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Abstract Data from salt marshes in the U.S.
Southeast show that long-term variations in mean
water level (MWL) correlate strongly with salt marsh
productivity and porewater salinity. Here we used
numerical models of tidally-driven groundwater flow
to assess the effect of variations in tidal amplitude
and MWL on porewater exchange between salt
marshes and tidal creeks. We modeled homogeneous
and layered stratigraphy and compared flat and sloped
topography for the marsh surface. Results are
consistent with field observations and showed that
increases in tidal amplitude increased groundwater
flushing, particularly when increasing the tidal ampli-
tude caused the marsh platform to be inundated at
high tide. Increases in MWL caused groundwater
flushing to increase if that rise caused greater areas of
the marsh to be inundated at high tide. Once the
marsh was fully inundated at high tide, further
increases in MWL caused groundwater flushing to
decrease. Results suggest that small increases in
MWL associated with sea level rise could increase
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nutrient export significantly in marshes with eleva-
tions that are equilibrated near mean high water, but
rising sea level could decrease the export of nutrients
to, and thus fertility in, estuaries adjacent to marshes
that are equilibrated lower in the tidal frame.
Likewise, macrotidal estuaries are predicted to be
subject to much larger groundwater and nutrient
exchange than similar microtidal estuaries. We
speculate that the early stages of rising relative sea
level may significantly impact water quality in
estuaries that are not river-dominated by raising the
discharge of nutrients from coastal wetlands.

Keywords Wetlands - Nutrient cycling - Spartina -
Tides - Numerical models - Groundwater

Introduction

Groundwater flow is an important component of salt
marsh ecosystems. Spatial and temporal variations in
the height of the water table below the sediment
surface alter the saturation and redox state of
subsurface sediments, which influence salt marsh
productivity (e.g. Howes et al. 1981). Groundwater
flow also controls sediment salinity, which is a
particularly important determinant of salt marsh
primary production and zonation (Morris 1995;
Gardner and Reeves 2002). Groundwater flow in salt
marsh sediments also affects nutrient cycling in salt
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marshes and adjacent surface waters, because
groundwater draining from salt marsh sediments at
low tide is greatly enriched in nutrients compared to
surface water (Whiting and Childers 1989).

Groundwater flow rates and patterns within indi-
vidual marshes are controlled by tidal fluctuations,
evapotranspiration, precipitation, discharge from
adjacent freshwater uplands, and the geometry and
hydraulic properties of the marsh sediments. Of these
factors, tidal fluctuations are the most widely impor-
tant driver for groundwater exchange. Given this
importance, it is reasonable to expect that variations
in the tidal signal could affect salt marsh primary
production and biogeochemical cycles.

Tidal signals vary significantly over multiple
timescales. Variability in wind and atmospheric
pressure alter mean water level (MWL) over time
scales of days (storm surge). MWL also varies with
sea temperature, which fluctuates in response to
seasonal and decadal climate and long-term global
warming. Interactions among these factors can cause
yearly changes in MWL to greatly exceed the long-
term rate of sea-level rise (Stumpf and Haines 1998;
Morris 2000). Changes in tidal amplitude add further
to the variation in tidal signal, primarily over time
scales of spring-neap (2-week) lunar cycles and
18.6 year lunar nodal cycles.

Previous field studies have revealed striking cor-
relations between the depth of flooding by tides and
salt marsh productivity, porewater salinity, and
porewater nutrient concentrations (Morris 2000). Salt
marsh productivity was positively correlated with
July—August peaks in mean sea level in salt marshes
at North Inlet, SC (Morris and Haskin 1990; Morris
2000). Increases in mean water level (MWL) also
correlated with decreases in salinity, which is likely a
proximal control on production (Morris 2000). Thus,
at these sites, increasing MWL appears to have
increased groundwater flushing, removing additional
salts.

Harvey et al. (1987) used one-dimensional numer-
ical models to explore the effects of variation in tidal
amplitude and mean water level on groundwater flow.
In simulations based on a Virginia salt marsh,
increases in the elevation of mean water level relative
to the top of the marsh platform caused significant
decreases in the total volume of groundwater
exchange over a tidal cycle, which appears to
contradict the field results of Morris (2000). Increases
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in tidal amplitude increased flushing, and a 5 cm
change in tidal amplitude had less of an effect than a
5 cm change in mean water level. Increases in the
hydraulic conductivity of the sediments predictably
increased groundwater exchange, but, as permeability
rose, discharge became increasingly limited by the
period of the tide rather than the permeability of the
sediments (Harvey et al. 1987). As discussed in more
detail below, however, the models relied on signif-
icant simplifications. More recently, 2-D numerical
models developed by Wilson and Gardner (2006)
showed that, for the same tidal amplitude, ground-
water exchange in a simulated marsh was higher
when the marsh was inundated by the tide than when
it was not. That study, however, was not designed to
explore the impact of tidal parameters on groundwa-
ter exchange, nor did it go beyond assuming simple
homogeneous marsh sediments. Thus the impact of
variations in MWL and tidal amplitude on ground-
water exchange remains incompletely understood.

