tide and at the end of low tide 6 h

Dissolved NHy (M)
15 20 25 O0 50 100 150 200

A | | B

Fig. 6. Profiles of {A) DOC and (B} NH," concentrations at 2 distances from
a creek, just after high tide and at the end of low tide 6 h later Initial (O: 0.5 m;
¢:1.0m)and 6 h samplings (A: 0.5 m; %: 1.0 m); means + SE (n = 2)

vertically and horizontally within
the marsh. In contrast, ammonium
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later. The temporal stability of the concentrations is
likely related to the low specific yield of these sedi-
ments which results in only a small loss of water relat-
ing to a large water table drop. Since more than 95 %
of the water remains in place, dilution with infiltrating
water, even though being of much lower concentra-
tion, can have only a small effect over a single tide.

Independent estimates of the mass flux of DOC and
ammonium in water seeping from the creekbank
through complete tidal cycles was determined from
the above volumetric flux and concentration data using
2 approaches: (1) a direct estimate from seepage
chambers (Fig. 5); and (2) indirectly as calculated from
water budget derived seepage volumes and concentra-
tions in the porewater within the adjacent sediments
(Fig. 6). Both estimates corrected solute flux for an
amount equivalent to the original mass in the infiltrat-
ing tidal water. As indicated above, the volume of
seepage as determined from these 2 approaches was
similar (ratio: 0.87); however, both the DOC and
ammonium efflux were significantly smaller when
measured with the seepage chambers than when esti-
mated from porewater concentrations (Table 1). The
reason is primarily due to the lower concentrations in
seepage versus porewater. Biological uptake may be a
partial cause, but it is likely that the major effect
results from the difficulty in acquiring the necessary
spatial resolution in porewater concentrations and in
the determination of the relative contribution to total
discharge of porewater from different depths. In addi-
tion to the effect of lateral inflow in lowering initial
concentrations in seepage water (Fig. 5), the focussing
of this effect within the 0 to 0.5 m closest to the creek
suggests that porewater concentrations were overesti-
mated by sampling even at the 0.5 m distance. A simi-
lar conclusion was reached when porewater concen-
trations 2 m inland from creeks were used to calculate
drainage losses in a tidal brackish water marsh (Jordan
& Correll 1985). The difficulties in obtaining adequate
spatial porewater concentration measurements may
greatly limit the application of this indirect approach to
estimating mass losses via seepage.

Comparisons of seasonal mean concentrations of
DOC and DIN in flood water versus seepage water
suggest that, generally, seepage represents a source
of these to tidal water (Fig. 7). In addition, both DOC
and ammonium exhibited seasonal trends in seepage
concentrations that appear to be related to the
growth cycle of Spartina. DOC in seepage water
reached maximum levels in spring and summer
(Fig. 7A) coincident with the growth of the plant roots
and rhizomes (Valiela et al. 1976) and maximum rates
of organic matter decay in this marsh (Howes et al.
1985a). The similarity in DOC levels and seasonal
pattern to those of a North Carolina, USA, Spartina
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Fig. 7. Seasonal concentrations of (A) DOC, (B) NH,* and

(C) NO,~ in (o) flood water and (m) seepage waters. Values

are means + SE of flood water from all locations (n = 4 or 5)

and volume-weighted averages of entire tidal cycles from
each chamber (n = 12)

marsh (Yelverton & Hackney 1986) further supports a
link to the plant cycle when latitudinal and physical
differences between the marshes are taken into ac-
count. However, these DOC values are more than an
order of magnitude lower than earlier DOC concen-
tration estimates for Great Sippewissett Marsh
(Howarth & Hobbie 1982), most likely due to the re-
lease of DOC from live plant tissues during sampling
(Howes et al. 1985b).

