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A Hydrological Budget (2002-2008) for a Large Subtropical
Wetland Ecosystem Indicates Marine Groundwater
Discharge Accompanies Diminished Freshwater Flow
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Abstract Water budget parameters are estimated for Shark
River Slough (SRS), the main drainage within Everglades
National Park (ENP) from 2002 to 2008. Inputs to the water
budget include surface water inflows and precipitation
while outputs consist of evapotranspiration, discharge to
the Gulf of Mexico and seepage losses due to municipal
wellfield extraction. The daily change in volume of SRS is
equated to the difference between input and outputs
yielding a residual term consisting of component errors
and net groundwater exchange. Results predict significant
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net groundwater discharge to the SRS peaking in June and
positively correlated with surface water salinity at the
mangrove ecotone, lagging by 1 month. Precipitation, the
largest input to the SRS, is offset by ET (the largest output);
thereby highlighting the importance of increasing fresh
water inflows into ENP for maintaining conditions in
terrestrial, estuarine, and marine ecosystems of South
Florida.
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Introduction

Water availability and flow are the principal determinants
of structure and function in wetland ecosystems (Mitsch
and Gosselink 1993), where the juxtaposition of seasonally
varying water level and topography creates a mosaic of
flooded and emergent areas. Natural wetlands all over the
world have been degraded by human activities from
drainage to pollution and wetland biodiversity continues
to decrease (Butchart et al. 2010). Restoration of a large,
heterogeneous wetland ecosystem requires knowledge of
how the specific hydrologic regime interacts with the
structure and function of the inherent plant and animal
communities. A first step in understanding the eco-
hydrology of a large wetland would be to quantify the
hydrological pathways leading into and out of the ecosys-
tem, together with noting their seasonal and inter-annual
variation (Carter 1986; Dadaser-Celik et al. 2006). Relating
the inputs and outputs to changes in water level and water
storage produces a water budget (Bedient et al. 2008). A
water budget is necessary to predict how flow, residence
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time, and water level would respond to changes in the sources
(LaBaugh 1986) that can arise from environmental change
and water management. This information is critical in both
natural and constructed hydrologically controlled ecosystems
(German 2000; Lott and Hunt 2001) because water depth,
frequency of flooding, and flow patterns govern groundwater
recharge (Goes 1999), biogeochemical cycling, carbon
sequestration and greenhouse gas emission (Mitsch et al.
2010), nutrient availability (Childers et al. 2006), species
composition based on flood/drought tolerances, and the
extent of aquatic habitat in the dry season to enumerate a
few examples.

The calculation of water budgets for constructed wetlands
and small natural wetlands (surface area <400 km?) has been
well documented in the literature (e.g., Koerselman 1989;
Becht and Harper 2002; Zhang and Mitsch 2005, Favero et
al. 2007, Rodriguez-Rodriguez et al. 2007) while larger
wetland ecosystem water budget studies are not as numerous;
examples include the Nigerian Hadejia-Nguru wetlands (Goes
1999), Okavango delta floodplain wetlands (Ramberg et al.
2006) and the Ortuluakar Marsh in Turkey (Dadaser-Celik et
al. 2006). Large wetland ecosystems such as the Everglades
and the Pantanal possess complexity in hydrological path-

GULF OF MEXICO

Fig. 1 Shark River Slough delineated in the Everglades National Park
with locations of inflow structures (s12s and s333), major outflowing
rivers, and FCE-LTER stations (SRS /-6). The freshwater section is
shown in orange while the estuarine section adjacent to the Gulf of
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ways; for instance, evapotranspiration can vary spatially with
vegetation type (Camacho et al. 1974; Rawson et al. 1977,
Tardeau and Simonneau 1998) and seasonally with plant
phenology. Groundwater-surface water interactions can vary
across spatial scales and can be important in not only
transporting water, but also chemicals and nutrients from one
water reservoir to another (Sophocleous 2002). Landscape
grid water budget models account for spatial heterogeneity in
water inputs and outputs (e.g., Fitz et al. 2004) by estimating
these for each grid cell and summing up to get a basin-wide
estimate. However the possibilities of error propagation in
finite element modeling approaches indicate that it would be
beneficial to have an independent validation of the basin-
level water inputs and outputs. Here, we describe the
development of a basin-level water budget for Shark River
Slough (SRS), at around 1,700 km? the main drainage in the
Everglades National Park, as the backbone in understanding
its eco-hydrology as well as to provide a means of validation
for landscape spatial models.