Here we use modern 2-D numerical models based
on salt marshes of the U.S. southeastern coastline to
systematically explore groundwater exchange rates
for a range of tidal conditions and representative
sediment types. We use the model to generalize about
the effect of rising sea level on nutrient exchange
between the marsh and adjacent tidal creeks. Long-
term measurements of nutrients in marsh pore water
and tidal creeks made at North Inlet estuary, SC,
provide the context.

Numerical models of tidal exchange in salt
marshes

Quantitative models of groundwater flow in marshes
have advanced significantly over the last four
decades. Although 2-D finite element models of tidal
fluctuations were presented for sandy beach settings
early in the 1970s (Fang et al. 1972), early models of
salt marshes considered 1-D evapotranspiration (He-
mond and Fifield 1982) and 1-D (horizontal) analytic
solutions for the propagation of tidal fluctuations
(Nuttle 1988). One limitation of the horizontal
analytic solutions is that they could not simulate
tidal flooding (Nuttle 1988). Tidal flooding causes
2-D flow and violates the common assumption that
the total stress (the weight of water and sediments
overlying the aquifer) remains constant (Reeves et al.
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2000; Gardner and Wilson 2006). Harvey et al.
(1987) worked around this problem by developing a
numerical solution to a 1-D form of the transient
groundwater flow equation. Tidal flooding was
approximated by imposing no-flow conditions
throughout the flooded area, and simulation results
were consistent with field observations.

Subsequent studies have presented several differ-
ent approaches for modeling 2-D flow in marshes.
Most rely on a form of the Richards equation, which
can be used to simulate saturated and unsaturated
groundwater flow. The Richards approach may
overestimate groundwater flow across the marsh
surface when the marsh surface drains enough to
allow significant air entry (Li et al. 2005), but the
single phase Richards Equation is a good approxi-
mation for many marshes, which remain poorly
drained even at low tide (Hemond and Fifield
1982). Two forms of the Richards equation have
been applied in recent marsh studies. One form
avoids the issue of variations in total stress by
neglecting sediment compressibility
v K@) =Y (1)

t

where K is hydraulic conductivity, y is capillary head
(negative pressure head), & is hydraulic head, 0 is
water content (a function of ¥ only), and ¢ is time. In
this approach fluid flow occurs due to hydraulic
gradients and drainage of pore spaces. The other form
of the equation incorporates sediment compressibil-
ity, fluid compressibility, and changes in total stress
(Reeves et al. 2000)

V- [K(W)Vh] = SWSS% + ¢% - O(SSW% (2)
where S, is water saturation, ¢ is porosity, a7 is the
total stress, and Sy is the specific storage,

Ss = pg(as + ¢p) 3)

where p is the density of water, g is gravity, o
is sediment compressibility, and f is fluid com-
pressibility.

Marsh sediments are typically highly compressible
(Hemond and Fifield 1982), which suggests that it is
important to include sediment compressibility. Gard-
ner and Wilson (2006) compared the approaches, and
their results suggest that compressible flow can
indeed contribute significantly to the total volume

of fluid exchange. They also found that governing
equations that allow compressible flow but do not
account for changes in total stress may overestimate
total groundwater exchange by an order of magnitude
or more. Note that two-phase models that incorporate
compressibility are subject to the same error.

Three modeling studies have considered the vol-
ume of groundwater discharge from marshes since
Harvey et al. (1987). Gardner (2005, 2007) used the
Richards equation for incompressible flow to explore
seepage patterns across the creek bank and bottom for
a variety of marsh geometries and sediment proper-
ties, including systems in which marsh mud overlies
sand, typical of many marshes in the southeastern
U.S. These studies confirmed the basic findings of
Harvey et al. (1987) and suggested that the success of
the 1-D approach of Harvey et al. (1987) was likely
due to the specific geometry of the marsh in question.
Based on prior observations that the productivity of
Spartina alterniflora is greatest on well-flushed creek
banks (Valiela et al. 1978; Medelssohn et al. 1981;
King et al. 1982; Medelssohn and Morris 2000),
Gardner (2005) also speculated that marshes with
higher permeability sediments and larger tidal ampli-
tudes might have higher productivity. Wilson and
Gardner (2006) incorporated sediment compressibil-
ity and variations in total stress due to tidal fluctu-
ations into 2-D simulations using the Richards
equation to illustrate flow paths and the extent of
groundwater exchange within marsh sediments in a
generic, homogeneous marsh platform. Results indi-
cated an increase in groundwater exchange in a marsh
that was inundated at high tide compared to a marsh
that was not inundated at high tide, suggesting
additional complications to the original results of
Harvey et al. (1987). Here we revisit these findings,
applying the modern modeling techniques of Wilson
and Gardner (2006) to systematically explore links
between groundwater discharge, tidal amplitude, and
MWL.