DOC was not lost through seepage throughout the
year, as significantly (p < 0.05) higher concentrations
were found in flooding versus seepage water in mid-
winter (December to February). The cause for the
apparent import of DOC in winter is unclear but may
be related to the high DOC concentrations in tidal
waters during that period. Ammonium levels in seep-
age water also appeared to be related to the plant
growth and decay cycle with lowest concentrations
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when the plants were growing and taking up nutrients
from spring to mid-summer followed by a large
increase in fall when the plants senesced (Fig. 7B).
Given the partial nitrate data set no seasonal trends
can be evaluated, however, similar to ammonium and
DOC, seepage waters tended to have higher concen-
trations than flood water indicative of net loss via
seepage. Since nitrate+nitrite levels were low (only
about 10% of dissolved ammonium), ammonium
accounted for almost all of the DIN exchanges via the
seepage pathway. In contrast to DOC, NH,* and NO,~
which showed losses through seepage at least part
of the year, PO~ levels in seepage were consist-
ently about 30 % that of infiltrating tidal water (0.19 +
0.24 pM versus 0.64 + 0.10 uM, n = 70). Since the
results were similar in both summer and winter, creek-
bank sediments appear to act as a sink for PO,*" in this
marsh. The large drop in PO,*~ concentration probably
results from iron-phosphate interactions within the
surficial sediments similar to those reported for a tidal
freshwater marsh (Chambers & Odum 1990), but more
work is needed to confirm this mechanism.

The average ‘export’ or 'import’ of DOC and ammo-
nium through the creekbank seepage pathway was
determined as the mean of the individual seepage and
concentrations measures (n = 12) for each seepage
chamber on each sampling date. Therefore, seasonal
changes in net flux result from seasonal cycles of seep-
age volume and solute concentration. Since the cycle
of seepage volume was out of phase with that of DOC
concentration (Figs. 3 & 7), a relatively constant export
of DOC was found throughout most of the year.
However, as suggested from the concentration data
(Fig. 7A), a net DOC import to the sediments occurred
in winter (Fig. 8). In contrast, ammonium inputs and
outputs were in balance through the early part of the
growing season but exhibited a large release in fall.
The seasonal pattern of export of ammonium in seep-
age is similar to the pattern of the loss from Great
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Fig. 8. Seasonal seepages losses of DOC and NH,* per width
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sent 'export’ while net uptake by the vegetated marsh sedi-
ments represent ‘import’. Values are means + SE of all sites
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Sippewissett Marsh found in fall tidal exchanges
(Valiela & Teal 1979).

Integrating the flux data over the year it appears that
both DOC and DIN show net annual exports from
creekbanks through seepage. Total annual export of
DOC to tidal waters was 17.5 mg C m~? of creek edge
tide ! or 85 kg C yr~! for the entire marsh, while NH,*
showed losses of 158 pmol m~2 tide™! or 760 mol yr~!,
respectively. Using the available data on NO; +NO,"~
we estimate a small annual net loss of NO,~ of 13 pmol
m~? of creek edge tide™! or 60 mol yr~! marsh-wide,
while PO~ showed net uptake. Measured exports
should be considered maximum estimates to the extent
that evapotranspiration may have concentrated tidal
water inputs. However, as plants take up, rather than
exclude, both nitrate and ammonium this effect is
likely to be more significant for DOC estimates.

DISCUSSION

Seepage of water through the creekbanks of Great
Sippewissett Marsh was a major component of the
creekbank water balance and the major pathway for
transfer from below-ground carbon and nitrogen pools
to tidal water. The seasonal variation in seepage losses
of water and solutes indicated that plant activity, not
just physical processes, plays an important role in
both the hydrology and biogeochemistry of creekbank
sediments.

