Reports

Water Uptake by Roots Controls Water Table Movement and
Sediment Oxidation in Short Spartina Marsh

Abstract. Downward movement of the water table during both day and night in the
short grass zone of intertidal salt marshes is due not to drainage but to water uptake
by roots. Removal of water from the sediment results in the entry of air into the
sediment, suggesting a feedback between plant growth, water uptake, and sediment
oxidation. The water balance of Spartina alterniflora appears to influence the
internal morphology of its roots, potentially giving rise to a new mechanism for the

mass flow of gas in plants.

Salt marshes are considered to be
among the world’s most productive natu-
ral plant communities (/). Factors con-
trolling the productivity of the dominant
marsh grass Spartina alterniflora have
been a major focus for res¢arch. Plants
along the banks of natural and man-made
creeks tend to be taller (more produc-
tive) than those away from creeks, with
the difference most likely due to acceler-
ated drainage of interstitial water. The
relation between plant production and
drainage has been variously explained by
the periodic tidal flushing of sediment
water transporting nutrients to the roots,
oxidizing the sediment, or exporting tox-
ic end products of bacterial metabolism
). ;

The surface of the short grass marsh is
typically inundated for several hours a
day during spring tides, and somewhat
more briefly and irregularly during neap
tides. The floodwater infiltrates into the
sediment and saturates interstitial pore
spaces. Interstitial water drains from the
tall grass zone along creek banks at low
tide, but there are discrepancies in the
literature about what occurs in the large
expanse of short grass marsh farther
than a few meters from creeks. Earlier
workers in Great Sippewissett Marsh,
Massachusetts, have reported both
downward pore-water drainage (3) and
upward ground-water intrusion in the
short grass zone (4). In contrast, investi-
gators studying systems in Massachu-
setts, South Carolina, and Georgia in-
ferred, on the basis of temperature and
geochemical profiles, that pore water in
the short S. alterniflora marsh is stag-
nant (5). The role of plants in determin-
ing the movement of sediment water has
not been defined. As far as we know, our
research represents the first attempt to
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evaluate the role of evapotranspiration in
determining sediment pore-water move-
ment in intertidal marshes (6).

Our experiments were conducted dur-
ing summer months at four sites in Great
Sippewissett Marsh, Falmouth, Massa-
chusetts, between May 1981 and July
1983, and at one site near Gardner’s site
(5) at the Belle W. Baruch Institute,
Georgetown, South Carolina, in August
1982. We found no measurable drainage
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in the short grass marsh; virtually all the
drop in the water table is due to evapo-
transpiration. We measured the rate of
evapotranspiration by monitoring the
drop in the water table in lysimeters
during low tide (7). Our lysimeters con-
sisted of 22-liter sections of vegetated
sediment collected with a sharpened fi-
ber glass tube (26.3 cm inside diameter,
100 cm long) and extruded directly into
watertight fiber glass tubs (40 cm deep,
26.3 cm inside diameter). Each lysimeter
was placed in the hole from which the
core had been removed so that the grass
was exposed to the same wind and ther-
mal regime as the surrounding marsh.
Since the lysimeters were sealed at the
bottom, the only pathway for water loss
was to the atmosphere. Since there was
no significant difference in the rate of
water loss from lysimeters and from the
surrounding marsh (Fig. 1) (8), drainage
must therefore be negligible. These re-
sults may be generalizable to the short §.
alterniflora zone in other marshes since
the two marshes studied have widely
divergent sediment characteristics (0 to
30 cm of organic matter: Sippewissett,
~ 50 percent; Baruch, ~ 20 percent).
Typically, evapotranspiration from
plant communities is maximum at mid-
day (9). However, the water table in
lysimeters dropped at night, even while
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Fig. 1. (a) Drop in the water table in lysimeters (A—A) and in the adjacent marsh (—-) during
low tide. The sediment was saturated by a flood tide during late morning on the first day, at
midnight, and again at the end of the run. The water table dropped more slowly at night,
probably because of dew formation and lower water uptake by S. alterniflora. Shortly before
the flood tide (1106 hours), the water table began to rise in control wells but continued to drop in
the lysimeters until flooded by surface water. These data are representative of water table
movement in all of our runs (more than 50 daytime and 11 night runs). Rates varied about
twofold from day to day (on sunny days) and about fourfold from site to site depending on grass
biomass. (b) Potential water loss from the marsh surface as measured with a porous porcelain
atmometer.
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dew was forming on the marsh surface
(as represented by negative atmometer
readings in Fig. 1). Since lysimeters do
not allow drainage, the nighttime drop in
the water table must be due to water
uptake by the plants. In laboratory ex-
periments, S. alterniflora absorbed wa-
ter at nearly the maximum rate for
roughly 6 hours after transpiration had
ceased, and at measurable rates for at
least 16 hours (Fig. 2) (10). Our observa-
tion that root water uptake occurs 24
hours a day (Fig. 1) has important impli-
cations for marsh biogeochemistry. For
example, earlier workers mistakenly
concluded that, since evapotranspiration
is negligible at night, the nighttime drop
in the water table must represent down-
ward drainage (3).