Numerical models

Simulations of tidal fluctuations in a marsh platform
were conducted using a version of SUTRA (Voss and
Provost 2002) that was modified to solve Eq. 2 in two
dimensions. The hydraulic conductivity was calcu-
lated (Gardner 1958)
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K()) = Kse™ )

where Kg is the saturated hydraulic conductivity and
o is the inverse of the capillary rise. In these
simulations the capillary rise was 1 m. Saturation
was calculated

Sw = (1 - Sw‘r)emﬁ + Sw,r (5)

where S,, ,, the residual saturation, was assumed to be
0.60.

The simulation domain was based on two common
marsh geometries observed in the U.S. southeast
(Fig. 1). In the first configuration the marsh platform
was horizontal, which is representative of the many
marsh islands that have very little (<10 cm) surface
topography. In the second configuration, the marsh
platform sloped downward toward the creek, with a
slope of 50 cm over 60 m. This configuration captures
an important characteristic of fringing marshes, which
is that high tides inundate a greater area of the marsh
than lower tides do. The presence of a levee does not
interfere with this effect, because levees are com-
monly broken by small tidal creeks that allow water
onto the marsh platform behind the levee before the
levee itself is inundated.

Boundary conditions on the upper surface of the
simulation domain were specified based on tidal
height. If the point in question was inundated, the
pressure was specified based on the depth of the water
column. If the point was exposed but the sediment was
still saturated, the pressure was specified to be zero,
allowing the formation of a seepage face. If the point
was exposed and the pressure in the sediments was
less than zero, a specified flux boundary was imposed
to account for evapotranspiration and precipitation.
Here we focus on the volume of water exchanged via
tidal fluctuations, so net evapotranspiration and pre-
cipitation was set to zero. Infiltration associated with

Tidal Creek Marsh Platform
e ==—==—3*Sloped platform top
j Specified fluid flux o0 of sand
— +Top of san

5m ZSp_ecmed layer in

fluid pressure layered

Ng flow. v models
T T 27

0 10 20 80m

Fig. 1 Simulation domain and boundary conditions. Gray tabs
indicate borders between types of boundary conditions. Gray
dashed line indicates top of sand layer for layered models.
Black dashed line indicates land surface for sloped platform
models
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flooding tides occurs under the specified pressure
boundary condition. No fluid flow was allowed across
the sides or bottom of the simulation domain. This
framework does not allow for the possibility of
groundwater exchange between the marsh sediments
and adjacent uplands, and is therefore most represen-
tative of a salt marsh island or a wide fringing marsh.

At initial conditions, the hydraulic head throughout
the domain was set equal to high tide for that simulation.
Each simulation was run until a repeatable flow pattern
developed for successive tidal cycles, i.e. until the
transient simulation reached a quasi-steady condition.
Initial conditions did not affect the final results.

We ran simulations using a range of marsh
elevations, tidal amplitudes, and sediment permeabil-
ities. The elevation of the marsh platform relative to
MWL was varied from —0.75 to 1.75 m, and the tidal
amplitude from 0.25 to 1.25 m. These ranges were
designed to encompass temporal variations at a single
site and spatial variations between different marshes.
Combinations that would have allowed the creek
bottom to be exposed at low tide were not simulated.
Four sets of sediment properties were simulated:
homogeneous marshes with isotropic permeabilities
of (1) 107" m?, (2) 107"? m?, and (3) 10~ "> m?, and
(4) a marsh with a 2 m layer of low-permeability mud
(k = 10~"* m?) overlying a sand layer with a perme-
ability of 10™"" m% The permeabilities were based on
common permeabilities for coastal sands (Wilson
et al. 2008) and field observations (L. R. Gardner,
unpublished data; Wilson, unpublished data). The
porosity of the sand was 0.36, and the porosity of the
mud was 0.65. The compressibilities of the sand and
mud were 10~ and 107° Pa™!, respectively.