The Everglades is a slowly flowing subtropical wetland
ecosystem with the bulk of its discharge entering the Gulf
of Mexico and Florida Bay (Fig. 1). Flow velocities vary
seasonally from upto 2 cm/s in the wet season to <0.1 cm/s
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Mexico is shown in green. Red dots indicate sampling locations for
water level. Arrow indicates direction of water flow. Also shown in the
map is Taylor Slough along with two stations TSPH1 and TSPH7
where weather towers are located
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in the dry season (e.g., Riscassi and Schaffranek 2004).
Large scale hydrological alterations in the northern Ever-
glades through construction of canals and levees for flood-
control, water storage and drainage in since the early
twentieth century have compartmentalized the previously
free-flowing system (Duever et al. 1986; Light and Dineen
1994). Water management upstream of Everglades National
Park (ENP) has greatly reduced inflows, altered flow
regimes and water depth in ENP, thereby severely impact-
ing the Everglades ecosystem as well as that of downstream
Florida Bay (Smith et al. 1989; Fourqurean 1999). In
addition, the reduction in freshwater inflows along with
ongoing sea level rise is responsible for the advancing
seawater intrusion into the Everglades (Fitterman et al. 1999;
Price et al. 2006; Saha et al. 2011) that is accompanied by
landward encroachment of mangroves into the previously
freshwater portions of the Everglades (e.g., Ross et al. 2001).
The central issue in Everglades restoration is to restore surface
water towards pre-drainage levels and flow rates in order to
achieve the hydrological requirements for different native
plant and animal communities. To mention a few examples,
hardwood hammock plants occupy a narrow ecological niche
bounded by susceptibility to both flooding and drought (Saha
et al. 2009) as well as salinity (Olmsted and Loope 1984).
Everglades freshwater fish communities regulate their
population size based on seasonal expansion and shrinking
of pools of water; thus droughts or water diversions/sudden
releases adversely affect these communities (DeAngelis et al.
2010) leading to cascading effects throughout trophic levels
in the entire ecosystem (Rehage and Trexler 2006).
Everglades National Park has two watersheds (Fig. 1)
with distinct ecosystems that are only connected in very wet
years: SRS that has tides from the Gulf of Mexico reaching
30 km inland and Taylor Slough that experiences very
small tidal influence. Water budgets have been created for
portions of the northern Everglades (Nungesser and
Chimney 2006), Taylor Slough (Sutula et al. 2001), Florida
Bay (Nuttle 1995), and for the entire Everglades ecosystem
(Fitz et al. 2004) that includes the entire ENP as a single unit.
As the major drainage of ENP, Shark River Slough requires its
own water budget that will aid the calculation of water
residence times and link the hydrological cycle with ecosys-
tem processes of Shark Slough and the estuary. Hence we
calculate a water budget for the SRS based on daily data
available from 2002 to 2008. Inter-annual variability in annual
rainfall together with an equally large variation in water
releases to the park and discharges to the Gulf of Mexico (e.g.,
Donders et al. 2008) results in water budgets acquiring this
wide range of inter-annual variability. Thus, a multiyear
calculation of the SRS water budget provides a better
representation of the natural range of water budget compo-
nents. We also report water budgets at a monthly scale, to
demonstrate seasonal changes in the inputs and outputs.

Given the range of woody and herbaceous plant communities
with associated differences in transpiration, we estimate
evapotranspiration using various models and modify a model
to account for water limiting conditions. In addition, the
budget estimates net groundwater discharge to the SRS that
has been hypothesized to occur (Price et al. 2006) in the
estuarine zone; hence we compare the groundwater discharge
estimated by the budget with surface water salinity data at
the mangrove—sawgrass ecotone that marks the dynamic
boundary between halophytes and freshwater vegetation

(Fig. 1).

Methods

Study Location The Shark River Slough is bounded by US
Highway 41 to the north, by the Gulf of Mexico to the
Southeast (Fig. 1), by the mid-pleistocene Miami Rock
Ridge to the east and to the west by slightly elevated marl
prairies; the difference in elevation is in the range of ~1 m
spread over 5-10-km distance. The slough includes an
estuarine zone extending about 30 km inland from the Gulf
of Mexico that is dominated by mangroves, while the
northern part has a ridge and slough landscape pattern, with
floating and submerged aquatic macrophytes in the deepest
sections (the sloughs), sawgrass marshes along the higher
ground (the ridges) and tree islands. The areal extent of
SRS used in this water budget was about 1,700 km?
encapsulating both the northern freshwater and the southern
estuarine zones (Fig. 1). Soils in the slough are primarily
peat (1 to 2 m depth) overlying permeable limestone
bedrock which is the upper part of the unconfined Biscayne
aquifer. With a seasonal subtropical climate, the region
seldom experiences freezing temperatures. During the dry
season (November to May), some parts of the SRS are dry.
The slough has an average wet season (June to October)
water depth of 1 m in the northern part increasing to about
3 m in the channels draining to the Gulf of Mexico.

Water Budget The water budget was computed as a water
balance on a daily basis according to the following equation:

AV = Rain + Inflow — ET — Outflow — Seepage
=+ Groundwater discharge & Errorinallterms (1)

where AV was daily change in water volume over the
slough, rain was the spatially-averaged precipitation for
1 day over the slough, inflows were surface water
deliveries into the ENP via control structures, evapotrans-
piration (ET) was evapotranspiration averaged over the
slough, outflow represented the discharge from the slough
into the Gulf of Mexico and seepage was the daily loss of
water along the eastern boundary of ENP caused by water
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extraction outside the park. Estimating net groundwater
exchange involves the largest amount of uncertainity
(Sutula et al. 2001). All water budget terms were
ultimately expressed in millimeters per day by normaliz-
ing the volume with the area of the SRS. The daily values
were summed to yield monthly and annual values over the
period 2002 through 2008.

Precipitation Daily rainfall data (2002 through 2008) were
obtained from the Everglades Depth Network website (http://
sofia.usgs.gov/eden/nexrad.php)/. These data were radar-
derived estimates (Huebner 2008; Skinner et al. 2009) at 48
sites in the SRS that were calibrated against data from 81 rain
gauges throughout South Florida for enhanced accuracy. Data
from each station were summed to obtain monthly values that
were then averaged spatially using the Thiessen polygon
method (Thiessen 1911) to yield an average depth of
precipitation across the slough in the units of cubic meters
per month.