Subsuriace hydrology

Determination of both the volume of water loss and
the area of marsh contributing to seepage have been
general themes to most studies of porewater drainage
in salt marshes. The results indicate that movement of
porewater more than a few meters (2 to 4 m} inland
from creeks is predominantly through evapotranspira-
tion with negligible drainage (Figs. 1 & 2; Dacey &
Howes 1984). While a few studies have suggested that
drainage of porewater from interior marsh areas may
be large (>101 m~2d"'), the rates were based upon rel-
atively insensitive indirect measures of water loss
(changes in wet weight) or inferred fluxes required to
balance measured consumption of labile solutes within
the sediments. The more general finding has been
that, similar to our results, porewater drainage is pre-
dominantly a near-creek phenomenon whether based
upon heat (Redfield 1965) or chloride (Lord & Church
1983) balances, or models based upon Darcy’'s Law
(Jordan & Correll 1985, Yelverton & Hackney 1986,
Nuttle 1988) with qualitative support from subsurface
dye studies (Nestler 1977b, Jordan & Correll 1985).
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The actual extent of lateral seepage of porewater is,
of course, dependant on the physical and tidal proper-
ties of each marsh. However, it is likely that much of
the difference in the inland extent of drainage is
related to flooding frequency and to a lesser extent dif-
ferences in hydraulic conductivity (Harvey et al. 1987).
The results of subsurface models generally indicate
that between 80 and 90% of the seepage loss after a
flood tide is from within 2 to 3 m of the creek. However,
if there is a steep hydraulic gradient due to rapid
changes in surface elevation close to the creek as
found in some narrow fringe marshes (Harvey et al.
1987), the lateral extent of drainage may be larger. The
effect of flooding frequency is that with infrequent
flooding the longer period of water loss results in a shift
of the hydraulic gradient inland extending the area of
lateral flux (Nuttle 1988). Although during spring tides
Belle Isle Marsh (Nuttle 1988) and Great Sippewissett
Marsh appear to have similar distributions of seepage,
the greater lateral porewater movement predicted for
Belle Isle is likely due to its greater elevation and irreg-
ular flooding.

At present the precise inland limit of lateral pore-
water movement is unclear not only because it varies
with patterns of water removal and recharge, but
also because of the limitations of available measures.
Lateral porewater velocities determined from models
are limited primarily by measurements of hydraulic
conductivity (K} which can vary more than an order
of magnitude over short vertical distances (Hemond
& Fifield 1982) and, to a lesser extent, horizontally.
However, most models apply a uniform K from creek-
bank to inland marsh which may lead to problems in
estimating the volume of porewater moving laterally
since discharge is directly proportional to K and the
volume of water contributed from interior marsh tends
to be small. Lysimeter measurements also have sensi-
tivity limitations since the reported small lateral flows
more than a few meters from creeks gather water over
several m? but translate to drainage losses of < 10 % of
evapotranspiration. It is clear, however, that lateral
porewater movement within the rooting zone of
Spartina spp. is primarily a creekbank phenomenon
and in regularly flooded wetlands likely extends only
about 3 m inland (Fig. 2; Nuttle 1988). Extending the
period during which drainage occurs may increase the
area over which porewater moves laterally but the rate
of discharge appears not to be increased proportion-
ately as evidenced by the rapid decline in the rate of
seepage even a few hours after high tide (Figs. 1 & 5).

Given the diversity of salt marshes for which creek-
bank seepage has been measured, the reported range
of discharge is relatively small, 14 to 46 1 m™! tide™!
(Jordan & Correll 1985, Yelverton & Hackney 1986,
Harvey et al. 1987) and similar to the range found in

Great Sippewissett Marsh, 3 to 23 1 m~' tide~! (Fig. 3).
The extent to which variations result from methodol-
ogy or differences in creekbank height (Fig. 3) or
hydraulic conductivity is unclear. However, the
hydraulic conductivities for the systems with compara-
ble creekbank heights were 4 to 78 times higher than
reported for our study area (Hemond & Fifield 1982)
and had 3-fold higher seepage rates (Jordan & Correll
1985, Yelverton & Hackney 1986). Similarly, the 13.8 1
m~!tide”! seepage estimate of Harvey et al. (1987) was
also from a system with a greater K (8-fold higher)
but with a much lower surface profile. It appears the
mechanism relating seepage volume to creekbank
height (Fig. 3) may be generalizable to other systems.