Once each simulation reached quasi-steady state,
the total simulated discharge over a tidal cycle was
calculated using a mass balance approach. The
compressibility of water is much smaller than the
compressibility of the sediments, so the total change
in fluid volume over the time period can be approx-
imated as the sum, over each element, of the change
in saturation plus the change in elastic storage

n Sw
v=>"V <¢asw — S_Yaae) (6)
i=1 pg

where V is the total volume, V; is the volume of a
finite element, 0S,, is the change in water saturation
and Og, is the change in effective stress,
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dg, = 0o, — OP (7)

where o, is total stress and P is pore pressure. The
impact of neglecting changes in total stress can be
easily assessed by setting O, = 0 in Eq. 7. Note that
the total discharge over a tidal cycle is not the same
as the difference in water volume between high and
low tide, because flow within the marsh interior lags
the tidal signal, particularly in marshes where low-
permeability muds overlie sands, as is common in the
U.S. southeast. Our algorithm tracked inflow and
outflow, and calculated the total flux accordingly.

As previously indicated, these simulations account
for tidal fluctuations only, neglecting precipitation and
evapotranspiration. In the models where the marsh
platform was not inundated, tidally-driven fluctuations
in the height of the water table decline with distance
from the bank, leaving the water table at mean water
level in the area of the domain farthest from the creek.
In reality, a marsh platform that was never inundated
by the tide would be subject to rainfall infiltration,
which would cause the water table to rise and create a
freshwater lens. The freshwater flow system would
increase net discharge to the tidal creek, but it would
not change the general effects of varying mean water
level and tidal amplitude. Evapotranspiration could
decrease the net discharge of groundwater in some
instances, but in general losses to evapotranspiration
are more likely to be made up by increasing recharge to
the platform top during flooding than by decreasing
discharge at the creek bank.

Nutrient data

Nutrient data summarized here have been collected in
North Inlet estuary, South Carolina, USA, which is
virtually free of anthropogenic point and nonpoint
contamination from nutrients. North Inlet has a small
undeveloped watershed of about 75 km?. Conse-
quently, mixing with surface fresh water input is
minimal. The estuary contains about 18 km? of
intertidal S. alterniflora marsh habitat (Morris et al.
2005) that experiences a regular semi-diurnal tidal
pattern with a mean tidal range of approximately
1.4 m (Finley 1975). About 11.36 x 10° m® of water
floods the estuary on an average tide (Nummedal and
Humphries 1978), resulting in a residence time of
1 day for tidal creek water.

Pore-water samples have been collected monthly
since December 1993 at four sites within North Inlet
located in stands of Spartina alterniflora near creek-
bank and interior marshes at Oyster Landing
(33°21.024'N 79°25.427'W and 33°21.069'N 79°11.
517'W, respectively) and Goat Island (1) (33°19.897'N
79°11.8759W and 33°19.901'N 79°11.892'W). The
collections were made using diffusion samplers that
each held a vertical array of screened vials at sediment
depths of 10, 25, 50, 75 and 100 cm. Pore-water
samples were analyzed for ammonium and soluble
reactive phosphorus according to methods in Strick-
land and Parsons (1968). Nutrient data and salinity
were also analyzed from collections of creek water
collected from a creek adjacent to Oyster Landing
starting in 1982 as part of the Long Term Ecological
Research (LTER) program at North Inlet (http:/
links.baruch.sc.edu/Data/index.html) and continuing
through 2006 as part of NOAA’s National Estuarine
Research Reserve (NERR) program. Nutrient con-
centrations in surface and pore waters were summa-
rized by taking the geometric means, which give
better estimates of central tendency than arithmetic
means when data are skewed (Sokal and Rohlf 1981).
Nutrient concentrations in creek water at the Oyster
Landing site in North Inlet were averaged by season of
year for samples gathered from 1981 to 2006.
Monthly nutrient concentrations (pumol/l) in pore
water (1987-2007) were averaged over depth
(10-100 cm), time (1987-2007), and site by season.