Inflows Surface water inflows to Shark Slough were largely
through five main hydrological structures S12A, S12B, S12C,
S12D, and S333 (Riscassi and Schaffranek 2004); the culverts
receive their flow from S333. Flow data at these structures
were obtained from the National Water Information System
(NWIS; http://waterdata.usgs.gov/fl/nwis). Sheet flow into
the slough from the west and the east was assumed to be
negligible in comparison to the flow down the slough, as
inferred from the orientation of tree islands along the main
flow direction, and also seen from the preponderance of flow
along the NE-SW direction (Riscassi and Schffranek 2004;
Price et al., unpublished data). Daily average flow data in
cubic feet per second were summed to obtain daily and
monthly total values and converted to cubic meters per
second. Errors in the inflow estimates were primarily related
to instrument measurement precision and the scaling
relationships used to calculate discharge from velocity
measurements (Ruhl and Simpson 2005).

Discharge More than 90% of the discharge from the SRS was
channelized through five major rivers: Shark, Lostman,
Harney, Broad, and North (Levesque 2004) at the southwest-
e end of the slough (Fig. 1). Tidally filtered discharge data
were obtained online from the NWIS and daily and monthly
discharge amounts were calculated in a manner similar to
inflows. The discharge data were reported on a 30-min basis,
with positive and negative values indicating downstream and
upstream flow (high tides entering channels), respectively.
Data were summed over each 24-h period to calculate daily
net discharge values. Error estimates in the discharges
(Levesque 2004) together with those inherent in acoustic
Doppler velocity flow measurement devices (Ruhl and
Simpson 2005) suggest an error of £5%.
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Seepage Losses Water levels in the canals adjacent to ENP
are kept low in order to prevent flooding of adjacent urban
and agricultural lands. The low water levels in the canals
along with municipal groundwater withdrawals in Miami-
Dade county east of ENP drives groundwater out of ENP
via seepage under levee L-31. Seepage losses were
estimated using regression equations (Nemeth et al. 2000)
that relate the groundwater head differential across the
levee L31 to seepage estimates calculated by MOD-
BRANCH, a detailed reach-transmissivity flow model.
Groundwater level data for 2002-2008 were available
(http://waterdata.usgs.gov/fl/nwis) for pairs of wells, each
pair on the western and eastern sides of the levee L31.
Values obtained were in seepage loss/foot of levee per day,
which was then multiplied by the length of the levee
(40 km) to yield the total seepage loss/day.

Evapotranspiration

The absence of methods for the direct measurement of ET
at spatial scales larger than individual trees necessitates
indirect approaches towards estimating this important
component of the water budget in wetland ecosystems.
This study compared results from five widely used
vapor transport models (Table 1) and the Bowen Ratio
method. The combination Penman—Monteith (PM) model
(Shuttleworth 1992) was then selected amongst these
models to estimate ET for SRS, because this model
incorporates some vegetation influences on ET (Leaf Area
Index (LAI) and vegetation height), while the others
account solely for meteorological factors. These other
vapor transport models were FAO PM equation (Allen et
al. 1998), Priestley—Taylor (Priestley and Taylor 1972),
Abtew’s simple radiation model (Abtew 1996), and the
Modified Turc Model (Turc 1961). In addition, as men-
tioned, ET was also calculated from latent heat measurements
at the eddy covariance flux tower (SRS6; Barr et al. 2010).
Latent heat flux data (W/m?) were obtained for half-hourly
periods from the eddy covariance tower at SRS6 (Barr et al.
2010). ET was then estimated as follows:

ET(g/s) = (latent heat flux/latent heat of vaporization) (3)

The combination PM model was then adjusted for
seasonal change in transpiration as follows:

1| Ad+p,c, 2
ET = Pach s

————2*0.5(Sin(6) + 1). (2)
Flasy(1+2)

The presence of foliage does not necessarily indicate
active transpiration, as trees shut down stomata when facing
water stress due to either soil moisture deficits that are close
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Table 1 Annual evapotranspiration (ET) estimates in mm/year obtained for Shark River Slough by five vapor transport models, the Bowen Ratio

method and the modified Penman—Monteith (PM) model

ET model Reference Remarks Annual ET
value (mm)

FAO PM Allen et al. (1998) Food and Agriculture Organization’s standardized form of the PM equation, 1,807
for a single crop species (alfalfa) under well-watered conditions

Combination PM Shuttleworth (1992) Only major model accounting for vegetation water-use effects 1,502
parameterized by Leaf Area Index and vegetation height

Priestley—Taylor German (2000) Detailed meteorological model 4,008

Abtew’s simple Abtew (2005a) Net radiation-based model formulated by Abtew for the northern 1,602

radiation model Everglades (herbaceous vegetation) and validated using lysimeters.

Modified Turc model Turc (1961) Net radiation and temperature based model 1,469

Bowen ratio Hatton and Vertessy (1990) Ratio of latent heat to sensible heat obtained from eddy covariance tower 1,349

Modified Shuttleworth (1992) Combination PM model modified to include ET reduction due to water 1,366

combination PM and our addition

limiting conditions in the dry season

to wilting point (Lott and Hunt 2001), or in the case of coastal
hammocks, salinity increases in the rhizosphere, typically in
the dry season (Sternberg et al. 2007). Thus a sinusoidal
function was added to the Shuttleworth equation to model the
reduction of transpiration over late dry season caused by
soilwater deficits in the freshwater part of the slough, as well as
by increased groundwater salinity and decrease in the
freshwater lens for buttonwood and coastal hammock com-
munities (Saha et al. 2011). Here, 6 increases from 60° to 90°
in conjunction with decreasing water availability over the dry
season and otherwise is equal to 0° for the wet season/early
dry season, when water limiting conditions do not exist.