Except for the 0 to 1 m of marsh directly adjacent to
the creeks, evapotranspiration was the major pathway
for water removal from the vegetated marsh in summer
(Fig. 2). In addition, plant water uptake along creek-
banks appeared to alter the pathway of water removal
resulting in greater seepage in winter than in summer
when plants were active (Fig. 3). The role of plant
water uptake along creekbanks in accelerating water
table drop over drainage alone and thereby increasing
the volume of lateral seepage from the interior marsh
has not been quantified. However, the relative magni-
tude of evapotranspiration suggests that this may be an
important mechanism for increasing flow of nutrient-
rich porewater from more inland marsh through the
rooting zone of the grasses vegetating the creekbanks
(Figs. 4 & 6).

Seepage and marsh biogeochemistry

Subsurface drainage of porewater has implications
to both the productivity of Spartina spp. as well as
being a pathway for exchange between below-ground
pools and tidal waters. While a variety of factors have
been found to influence the productivity of S. alterni-
flora, almost all are related to the extent of porewater
turnover and most to the root oxygen status of the
plants (cf. Howes et al. 1986). Drainage of porewater
through seepage from creekbanks improves the condi-
tions for plant growth by increasing the oxidation state
of the sediments (Howes et al. 1981, Mendelssohn et
al. 1981) both directly by removing dissolved sulfide
(King et al. 1982, Wiegert et al. 1983) and indirectly
through increasing the rate of surface oxygen
exchange through air entry (Howes et al. 1986). Oxy-
gen loss from Spartina root systems appears to account
for little of the difference in sediment oxidation
between creekbanks and inland vegetated sediments
(Howes & Teal 1994). Therefore, loss of porewater
through seepage, to the extent that it increases water
table excursion, represents an oxidation subsidy to the
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creekbank sediments potentially affecting the plant
productivity. Apparently, relative to creekbank plant
production, the positive effects of drainage on sedi-
ment oxidation are greater than the negative impacts
of nitrogen loss. Drainage potentially increases DIN
loss both through advection and by potential stimula-
tion of nitnfication-denitrification associated with
increased sediment oxidation. However, it is likely that
the lower ammonium levels in porewaters of tall versus
short Spartina marsh (Fig. 6; Howes et al. 1985b) help
to regulate losses through this mechanism, reducing
the spatial variation in nitrogen loss via this pathway
within Spartina marsh.

The concept of a tidal energy subsidy to the plants
growing along tidal creekbanks was originally put
forward to explain productivity variations within and
between tidal marshes {(Odum & Fanning 1973, Odum
1980). The tidal energy subsidy hypothesis has been
supported by inter-marsh comparisons of above-
ground peak biomass versus tide range in Connecticut,
USA (Steever et al. 1976). While the influence of tidal
amplitude on plant production is potentially through
increasing porewater drainage, the mechanism has yet
to be demonstrated. Our finding of greater seepage
(and peak above-ground biomass) from creekbanks
extending further above the creekbottom suggests an
explanation of the findings of Steever et al. (1976). The
effect of increasing tidal amplitude is not to increase
the time for porewater drainage to occur, since the
tidal cycle still has the same duration, but to increase
the hydraulic gradient, hence the discharge. In Great
Sippewissett Marsh, both high and low creekbanks
drained for similar periods but the higher banks aver-
aged 3 times the seepage volume (and greater water
table drops) throughout the year. Since marshes
with higher tidal ranges generally have deeper
creeks (i.e. higher creekbanks; cf. Redfield 1972), the
drainage volume and therefore the oxidation subsidy
should be greater in the marshes with the greater tidal
amplitude. If this hypothesis is correct, the differences
in productivity between marshes related to tidal ampli-
tude is via the same mechanism mediating the produc-
tivity gradients within Spartina marshes.