We conducted laboratory and field ex-
periments to quantify how much water
must be removed from the sediment to
yield a given drop in the water table (/7).
Even though these sediments are ‘‘wa-
terlogged’’ (water occupies 75 to 90 per-
cent of the sediment volume), the specif-
ic yield of water from this sediment is
only 2 to 3 percent. Twelve hours after
draining a core section, 97 percent of the
sediment water remained above the wa-
ter table. Therefore a drop of 6 cm in the
water table between flooding tides in
short grass areas of Great Sippewissett
Marsh corresponds to a water loss of
about 2 liter m~2 (4 liter m~2 day™}).

Since we measured no change in sedi-
ment volume in lysimeters as water was
removed, each volume of water removed
from the sediment must have been re-
placed by an equal volume of air. Air
entry was corroborated by the rapid rise
in the sediment redox potential (Ek) in
the top 3 cm of the sediment as water
was removed (/2). This suggests that air
enters in fairly well-defined channels,
which may represent a major mechanism
for increasing sediment Eh and plant
production in drainage experiments (2).

The strong correlation between above-
ground biomass and sediment E/ has led
a number of researchers to hypothesize
that increased drainage allows increased
oxidation of the sediment, thereby in-
creasing plant production (2, 12). We
propose that the obverse is also true:
increased plant production leads to
greater water table fluctuation (‘‘drain-
age’’). At sites where plant production
has been increased through nitrogen fer-
tilization (/3), evapotranspiration (root
water uptake) was higher, the water ta-
ble drop was greater, and the sediment
was more oxidized than in the adjacent
control marsh (/2). This suggests a po-
tential positive feedback: increased wa-
ter uptake by plants results in increased
air entry into the sediment, increasing

sediment oxidation and plant produc-
tion.

Plant-water relations also appear to
affect the ability of plants to transport O,
internally, which is an adaptation in
marsh grass for life in the anaerobic
sediment (/4). We propose that the
dynamics of root water uptake and tran-
spiration directly impact the ability of
the plants to achieve that transport. Typ-
ical amounts of water uptake at night in
Great Sippewissett Marsh (about 2 liter
m~2; Fig. 1) suggest that the plants lost
about 20 percent of their tissue water
during daylight (/5). We have measured
diurnal changes in the water content of
shoots to be no more than 1 to 2 percent
in Massachusetts and South Carolina.
Therefore, the water deficit is not in
leaves but in roots and rhizomes. In
terrestrial plants water deficit has been
accompanied by root shrinkage, and wa-
ter uptake by increased root volume (16).
Since we measured a drop in the water
table at night while there was no evapo-
transpiration (Fig. 1 and 2) and no mea-
surable change in the volume of the
sediment, water was taken up by roots
without changing their external diame-
ter. Therefore, the absorbed water must
be replenishing some internal reservoir
(presumably root parenchyma), causing
it to expand into lacunar gas spaces
(aerenchyma) in the roots (17).
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Fig. 2. Evapotranspiration and root water
uptake in S. alterniflora. Water uptake in the
laboratory continued after transpiration had
ceased. Evapotranspiration was measured in
a flow-through polyethylene chamber sealed
over a lysimeter. Dry room air was pumped
into the chamber, and the dew point of efflu-
ent air was measured to calculate evapotrans-
piration. Water loss from the sediment was
measured by monitoring the water table (11).
After 7 hours (arrow), transpiration was
stopped by turning off the lights and sealing
the chamber. Water continued to be removed
from the sediment until the end of the experi-
ment. The total evapotranspiration during the
first 7 hours was 47 ml. Water uptake was 25
ml during the first 7 hours and 59 ml during
the experiment. The discrepancy is most like-
ly due to a plant water deficit that existed
before the experiment was begun. This pat-
tern is representative of water table move-
ment in six separate experiments.