Meteorological data for the models were obtained from
four eddy flux towers within the ENP (Fig. 1) at Florida
Coastal Ecosystems Long Term Ecological Research sites
SRS6, SRS2, TsPH1 and TsPh7 (http://fcelter.fiu.edu/
research/sites/); data from SRS6 was available for the
longest time period (2004-2008) and was thus chosen and
compared with data from other sites. The SRS is dominated
by sawgrass (Cladium jamaicense) alongwith extensive
spikerush (Eleocharis spp.) and periphyton in the northern
half and by mangroves (Avicennia germinans and Rhizo-
phora mangle) in the southern half. LAI for sawgrass and
mangrove was taken as 2 and 3, respectively. Sawgrass
height was assumed to be 1 m. Mangrove canopy heights
vary from 18 m along the coast to 3 m inland (Simard et al.
2006; Castaneda 2010), and thus an average height of 9 m
is taken for the entire mangrove zone (SRS4—-SRS6). While
other plant communities such as hardwood hammocks,
swamp forests, pine rocklands, coastal hammocks and
buttonwood embankments occur, their area in the SRS is
much less than sawgrass and mangrove stands. Furthermore
woody communities such as hammocks and pine rocklands
have LAI values between 2 and 3 (Saha et al. 2009).

Change in Storage Hourly water level or stage data from
16 stations situated in SRS was obtained from EDEN

(USGS), adjusted to NAVD 1988 if originally referring to
NGVD 1929 and then averaged over a 24-h period to get a
daily stage value. Day-to-day and month-to-month level
changes were calculated as the difference from 1 day to the
next and difference between the levels on the last and first
day of the month, respectively. The Thiessen polygon
method was used to obtain a spatial average stage
difference for the entire SRS using MATLAB functions.
The changes in level were multiplied by the area of SRS to
obtain corresponding changes in storage (AV).

Residual Net groundwater exchange being the unknown
component of water budget is usually estimated from the
residual after accounting for errors in each of the remaining
water budget terms as described (e.g., Sutula et al. 2001).
Errors could either lead to overestimates or underestimates
of each of these terms; furthermore, errors in inputs may
nullify some of the error in outputs upon summation of the
budget. A conservative approach was taken whereby
combined error was assumed as the sum of the absolute
values of input and output errors which was then subtracted
from the residual to yield the net groundwater exchange.
For instance, an extreme case would be that the input data
had negative error (errors detract from the true value of
input data) while the output data were inflated by positive
error. In this case the difference between the errors was
maximal, in contrast to the other extreme where inputs were
inflated and outputs were deflated. Thus residual=ground-
water+error, where error=absolute input errors+absolute
output errors. Because ET is the only major water budget
component that is estimated rather than directly measured, a
sensitivity analysis was carried out on the water budget to
observe the variation in groundwater discharge (residual—
error) arising from using different models to estimate ET.

Surface Water and Groundwater Salinity Surface water
salinity at the oligohaline ecotone results from mixing of
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marine waters (tides and brackish groundwater discharge),
freshwater (surface flow and groundwater), and ET. The
extent of saline water incursions is reflected by the
vegetation transition from sawgrass (freshwater) to
salinity-tolerant mangroves. Salinity, surface water level
and groundwater level data were obtained from NWIS for
station SH2 (25°24'36.22" N, 80°57'47.88" W) located at
the oligohaline ecotone between 2002 and 2008, where the
surface water stilling well was a 30.5-cm diameter PVC
pipe set in sediment to bedrock and the groundwater well
was a drilled bore hole cased with a 7.6-cm PVC riser and a
183-cm long well screen set with 0.1 cm slots spaced
0.3 cm apart capped at the bottom within the shallow
aquifer. Salinity data were obtained from conductivity
measurements using a 3 YSI 600R conductivity and
temperature probe (YSI, OH, USA). These data were lag
correlated with various components of the water budget.
Regressions, lag correlations, and time series analysis were
performed using MATLAB (v. 7.9.0.529; R2009b). Lag
correlations were calculated by stepping time series
forwards and backwards and resolving the correlation
coefficient (R) at each step. Statistical significance was
tested at the 95% confidence interval (p=0.05) using a
phase-randomization method based on (Ebisuzaki 1997) to
account for non-zero autocorrelations.

Surface Water and Groundwater Levels Differences be-
tween groundwater levels and surface water levels indicate
the potential direction for a vertical transfer of water
between the two water bodies. When the groundwater
levels are higher than the surface water levels, there is the
potential for groundwater discharge to the surface water.
Similarly, when the surface water level is higher than the
groundwater there is the potential for surface water to
recharge the underlying aquifer. This data indicates
groundwater-surface water interactions independent of the
water budget approach. Surface water and groundwater data
was obtained from SH2 (same as the salinity data as
described above) for the period 2000-2008. The difference
in levels (groundwater level-surface water level) was
averaged monthly over 2000-2008.

Data Processing For all parameters of the water budget,
stations with erroneous ad/or missing data greater than 5% of

the record set were excluded from the analysis. Stations with
missing data less than 5% of the total were linearly gap filled.

Results

Rainfall A seasonal and bimodal pattern was observed in
all 7 years of rainfall data (Fig. 2a) with high rainfall
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occurring in the wet season (June—October). While the rainfall
for 2002-2008 averaged over the SRS was similar to a
longer term average annual rainfall (1,366 mm, based
on 1980-2009 at Royal Palm Ranger Station, ENP),
inter-annual variability was observed (Table 3; Fig. 2
(top)) with 2002 receiving the lowest (1,142 mm) and
2005 the highest (1,448 mm). While daily rainfall varied
considerably between the stations, indicating spatial
patchiness in precipitation on a daily time scale, monthly
rainfall amounts did not vary greatly between stations.
Monthly rainfall did however vary from year to year
(Fig. 5). Uncertainty in rainfall data is due to several
factors: instrument precision (0.254 mm on a daily reading
translates to 92 mm/year), spatial variability (insignificant
on a monthly scale), and inter-annual variation.