In addition to associations with plant productivity,
drainage of interstitial water through creekbank
sediments is a major mechanism by which the high
concentrations of inorganic nitrogen within the marsh
sediments (Fig. 6) and organic carbon from the high
root and rhizome production can be exchanged in dis-
solved form with tidal waters. Net losses of both DOC
and DIN through the seepage pathway were observed
in the present study (Fig. 8). However, the losses were
small, both on an areal basis and relative to whole
marsh exchanges. While variable seasonally, net DOC
loss was less than 13 g C m~! creekbank yr—. If all of

the DOC in the seepage water is from only the 2 m
directly adjacent the creek the loss is equivalent to less
than 1% of the organic carbon produced below-
ground by the plants (700 to 960 g C m? yr !; Howes
et al. 1985a) and is much less than the particulate
losses from above-ground portions over the year
(Valiela et al. 1978). Similarly, DOC transport via seep-
age scaled to the area of the entire marsh, 85 kg C yr!,
is also very small compared to DOC losses in tidal
exchanges [calculated from DON losses from Valiela &
Teal (1979) using a conservative C/N = 10; 7000 kg C
yr1]. It appears that for Great Sippewissett Marsh and
for a North Carolina marsh (Yelverton & Hackney
1986) seepage losses of DOC are small relative to other
sources of organic carbon to tidal waters.

Losses of inorganic nitrogen through the seepage
pathway were also small while ortho-phosphate
showed a consistent net uptake by the sediments. The
uptake of PO,~* was similar to observations in a tidal
freshwater marsh where PO,"? in seepage waters was
sequestered into iron-phosphate forms within the
oxidized surficial sediments with the effect that seep-
age waters had lower concentrations than the source
porewaters (Chambers & Odum 1990). Given that
almost all of the inorganic nitrogen in salt marsh sedi-
ments is in the form of ammonium it is not surprising
that ammonium made up more than 90% of the DIN
loss. However, similar to DOC the magnitude of the
DIN loss was small, both relative to annual plant
uptake, 22.4 to 24.2 g N m~? yr~! of vegetated surface
(White & Howes 1994), and whole system net ammo-
nium loss through tidal exchange, 400 kg N yr-!
(Valiela & Teal 1979). If all of the DIN in seepage water
is from the 2 m directly adjacent the creek, the loss of
0.9 g N m~?of vegetated marsh is only about 3% of the
annual plant uptake and less than 3% (11.5 kg N yr™ 1)
of the net tidal losses. These levels, representing
potential tidal losses, are about 10-fold lower than
those reported in an earlier study of a brackish water
marsh calculated from seepage volume and porewater
concentrations from 0.5 and 2.5 m inland of the creek
(Jordan & Correll 1985). As reported in the earlier
study and as found in the present study (Table 1),
estimates of solute losses through seepage based upon
inland porewater concentration measurements may
overestimate the magnitude of transport via this path-
way. This is further supported by the net uptake of
PO, in the present study versus a large loss calcu-
lated from porewater PO’ levels.

It appears in the present study that while losses of
DOC and DIN via porewater seepage through creek-
banks were small, the volume of water loss was large
relative to the total water turnover within the creek-
bank sediments. The net effect of creekbank seepage
therefore is to provide a sediment oxidation subsidy to
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the creekbank grasses by increasing air entry with
only small assoclated losses of DIN, important as nitro-
gen is the nutrient limiting growth of the grasses. This
dual effect is consistent with the higher productivity
of Spartina alterniflora growing on creekbanks com-
pared to inland grass stands. Therefore, while pore-
water drainage may be important to water turnover
and plant productivity along marsh creekbanks, it does
not appear to be a significant pathway for transfer of
organic carbon or inorganic nutrients produced below-
ground to tidal waters.
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