This change in lacunar volume gives
rise to a previously undescribed mecha-
nism for the mass flow of air in plants.
As the water deficit in the plant tissue
develops during daylight there must be a
mass flow of air into the plants, and a
mass flow out as the water deficit dimin-
ishes at night. This mass flow should
equal the water deficit (that is, 2 liter
m~2). We estimate that the plant lacunar
volume in short grass is 9 to 15 liter m 2,
so lacunar volume changes about 15 to
20 percent diurnally. We do not know
the significance of this mass flow in
delivering O, to the roots; it may be
more important that increased lacunar
cross-sectional area decreases the resist-
ance to the diffusive transport of O,.
Both mechanisms accelerate O, trans-
port to the roots and are bound to be
important in root aeration.

Aside from the physiological aspects
of this work, our observations have pro-
found implications for the interpretation
of the biogeochemistry of short S. al-
terniflora marshes and probably tidal
marshes in general. For example, it has
long been held that marshes import nutri-
ents and export organic matter to the
estuaries and ocean. However, most of
the productivity of this ecosystem goes
into belowground biomass (/), which can
only be exported in dissolved form, ei-
ther as dissolved organic carbon or re-
duced sulfur compounds (3). Our obser-
vation of negligible pore-water drainage
in the short Spartina zone implies that
very little export of dissolved com-
pounds is possible from this part of the
marsh.
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Ocean Circulation: Its Effects on Seasonal Sea-Ice Simulations

Abstract. A diagnostic ice-ocean model of the Arctic, Greenland, and Norwegian
seas is constructed and used to examine the role of ocean circulation in seasonal sea-
ice simulations. The model includes lateral ice motion and three-dimensional ocean
circulation. The ocean portion of the model is weakly forced by observed tempera-
ture and salinity data. Simulation results show that including modeled ocean
circulation in seasonal sea-ice simulations substantially improves the predicted ice
drift and ice margin location. Simulations that do not include lateral ocean movment

predict a much less realistic ice edge.

The growth, drift, and decay of sea ice
are closely related to the circulation of
polar oceans, This is especially true in
the Greenland and Norwegian seas in
winter where warm currents flowing
northward encounter rapidly cooling at-
mospheric conditions together with sea
ice advancing southward. In earlier work
on modeling the seasonal cycle of Arctic
sea ice, the ocean has been approximat-
ed by a motionless mixed layer of fixed
depth (/, 2) with possibly a small con-
stant heat flux from the deeper ocean,
and more recently by a one-dimensional
mixed layer of variable thickness (3).
This approach has also been used in
most global-climate-model sensitivity
studies of the effect of increasing atmo-
spheric carbon dioxide.

In this report we examine the domi-
nant effects of a more realistic treatment
of the three-dimensional ocean circula-
tion on seasonal sea-ice simulations. For
this purpose we have constructed an ice-
ocean model and used it to carry out a
series of seasonal simulations of the Arc-
tic, Greenland, and Norwegian seas. The
results show that including the ocean
circulation vyields first-order improve-
ments in the predicted ice margin loca-
tion and in the ice velocity fields. More-
over, this improvement in the ice margin
prediction requires inclusion of the full
three-dimensional circulation of the
ocean.

Our basic approach in this study was
to couple an existing dynamic thermody-

namic sea-ice model (2, 5) with a multi-
level baroclinic ocean model (6). The
sea-ice model supplies heat flux, salt
flux, and momentum-exchange bound-
ary conditions for the top of the ocean.
The ocean model, in turn, supplies cur-
rent and heat-exchange information to
the ice model. Since our main concern
here is examining the effect of ocean
circulation on sea ice, mean annual ob-
served oceanic temperature and salinity
data (7) are used to weakly force the
ocean model (all terms that are external-
ly specified ‘‘force’’ the model) so that
its equilibrium time scale is similar to
that of the ice model (3 to § years). This
“‘diagnostic’’ (8) method allows the
ocean model to be relaxed to available
climatological ocean data, while at the
same time allowing considerable adjust-
ment in the upper ocean as a result of the
effects of ice-ocean interaction. In addi-
tion, the barotropic mode of the ocean is
fully simulated so that time-varying cur-
rents due to surface stress fluctuations
are part of the model predictions.

The details of the coupling may be
outlined as follows. The sea-ice model of
Hibler (2, 5) is used to calculate ice drift,
thickness, and compactness. We deter-
mined the momentum transfer from the
ocean to the ice (i) by using the ocean
velocity at the second level as the ocean
current in the ice calculations (the first
ocean level of 30-m thickness is a de
facto mixed layer) and (ii) by allowing
the surface-pressure term in the rigid-lid