Inflow and Discharge from SRS Over 2002-2008, surface
water inflows commenced well into the wet season and
lagged behind rainfall by 1-2 months (Figs. 2 (middle), 4, 5).
There was considerable inter-annual variation in the inflows,
with the high of 691 mm in 2005 coinciding with the highest
precipitation in 2002 through 2008, part of which was
contributed by the hurricanes Katrina and Wilma) while
almost no inflow occurred in 2007 (Table 3). Inflows were
25-50% of discharges from SRS in each year (Table 3;
Fig. 4) with the exception of 2003.Outflows varied from
1,399 mm in 2005, the year with the highest rainfall, to a low
of 502 mm in 2003 (Table 3).

Evapotranspiration The Shuttleworth PM model yielded
ET values that varied seasonally: 5-7 mm/day in summer
and 1-4 mm/day in winter (Figs. 3, 4, and 5).Mangrove
communities were associated with higher ET than sawgrass
on account of greater LAI and vegetation height (Fig. 3).
Other models showed a similar seasonal variation but with
different magnitudes (Table 1); for instance the FAO PM
model had higher ET values than the Shuttleworth PM
model, possibly reflecting the agricultural bias of the FAO
PM model that is designed to work for a single species
under well-watered conditions; thus the FAO PM model
yielded similar potential ET estimates for South Florida as
the USGS (http://sofia.usgs.gov/eden/evapotrans.php). The
Priestley—Taylor equation yielded values twice as large; this
model has been reported to overestimate ET in humid areas
in summer (Yoder et al. 2005; Suleiman and Hoogenboom
2007). ET estimates obtained from latent heat flux data
showed the same seasonal pattern as the other models but was
lower in magnitude as has been noticed elsewhere (Bidlake et
al. 1996) whereby latent heat based measurements are almost
always lower than values yielded by meteorological vapor
transport models.

On account of several hurricanes and tropical storms that
passed through the area over 2004-2007, the weather
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Fig. 2 Raw data for selected 500
water budget components for
Shark River Slough, ENP. Top,
monthly rainfall averaged over
Shark River Slough; also shown
is the 30-year average monthly
rainfall at Royal Palm Ranger
Station, ENP (with less than 4%
data missing). Middle, monthly
inflows (S12s and S333) and
outflows (five major rivers into
the Gulf of Mexico). Bottom,
daily water level or stage —
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towers were severely damaged, leading to large gaps in data
over this period. Hence, while we calculated ET over the
entire 20042008 data availability period, for the budget we
consider 2008 as a “model” year with complete daily ET
estimates calculated from SRS6 eddy flux tower data. The
monthly ET values obtained by Abtew’s simple radiation
model for 2004 and 2008 did not differ significantly (p>0.99).
ET calculated from SRS6 meteorological data can be
considered representative of SRS, because net radiation, the
single most important driver of ET in the Everglades (Abtew
1996) was found to be very similar at the four eddy flux
towers spread over an area of almost 5,000 km? in the month
of August 2008 when we had data from all four weather
towers. Error in ET measurements stems from instrumental
precision (taken as 5% from Price et al. 2006) as well as
from differences in vegetation composition and soil moisture
at a given instant of time (Fig. 3).

01/01

T T T T T T T T T T

T T T T
/2004 01/01/2005 01/01/2006 01/01/2007 01/01/2008 01/01/2009

Water Levels Water levels in SRS varied by less than 1.5 m
on a seasonal basis (Fig. 2c). The highest water levels were
observed in September—November of each year. Water
levels were at their lowest in May of each year.

Water Budget and Net Groundwater Discharge The annual
change in water storage in SRS varied from deficit to
surplus, from a net gain of 303 mm at the end of 2008 to a
net loss of 216 mm in 2006 (Table 3). The magnitude of
annual change in water storage was orders of magnitude
lower than the other water budget components (Fig. 4).
Over the period studied, 20022008, rainfall was the largest
input, averaging 1,295 mm/year while ET was the largest
output averaging 1,367 mm/year (Table 3). Outflows
exceeded inflows and all other inputs combined, which
led to a net groundwater input into the SRS (termed
Groundwater Discharge or GWD) on an annual basis.
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Fig. 3 Monthly evapotranspiration estimates obtained by the Shuttleworth
PM model for mangrove and sawgrass, the dominant vegetation
communities in the Shark River Slough. The difference in vegetation
communities were parameterized by LAI values of 3 and 2 as well as by
vegetation height of 9 and 1 m for mangroves and sawgrass, respectively

GWD varied seasonally, with the largest inputs occurring in
May—July, and a net recharge or input from the slough surface
water in Jan—April (Fig. 4). There was a large annual variation
with the highest value of net GWD into the SRS (673 mm) in
2008 and a net recharge of groundwater (88 mm) occurring in
2003 (Table 3; Fig.5). The estimate of GWD varied with the
ET model used (Table 1). The values of GWD obtained in
the water budget result from the selection of the modified
Shuttleworth PM model to estimate ET.