Results

Figure 2 shows flow patterns for an example simu-
lation in which the marsh sediments consisted of a
2 m layer of mud (k = 10~'* m?) overlying sand
k= 107! m2) and in which the marsh platform
sloped toward the creek. Groundwater flows down-
ward through the mud, regardless of the stage of the
tide, at rates nearing 0.01 m/day. The maximum flow
rate in the sand layer was 3.8 m/day, at the water line
on the creekbank at low tide. Flow rates in the sand
layer at low tide exceeded 1 m/day in a zone that
extended 15 m from the creekbank under the marsh
platform. At other stages of the tide, flow rates in this
zone were between 0.1 and 1 m/day. Unlike simula-
tions with homogeneous sediments, flow remained
focused within the permeable sand layer at depth
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Fig. 2 Groundwater flow patterns from a layered platform
with a sloping platform top. Tidal amplitude was 1.25 m, and
the elevation of the platform (measured at the top of the
creekbank) was 0.75 m. a High tide. b Mid-tide, falling. ¢ Low
tide. d Mid-tide, rising. Vertical exaggeration is twofold. Flow
arrows are shown for only one of every four elements in the
simulation

throughout the simulation rather than focusing at the
water line in the creek bank.

We first present a series of simulations in which
the tidal amplitude was set to 0.75 m and mean water
level was varied. These simulations reveal discharges
that range from less than 0.001 to 0.35 m® per m of
creek bank per tidal cycle (Fig. 3). Simulations of the
homogeneous higher-permeability marsh produced
fluxes roughly four times as large as simulations in
which permeability was reduced by an order of
magnitude (Fig. 3a, b). Reducing the permeability by
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another order of magnitude reduced flow by another
factor of four, indicating that flow is limited by
permeability rather than the length of the tidal period
for permeabilities less than 10~'? m®. Fluxes from
simulations with mud overlying permeable sand fell
between the fluxes of the two more permeable models
and showed somewhat different trends (Fig. 3d). The
response of each system to a rise in MWL depended
on the elevation of the marsh platform relative to
mean high water (MHW) and on the stratigraphy of
the system. For the homogeneous platforms, ground-
water flushing increased if the rise in MWL caused a
larger area of the creek bank or marsh platform to be
inundated (Fig. 3a, b). The slope of the line (i.e., the
increase in groundwater flushing per unit increase in
MWL) depended on how much more of the platform
was inundated at high tide. Accordingly, the greatest
increase in groundwater flushing occurred in the flat-
topped, homogeneous platforms when the relative
elevation of the platform fell below 0.75 m, which
suddenly allowed the full width of the platform to be
completely inundated at high tide. At that threshold, a
small (5 cm) decrease in the relative elevation of the
marsh platform caused groundwater flushing to
increase by 20, 22, and 24% for the permeable
(k = 107" m?), less permeable (k = 1072 m?), and
least permeable (k = 107'* m?) marshes, respec-
tively. This effect was muted when a sloped top
was added to the most permeable platform because
the full width of the platform did not become fully
inundated until the top of the creekbank rose only
0.25 m above MWL. This effect remained significant
for the less permeable platforms because low perme-
ability caused flow to be focused near the creekbank.
Thus the exposure or inundation of areas far from the
creekbank did not affect discharge significantly.
Once the marsh platform became regularly flooded
at high tide, further increases in MWL caused overall
flushing to decline steeply. The decline occurred
because, as mean water level rose, low tide exposed
increasingly small areas of the creek bank for
increasingly short periods of time. For the simula-
tions with more permeable sediments or with layered
stratigraphy, slightly more flow occurred in the
sloped platforms than in the flat-topped platforms
because the slope caused a small lateral hydraulic
gradient to develop across the marsh. This effect
disappeared for the simulations with the lowest
permeabilities (107"% m?), because most flow was
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Fig. 3 Total groundwater discharge per tidal cycle as a
function of the platform elevation relative to MWL. The tidal
amplitude was 0.75 m, and each symbol represents a simula-
tion with a different platform elevation. a High permeability
k =107" m? homogeneous sediments. b Intermediate-per-
meability (k = 1072 m? homogeneous sediments. ¢ Low-
permeability (k = 10™'* m?) homogeneous sediments. d Lay-
ered sediments (K;uq = 1074 m?, Ksana = 1071 mz). For the

confined to the creekbank, which was unaffected by
the slope of the marsh platform. The minimal
groundwater flux calculated when the relative plat-
form elevation was —0.75 m (below MWL) reflects
flow due only to the compressibility of water in
response to changes in the weight of overlying water
during tidal fluctuations.

The slight differences in the shapes of the curves
in Fig. 3a, b stem from the fact that tidal fluctuations
propagate quickly into the more permeable platform,
so that significant flow occurred beyond the sloping
creekbank. In the less permeable platform, most flow
occurred within a few meters of the creek bank, so the
shape of the creekbank played a more important role.