Surface Water and Groundwater Salinity Surface water
salinity varied seasonally between 0 and 23.5 psu. Ground-
water salinity also varied seasonally, with the maximum
annual values increasing from less than 5 psu in 2003 to
about 15 psu in 2008 (Fig. 6). With monthly data, analysis
by lag correlation indicated that surface water salinity in SRS
had a significant positive correlation with GWD (Fig. 7) when
leading by 1 month (p<0.03). The same pattern was
demonstrated in the daily data, where the surface water
salinity expressed a significant positive correlation with
GWD when leading by 24-34 days (p<0.05).

Surface Water and Groundwater Level Both groundwater
and surface water levels at site SH2 co-vary over monthly
and yearly time scales (Fig. 8 (top)). Daily groundwater
level is consistently higher than surface water in early wet
season (end of May to August). Monthly averages indicated
that at SH2, groundwater discharge to the surface water was
dominant in June-August, with surface water recharging
the groundwater being dominant during the other months
(Fig. 8 (bottom)).

Discussion

Seasonal Patterns All the components of the water budget
varied seasonally with higher values typically occurring in
the wet season months (June—October). This seasonal
variability is most evident in the glyphplot of the water
budget terms (Fig. 5) where the monthly glyphs (polygons
containing the monthly water budget components on
spokes) are much larger over the wet season in all 7 years.
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Fig. 5 Glyph plot of the monthly water budget components (2002—
2008). The spokes of each glyph (polygon) represent the magnitude of
each variable (independently standardized by variable from 0 to 1) for

The glyphplot also illustrates the considerable inter-annual
variation in water budget components, part of which could
be driven by regional climate cycles; for instance 2004 and
2005 had active hurricane seasons, 2006—2007 were much
drier than usual while the winter of 2009-2010 saw higher
than normal precipitation in accordance with the positive
phase of the El Nifio Southern Oscillation (Ropelewski and
Halpert 1986; Childers et al. 2006; Moses et al., submitted).
Furthermore, water management activities introduce an
element of apparent randomness in inflows that in turn
affect other components.

The wet season commences in June and has a bimodal
rainfall distribution (Fig. 2 (top)) lasting until November;
thereafter rains are scattered and sporadic. Flow in rivers
discharging to the Gulf of Mexico responds to precipitation,
increasing between May and June, and declining after
December until a net tidal seawater input from the Gulf of
Mexico occurs in May in most years. Other processes such
as evapotranspiration, inflows and net groundwater dis-

Salinity

the indicated month. For example, the glyph for Sept 2008 represents
high rainfall, moderate ET, high inflow, high outflow, low GWD, and
very low salinity

charge also influence discharge. Inflows through hydraulic
structures controlled by the South Florida Water Manage-
ment District commence only in July in response to rainfall
and water levels in the water conservation areas upstream
of ENP; inflows decrease from October onwards until being
practically nonexistent after December. ET increases from
February in response to increasing solar radiation. In the
Everglades, plants are seen to have active transpiration
through much of the dry season as has been observed in
studies of plant water uptake in hardwood hammocks and
pine rocklands (Ewe et al. 1999; Saha et al. 2009;
Villalobos 2010), tree islands and swamp forests (Wang et
al. 2010; Sullivan et al. 2010), and mangroves (Barr et al.
2010). There can be a reduction in transpiration in late dry
season in part of SRS caused by soilwater deficits and
salinity increases (Sternberg et al. 2007; Saha et al. 2011);
soilwater deficits can occur in the outer or shallower areas
of the SRS that dry earlier while increasing rhizosphere
salinity lowers transpiration in freshwater-dependant plants
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Table 2 Parameters for the Penman—Monteith equation (Shuttleworth 1992)

Variable — Description Notes:
ey Saturated vapor pressure at the measurement height in es = 0.6108 exp (21377237+TT>
kilopascals (kPa). T is the mean air temperature in
degrees Celsius (°C)
A The gradient of the actual vapor pressure with the A= (;3'(7)_9&)2
mean air temperature e (in kPa°C™")
A Energy budget for a unit area. 4 is the available energy A=Ry—G—-S—P—4q4
Aq Loss of energy associated with horizontal air movement. Units are MJ m > day7l
Significant in an oasis situation, generally neglected
R, Net incoming radiant energy Units are MJ m 2 day™". Obtained at TSPh7b
G Outgoing heat conduction into the soil G = cs*ds(T, — 1)/ At. Units are MJ m 2 day ™"
cs Soil heat capacity 2.1 MJ m3°C!
ds Estimated effective soil depth (m) For daily temperature fluctuations, a value of 0.18 can be assumed
S Energy temporarily stored within the volume Often neglected except for forest
P Energy absorbed by biochemical processes in the plants Typically taken as 2% of net radiation
D Vapor-pressure deficit D = [(es* Tmax + €*Tmin) /2]*(1 — RH) /100 RH = relative humidity
e, Actual vapor pressure (kPa) n <Z“7d> n <z=7(1>
Zom Zoy
Ta Aerodynamic resistance (s m ') Fa = 01\27@n
Ts Surface resistance of the land cover (s m™') One approximation is 200/L s ' m™
Zy Height of the wind speed measurements (m)
Z. Height of the humidity measurements (m)
U, Wind speed (ms ')
Zom Roughness length for momentum transfer (m) Zom=0.123 h,
Zoy Roughness length for vapor transfer (m) Z0v=0.0123 h,
D zero-plane displacement height (m) d=0.67 h,
K Van Karman constant (=0.41).
he Vegetation height (m)
Pa Sensible heat (kg m®), density of air Pa = 3.486 575
G Specific heat of air at constant pressure, taken as
1.01 Kl kg "K'
P Atmospheric pressure in kPa
T Mean air temperature in degrees Celsius
r Psychrometric constant (kPa°C™") y = % 1073 = 0.0016286%D
E Ratio of the molecular weight of water vapor to that 0.622
for dry air
A Latent heat of vaporization of water (MJ kg™") A =2.501 —0.0023617;

Table 3 Annual water budget components (2002-2008) in millimeters/year for Shark River Slough, Everglades National Park, including average
and standard error of the mean (SEM) computed over the entire 7-year period

Budget component (mm) 2002 2003 2004 2005 2006 2007 2008 Average SEM
Rain 1,142 1,285 1,224 1,448 1,325 1,269 1,375 1,295 38
ET 1,367 1,367 1,367 1,367 1,367 1,367 1,367 1,367 0
Inflow 509 688 396 691 303 24 258 410 119
Outflow 952 502 1,077 1,399 892 521 771 873 91
Seepage 166 178 177 168 148 115 149 157 8
Storage change =78 131 -109 117 -216 —-116 303 5 69
Groundwater 449 —88 585 572 270 336 673 400 97
Total error 306 292 306 339 292 258 283 297 9

Negative values for storage mean a net decrease in storage over the year. We have taken the 2008 value of ET for all years. Inflow and outflows
have been expressed as millimeters per year by dividing the total volume by the area of Shark River Slough. Total error refers to the difference
between the residual (obtained by summing all known inputs and outputs) and groundwater discharge
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in the estuarine zone (coastal hammocks and buttonwoods).
Nevertheless, ET is the highest in May—July (Figs. 3, 4, and
5), reflecting the period of highest net radiation, thereafter
offset by increasing cloudiness and relative humidity.

Groundwater Influx into Slough Groundwater discharge
starts in May at the end of the dry season, peaks in June—
July and then decreases throughout the remainder of the
year (Figs. 4 and 5). Groundwater discharge to SRS would

Fig. 7 Monthly groundwater 14 T ' r

2004 2006 2008

be expected to occur as freshwater in the northern reaches
of SRS adjacent to Tamiami Trail as well as brackish water
further downstream in the estuarine zone. Tamiami Trail
acts as a levee/dam along the north side of SRS causing a
large hydraulic gradient between higher water levels in the
Tamiami Canal on the northern side of the trail as compared
to the lower ground surface elevation of SRS on the south
side of the canal (Harvey and McCormick 2009). Fresh
GWD along the south side of the Tamiami Trail to the SRS
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Fig. 8 Top, daily groundwater (black solid line) and surface water
level (red dashed line) in cm relative to NAVD 1988 at USGS site
SH2. Bottom, monthly average difference between groundwater level
and surface water level calculated over 2000-2008 and expressed in
cm at SH2. Positive values of this difference, as seen in June-Aug,
signify that the groundwater was higher than surface water on average
in this time every year. Error bars signify the standard error of the
mean

is expected in response to the hydraulic gradient, and may
explain the elevated concentrations of phosphorus observed
in the surface water site SRS-1 (Fig. 1) reported by Childers
et al. (2000) since groundwater in the region typically has
higher concentrations of phosphorus as compared to the
overlying surface water (Price et al. 2006). Brackish GWD
is expected along the mangrove ecotone region of southern
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SRS due to the hydrodynamics of seawater intrusion (Price
et al. 2006). The flat topography of the southern Everglades
combined with the low water inflows along Tamiami Trail
into SRS has allowed seawater to intrude as much as 30 km
inland from the Gulf of Mexico, corresponding approxi-
mately with the extent of mangroves inland (Price et al.
2006; Fitterman et al. 1999). Coastal brackish GWD has
been observed in Taylor Slough, the other drainage basin of
ENP (Sutula et al. 2001; Price et al. 2006; Fig. 1)
particularly during the dry season from January all the
way to the early wet season until July (Zapata-Rios 2009),
similar to what is estimated for SRS. Furthermore in Taylor
Slough, coastal brackish GWD were higher and more
variable closer to the coastline (Zapata-Rios 2009).

Surface water salinity at the boundary of the mangrove/
sawgrass ecotone of SRS (at SRS-4) increases in April—
May, with the peak in surface water salinity occurring about
a month prior to the greatest groundwater discharge
(Fig. 7). The higher salinity in the surface water as
compared to the groundwater at SRS-4 indicates that a
large portion of surface salinity is related to Gulf of Mexico
water inflows through rivers up the SRS as opposed to the
lower salinity groundwater (Fig.6). May also corresponds
to the lowest outflows from the SRS rivers draining to the
Gulf of Mexico (Figs. 2, 4); indeed the net flows during
much of that time are negative, indicating seawater flowing
inland through the creeks. Geochemical analysis confirms
that most of the surface water in SRS is a mixture of fresh
water and Gulf of Mexico water (Price et al. 20006).
Although the coastal brackish GWD in the southern reaches
of Shark Slough is not enough to affect the overall surface
water salinity, the contribution of groundwater is not
negligible and can account for over 200 mm across SRS
in the month of July (Fig. 7). In June, surface water salinity
decreases rapidly at SRS-4, indicating the arrival of large
volumes of freshwater from precipitation and runoff from
upstream. Groundwater discharge increases until June,
suggesting increased baseflow accompanying the surface
freshwater flows from upstream. Thereafter groundwater
discharge to the slough decreases, most likely because of
higher surface water levels in SRS.