In the layered platforms, decreases in the relative
elevation of the marsh platform caused groundwater
flushing to decrease except when the top of the
platform started to become inundated at high tide
(relative elevation less than 0.75 m). In the layered
models, most flow focused in the permeable sand
layer, which outcropped in the lowest 0.5 m of the
creek bank. Thus at the lowest water levels the large
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sloped platforms, the relative elevation of the marsh platform
was measured from the top of the creek bank to MWL. Thus
the flat marsh platforms were completely inundated at high tide
when the relative elevation was less than 0.75 m. The sloped
platforms were partially inundated for relative elevations of
0.25-0.75 m and became completely inundated when the
relative elevation was less than 0.25 m

hydraulic gradients that develop surrounding the
water line were in the permeable sand layer. As the
MWL increased relative to the elevation of the
platform top, the largest hydraulic gradients migrated
up into the less permeable mud, and the connection to
the sand layer was diminished.

We also tested the effects of increasing the tidal
amplitude while the elevation of the platform relative
to MWL was held constant. In these simulations,
increases in tidal amplitude caused the total discharge
to increase regardless of the composition or shape of
the marsh platform (Fig. 4). The increase was linear
for simulations in which high tide did not inundate
the marsh platform. Groundwater exchange increased
as the top of the platform started to become inundated
at high tide, and the increase was again greatest for
the flat-topped models. Thereafter a linear trend was
re-established, but the slope of the line decreased
after the platform was inundated. Before the platform
was inundated, every increase in tidal amplitude
affected new areas of the creek bank at both high and
low tides, but once the platform was inundated at
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high tide increases in tidal amplitude only flushed
new areas of the creek bank at low tide. In the lower
permeability and layered models, the trend was
slightly non-linear for simulations in which the
platform was inundated at high tide, again reflecting
the sensitivity of these models to the geometry and
composition of the creekbank.

Concentrations of ammonium and soluble reactive
phosphorus at North Inlet are greater in marsh pore
water than in creek water (Fig. 5). In marsh sedi-
ments, the average concentration of ammonium in the
pore water, 25 pmol/l, was 15.6 times greater than
concentrations observed in the tidal creek at Oyster
Landing, which is the most landward sampling

40 A mmmm Pore Water NHg
mmmm Surface Water NHg
Pore Water SRP
30 ww Surface Water SRP
20

Concentration (umol/l)

Early Seascn
(December-June)

Late Season
{July-Nevember)

Fig. 5 Average seasonal nutrient concentrations in salt marsh
pore water and surface water from North Inlet, SC
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station and the creek environment with the highest
nutrient concentrations (Morris 2000). The mean
nitrate-nitrite concentration in creek water was low,
0.4 pmol/l, and in pore water was typically below
detection (data not shown). Soluble reactive phos-
phorous averaged 3.7 pmol/l in marsh pore water and
0.3 pmol/l in surface water from the creek (Fig. 5).
N:P ratios, 6.8 in marsh pore water and 5.3 in the
creek, were low, which is consistent with nitrogen
limitation of primary producers in this system
(Lewitus et al. 1998; Morris 1988).

Discussion

Our modeling results suggest a simple explanation for
the differences in the effect of increasing MWL
between field observations (Morris and Haskin 1990;
Morris 2000) and prior simulation results (Harvey
et al. 1987). The Goat Island monitoring site at North
Inlet is located in the marsh surrounding Goat Island,
a sandy paleo-beach ridge. In this location the marsh
slopes upward toward the island, and the upland
border of the marsh is characterized by salt crusts and
a community of Salicornia virginica. This site is not
inundated by every high tide, so, according to our
results, increases in MWL should cause larger areas
of the marsh to be inundated at high tide, which
increases porewater flushing. In contrast, Harvey
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et al. (1987) reported that the marsh they simulated
was dominated by low marsh that was inundated
roughly 340 days per year. Furthermore the marsh
was bordered by a narrow high marsh and hillslope,
suggesting that increases in MWL could not have
inundated significantly larger areas even if the marsh
had been equilibrated higher in the tidal frame.