The conclusion of groundwater discharge to the slough
is also supported by an examination of groundwater and
surface water levels (Fig. 8). The hydraulic connection
between the two reservoirs is indicated by the co-varying
groundwater and surface water levels (Fig. 8 (top));
however, slight differences in the water levels indicates
the potential direction for a vertical transfer of water
between the two water bodies. For instance, daily ground-
water levels are higher than surface water mostly in the
early wet season (June—August) as observed i Fig. 8 (top).
This pattern is repeated over 2000-2008 whereupon
monthly averages of the difference between groundwater
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and surface water are positive over the same period (Fig. 8
bottom), indicating groundwater discharge to the surface
water reservoir.

Increased Inflow Is Essential for Flow and Storage of
Water Freshwater discharge not only restrains seawater
intrusion into the coastal aquifer but also lowers the salinity
of these coastal shallow basins, thereby maintaining
conditions for seagrass and marine organisms that use these
areas as nurseries (Wanless et al. 1994). Decreased
freshwater inflows lead to increased brackish groundwater
discharge inland along the coast that in turn can threaten
coastal plant communities intolerant of salinity. Over the
study period (2002-2008), rainfall was the largest input,
while ET was the largest output (Table 3), both of a similar
magnitude, as has been noticed in other studies in the
Everglades (e.g., Abtew 1996). From a purely numerical
volume perspective, inputs of water via rain are almost
nullified by ET losses; hence, increased inflows as part of
upstream water management should result in greater
outflows as well as greater storage, although probably not
on a 1:1 basis since there may also be increased seepage
east under the L31 levee on the eastern boundary. On
average, GWD equated to surface water inflows across
Tamiami Trail and roughly 30% of rainfall. The budget
supports the widely held contention that increased inflows
are required to maintain the Everglades ecosystem inside
ENP that is especially critical under the scenario of
accelerated sea level rise (Wanless et al. 1994).

Evapotranspiration and the Need for Field Measurements ET
is the largest water loss in SRS, resulting from the high
subtropical radiation, prevailing ocean breezes and the year-
round availability of water in much of the slough. Daily ET
values predicted by all the models (with the exception of
Priestley—Taylor) and latent heat based calculations are in
the same order as field measurements using lysimeters in
the Everglades marshes north of the ENP (German 2000;
Abtew 1996, 2005a): 2—4 mm/day in January and February
that increased to 5-7 mm/day in May—July. Annual
estimates by these models (1,350-1,600 mm) are similar
to 1,300-1,400 mm as reported by Abtew et al. (2005b) and
Huebner (2008). However, such variability in ET estimates
from different approaches reflects the difficulties in
accurately estimating ET in wetlands (Rushton 1996,
Shoemaker et al. 2008). There is no instrument that can
directly measure evapotranspiration; although lysimeters
have been deemed suitable for wetlands with herbaceous
vegetation (Koerselman and Beltmann 1988), they are
impractical where there is large woody vegetation. The
complexity and dynamic nature of interactions of incident
radiant energy, surface heat capacitive/reflective properties,
atmospheric humidity and wind velocity, together with the

tremendous variability involved in each of these parameters
results in this variability being transmitted to ET (Abtew
1996; Lott and Hunt 2001). Furthermore, the variety of
vegetation types in the Everglades can affect transpiration
which is related to the amount of photosynthesizing
biomass per unit area, species-specific water-use efficien-
cies and seasonal water use arising from phenology. For
instance, trees on tree island heads draw in groundwater
from the surrounding marsh in the dry season (McCarthy
2006; Saha et al. 2009; Sullivan et al. 2010), suggesting
higher water uptake rates per unit area than surrounding
sawgrass and slough vegetation, thus resulting in higher
transpiration. It remains to be seen, however if the greater
transpiration on tree islands is countered by higher open
water evaporation in marshes. While German (2000) found
no significant difference in ET between sawgrass marshes
and open water sloughs, with vegetated areas showing a
decrease in evaporation but an increase in transpiration,
German mentions that the study did not include the
mangrove-dominated estuarine areas that have higher foliar
biomass per unit area (LAI). It is very likely that the
presence of large woody vegetation in wetlands can
increase evapotranspiration per unit area, as predicted by
the results from the Shuttleworth PM model. While the
Shuttleworth PM equation takes into account LAI and
vegetation height, to which we add a water stress function
to decrease ET due to water limiting conditions in the dry
season, it would be highly desirable to compare model
results with field data, despite uncertainties inherent in field
techniques of water transport measurement. In addition to
eddy covariance-based latent heat measurements, direct
plant water uptake measurement techniques such as sapflow
measurements in conjunction with diurnal groundwater
level changes (e.g., Villalobos 2010), transpiration meas-
urements and leaf water potentials, the last parameter
needed is to identify periods when water may be limiting
in the wetland (e.g., Kostner 2001) thereby getting a more
realistic ET estimate from Potential ET estimates.

Conclusions

Each of the major water inputs and outputs to the SRS have
been quantified over 2002-2008 on a daily, monthly and
yearly basis. ET and net GWD, the two major components
that cannot be measured directly have been estimated: ET
by means of a suite of models while GWD was obtained
from the water budget calculations. While ET estimates are
similar to field observations in grassy wetlands using
lysimeters, there is a need for further field observations of
ET in different woody communities. GWD is calculated to
be around 400 mm/year, between a quarter and a third of
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the annual precipitation to SRS. Monthly budgets indicate
that GWD to the SRS is greatest in the later part of the dry
season (May—July) but also occurs to a lesser extent in
August and September. During the other months of the
year, groundwater is recharged by surface water in SRS.
The budget results also support increasing surface water
inflows to maintain the Everglades ecosystem.
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