The individual simulations presented here allowed
us to calculate groundwater fluxes that would occur
for a very simple sinusoidal tidal signal that remained
stable over long periods. In real tidal wetlands
groundwater fluxes depend on the history of the
system, which may include tidal signals that vary
over time scales of days (storm surge), weeks (spring-
neap cycles), months (seasonal changes), and years
(e.g. lunar nodal cycles). This raises the question of
how long it takes for a real marsh to equilibrate to
new tidal signals, and this time can be estimated
based on how long it took for each simulation to
equilibrate. For models in which the marsh platform
was never inundated, the highest-permeability mod-
els reached equilibrium in less than 5 days. For each
order of magnitude decrease in permeability, the
equilibration time increased by roughly a factor of 10,
although the portion of the model nearest the creek
(i.e. where tidal fluctuations affected flow) reached
equilibrium much more rapidly. When the marsh
platform was inundated, the simulations reached
equilibrium quickly, within only a few tidal cycles,
regardless of the permeability. Thus, in real marshes,
the ‘memory’ or hysteresis of the system probably
depends on its elevation relative to mean high water.
In low marshes, which are commonly inundated at
high tide, this period is likely very short, on the order
of days at most. In high marshes this period is likely
limited to the time since the last series of inundating
spring tides, a few weeks at most. These simulations
do not quantitatively estimate the groundwater fluxes
that would be generated in a real system by, for
example, storm surge. They do, however, provide a
clear basis for interpreting the impact of variations in
real tidal signals within and between different marsh
systems. We first consider the implications of these
results for nutrient fluxes at North Inlet, then describe
the broader implications for other marsh systems.

These results suggest that groundwater export
from tidal marshes can be a significant source of
nutrients in non-river-dominated estuaries such as
North Inlet. We can estimate this flux by applying the

range of discharges typical of North Inlet conditions
to the concentrations of ammonium and phosphate in
marsh pore water (Fig. 5). Given a mean platform
elevation of 30 cm (Morris et al. 2005) and tidal
amplitude of 70 cm (Morris 2000) at North Inlet,
groundwater discharge was estimated at ~0.015 to
0.3 m®> per meter of creek bank per tidal cycle
(Fig. 3). We computed total creekbank length using a
marsh island creek density of 0.013 m/m> (Nova-
kowski 2004), marsh area of 17.9 km? and inter-
island creek length of 29 km (Morris et al. 2005). The
resulting fluxes of 0.44 to 8.4 L/m” per tide bracket
the prior estimate of Morris (1995; 5 L/m? per tide)
and are somewhat lower than those of Krest et al.
(2000; 10 to 20 L/m?” per tide). This gave estimates of
gross ammonium export in pore water discharge of
between 200 and 3900 mol/tide, and soluble reactive
phosphorus export of 29—580 mol/tide. Morris (2000)
estimated a net export from North Inlet estuary of
2900 and 860 mol/tide of ammonium and phospho-
rus, respectively, based on a mass balance of these
constituents in the ebbing and flooding tides.

Our model estimates and the mass balance calcu-
lations of ammonium and phosphorus export are
consistent to an order of magnitude. An unknown
fraction of the inorganic nutrients exported from the
marsh is assimilated by phytoplankton within the
estuary and is either redeposited onto the marsh,
exported as particulate matter, or excreted by
bivalves (Dame et al. 1985). Thus, nutrient export
from the estuary to the coastal ocean should be less
than nutrient discharge from the marshes. If all
calculations are correct, then there appears to be an
export of phosphate from the estuary that cannot be
accounted for by tidally-driven creek discharge.
Nevertheless, export by drainage of inorganic forms
of nitrogen and phosphorous from the marshes is
quite large relative to net export from the estuary.
The dominance of ammonium in the estuary provides
additional evidence for the importance of nutrient
export from these marshes (Fig. 5), because streams
and rivers are typically dominated by nitrate-nitro-
gen, not ammonium (Peterson et al. 2001; Meybeck
1982; Mayer et al. 2002). Finally, it should be noted
that the pore water concentrations of ammonium that
we used in our calculations are actually lower than
those reported by Whiting and Childers (1989) for a
creekbank in North Inlet, while their reported phos-
phate concentrations were consistent with ours.
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We also note that nutrient export from marshes is
probably not a major contributor to the nutrient
budgets of river-dominated estuaries. In the context
of total reactive nitrogen export to the coastal zone
from the conterminous United States of 5 Tg N/year
(Howarth et al. (2002), its 20 x 10° km? area of tidal
wetlands (Bridgham et al. 2006), total ammonium
export from tidal wetlands should range from 0.02 to
0.76% of riverine export, depending on the drainage
rate (0.015-0.3 m® m™' year™").

We can make an important generalization about
the behavior of nutrients in this system. Firstly, with
the exception of nitrate, this marsh cannot assimilate
a net quantity of dissolved inorganic nitrogen or
phosphorous from the water column. The concentra-
tion gradients are in the wrong direction for transport
of ammonium and dissolved phosphate into the marsh
sediment, and there is clearly a net advection of
nutrients from the marsh to the tidal creeks, which the
model calculations demonstrate. However, in situa-
tions where flood waters are dominated by nitrate-
nitrogen, a great deal of this nitrate is probably
denitrified in marsh sediments. Moreover, marshes
can trap and bury considerable quantities of partic-
ulate matter. Nevertheless, there is very likely a
substantial nutrient subsidy to estuarine waters from
surrounding marshes, and the net balance between
dissimilatory nitrate reduction by marshes, particle
trapping, and ammonium discharge remains an open
question. This represents a significant revision of the
notion that wetlands are the kidneys of the landscape
(Mitsch and Gosselink 2000), but the revision may
apply only to salt water wetlands because of the
unique chemistry of their soils.

Given the importance of groundwater export of
nutrients described above, this work also suggests
that seasonal variations in MWL, which typically rise
30 cm in the summer due to steric effects, could
contribute significantly to seasonal variations in
nutrient exchange for marshes. Ground water dis-
charge could increase during the summer for marshes
that are equilibrated near mean high water, if that
increase in MWL caused greater portions of the
marsh to be inundated or if the marsh were inundated
more frequently. For marshes like North Inlet,
however, where the average relative elevation is
closer to average MWL (0.30 m; Morris et al. 2005),
the seasonal rise in MWL could cause a substantial
decrease in nutrient export.
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Variations in tidal amplitude should also signifi-
cantly influence nutrient exchange in intertidal wet-
lands. For marshes that are otherwise similar in
hydrology and stratigraphy, it is not surprising that
groundwater and nutrient exchange should be much
larger in macrotidal systems than in microtidal
systems. Less apparent, yet potentially equally
important, is that greater groundwater flushing should
occur in marshes during spring tides than neap tides,
regardless of the elevation or composition of the
marsh platform. This effect will be maximized in
marshes with platform elevations near mean high
water, i.e. those that are inundated by spring tides but
not neap tides. The impact of this increased flow on
nutrient concentrations in surface water is difficult to
predict, however, because increases in tidal ampli-
tude also increase the volume of the tidal prism. In
the Parker River estuary, Massachusetts, marshes are
typically flooded during spring tides but not during
neap tides, and observed surface water nutrient
concentrations are lower during spring tides than
neap tides (Vorosmarty and Loder 1994). Ground-
water exchange will also likely vary spatially within
estuaries owing to variations in tidal amplitude
between the mouth and landward portions of the
estuary.

Finally, relative sea-level rise could have a signif-
icant impact on estuarine water quality. For the
majority of marshes that currently lie between mean
sea level and mean high water level (McKee and
Patrick 1988), relative sea-level rise should substan-
tially increase flooding of the marsh platform at high
tide and cause groundwater and nutrient discharge
from the marsh to increase. Further increases in mean
sea level relative to the marsh surface cause ground-
water flushing to decrease. Consequently, sea-level
rise could impact estuaries in two stages. In stage
one, rising sea level should increase the discharge of
ground water from coastal wetlands, possibly leading
to a substantial fertilization of estuaries and rising
pelagic productivity. In the final stage, as rising sea
level overtakes marshes unable to keep pace, ground
water and nutrient discharge from marshes and
pelagic productivity would decline. This effect may
vary spatially within an estuary as well; at North Inlet
the central marsh islands are low enough in the tidal
frame that increases in MWL will decrease ground-
water exchange, but higher fringing marshes should
experience increases in groundwater exchange.
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Conclusions

Groundwater flow is an important control on nutrient
exchange between salt marshes and adjacent estuar-
ies, and this exchange is influenced by long- and
short-term variations in the tidal signal. Calculations
based on conditions typical of North Inlet estuary,
SC, confirm that discharging porewaters introduce
significant nutrients to estuarine systems. Fluxes of
nutrients from marshes are less important in river-
dominated systems. Increases in tidal amplitude
increase the volume of groundwater exchange, with
a sharp increase in flushing when the marsh platform
becomes inundated at high tide. Increases in mean
water level cause relatively small changes in ground-
water flushing when the marsh platform is never
inundated, but flushing can increase significantly
when the platform becomes inundated at high tide,
depending on the slope and stratigraphy of the marsh
platform. After the platform becomes fully inundated
at high tide, further increases in mean water level
cause groundwater flushing to decline.

These results also suggest that the effects of rising
sea level on marsh nutrient and salt dynamics will
depend on the relative elevation of those marshes.
Seasonal and climate-related rises in mean water level
could increase groundwater and nutrient fluxes if that
rise causes the marsh platform to be inundated more
frequently or if it causes greater areas of the marsh to
be inundated at high tide. Low marsh islands that are
already inundated during most high tides, however,
would experience decreased groundwater flushing.
Corresponding decreases in nutrient export could
affect nutrient budgets, and thus fertility, in adjacent
surface waters.
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