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ABSTRACT

The Arthur R. Marshall Loxahatchee National Wildlife Refuge overlays Water Conservation Area 1, a 580 km? freshwater wetland remnant of the
northern Everglades in Palm Beach County, Florida, USA. Changes in water quantity and quality have impacted the Refuge ecosystem. Ensuring appro-
priate management to maximize benefits for wildlife while meeting flood control and water supply needs is a refuge priority. The Simple Refuge Stage
Model described herein supports these management decisions. The two-compartment model with a daily time step predicts temporal variations of water
level in the refuge rim canal and interior marsh, based on observed inflows, outflows, precipitation and evapotranspiration. The model was used to
evaluate various water management scenarios. The modelling approach applied herein may have utility in managing other wetland systems where
over-bank flooding is a dominant mechanism, affecting hydrology and water quality.
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1 Introduction and background

The A.R.M. Loxahatchee National Wildlife Refuge (Refuge)
was established in 1951. It is bordered on the northwest by
drained wetlands converted to agriculture known as Everglades
Agricultural Area, and by urban development on the east, and
on the southwest by the Water Conservation Area-2A. Construc-
tion of levees has had significant effects on the hydrology, veg-
etation, and wildlife in the Refuge (USFWS 2000). Changes in
timing of water levels in the Refuge affect ecological factors,
including wading bird feeding patterns, apple snail reproductive
output, and alligator nesting. Similarly, changes in the spatial
distribution of water depths alter the distribution of aquatic
vegetation and tree islands. During the dry season, lower water
levels increase the potential for fire, and damage vegetation,
soils, and wildlife. Such conflicts between development and
environmental protection are often inevitable and pose a chal-
lenge (Yevjevich and Starosolszky 1998).

Previous models of Refuge hydrology and water quality have
been developed alone or as a part of the greater Everglades (Lin

and Gregg 1988, Fitz and Sklar 1999, MacVicar and Lindahl
2000, Raghunathan et al. 2001, Welter 2002). However, none
of these modelling efforts address current Refuge needs. The
authors’ modelling efforts, including those reported below,
build upon the understanding of previous modelling studies,
and implement models addressing Refuge management decisions
related to both quantity and timing of inflow and outflow.

2 Site description and available data

The Refuge landscape is an exceptionally flat complex mosaic of
wetland community types, determined in part by water depth
which is, in turn, influenced by differences in topography and
micro-topography. These wetlands grade from wettest areas
termed sloughs, to wet prairies, brush, and finally tree islands
that are typically less than a metre above the surrounding marsh.
The most recent marsh elevation data for the Refuge are available
from topographic surveys by the United States Geological Survey
(USGS) on a 400 m by 400 m grid (Desmond 2003). This survey
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finds that Refuge marsh elevations range from 5.64 m to 3.23 m
NGVD29, with a mean marsh elevation of 4.62 m NGVD29.
The Refuge has roughly a 1.61 cm per km downward north to
south slope. Cross-sections of the perimeter canal that surrounds
the marsh have an average bottom elevation of 3.24 m NGVD29.
A significant portion of the effort required to implement
models is expended on data identification, compilation, and pro-
cessing, and this particularly applies to the data-rich Everglades
ecosystem. Meselhe ez al. (2005) give a detailed description of
the data acquisition effort supporting Refuge model develop-
ment. They document selection of periods for calibration and
validation, data sources, and quality assurance. Data compiled
and evaluated include: (1) marsh elevation and canal cross-
section elevations; (2) hydrologic data including water levels
and discharges through hydraulic structures; (3) meteorological
data; and (4) water quality data. Based on these data, the
period of study from 1 January 1995 to 31 December 2004
was selected. This period includes high quality data over a
wide range of hydrologic conditions (wet, average, and dry).
Much of the data used in this study were obtained from the
South Florida Water Management District (SFWMD) database,
DBHYDRO (www.sfwmd.gov/org/ema/dbhydro/).

3 Model development

3.1 Assumptions

Development of the Simple Refuge Stage Model (SRSM) fol-
lowed the strategy of starting with a simplified model, and
adding complexity only if needed to obtain acceptable perform-
ance. Because both canal and marsh stages are required in appli-
cations, a two compartment model was selected. It is assumed
that the canal and marsh operate as compartments with bi-
directional exchange flow between them (Fig. 1). The simple
modelling technique applied herein is reminiscent of the classical
hydrological methods of level pool routing (Chow ef al. 1988)
and simple modelling approaches by Rantz (1982), Katopodis
(2005), or Kaleris (1998). The model was implemented using
Microsoft Excel with a daily time-step. Excel was chosen
because of its widespread availability and ease of use. Other
SRSM assumptions include: (1) water surface stage within
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Figure 1 Schematic of compartmental structure of SRSM for Loxa-
hatchee Refuge
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each compartment is flat, (2) marsh is characterized by a single
average soil elevation of 4.62 m NGVD 29, (3) surface area of
each compartment is constant. The marsh surface area was esti-
mated to be 560 km? and the canal surface area to 4.03 km?.

3.2 Model formulation

Canal and marsh stages are calculated by integrating

dEc (Qin — Omc — Qour)
—=P—ET-G 1
a c+ Ac (1)
and
dEy, Owmc
—=P—-ET-G -, 2
ar M+ Ay 2

where Eis the stage in canal (subscript C), £, the stage in marsh
(subscript M), A and A, the surface areas of perimeter canal and
marsh, respectively, P the precipitation, ET the evapotranspira-
tion, G¢ and G, the seepage in canal and marsh, respectively,
O;,, the external inflow (subscript in) to the perimeter canal, O,
the outflow (subscript ouf) from the perimeter canal, and Oy,
the bi-directional discharge from canal to marsh. The differential
equations for canal and marsh stages are calculated using Euler’s
numerical integration scheme with a one-day time step. This
method provides a fast solution and is easily implemented using
the daily average time series data. However, if the net canal dis-
charge is large, a stage change over one day is sufficiently large
that the assumption of small change over one time step in the inte-
gration algorithm is not satisfied, and problems in the numerical
solution may occur. A heuristic approach is used to stabilize the
solution by limiting the magnitude of the canal stage while main-
taining conservation of water volume by shifting positive or nega-
tive discharge directly to the marsh. Such an approach is
reasonable, because under these conditions, the discharge
between the marsh and canal is likely being underestimated by
the Euler method with a daily time step.

3.3 Boundary conditions and observed parameters

Observed precipitation P data were obtained from nine gages
within or in the immediate vicinity of the Refuge. The standard
Thiessen polygons method was used to provide area-averaged
rainfall over the Refuge. The average annual rainfall for the
study period was approximately 132.3 cm/year. Evapotranpira-
tion ET data for the Refuge are available from the ENRP
(STA1W) site, where a lysimeter has been used. The daily aver-
aged ET field measurements were used as a model input. It was
observed that sites that go dry for even a few weeks out of the
year have lower annual ET water losses (German 1999). There-
fore, when the marsh stage approaches the average sediment
elevation of 4.62 m NGVD 29, the measured potential ET is
reduced by a depth-dependent factor (Arceneaux et al. 2007).
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Other models, including SWAT (Arnold ef al. 1998) use a similar
approach. This approach reduced the average annual ET from
132.33 to 117.60 cm/year.

There are 19 inflow and outflow hydraulic structures located
around the perimeter canal, which play an important role in
water management. Some of the structures were not in operation
during the complete period of study (Waldon 2005). The inflows
and outflows into/from the perimeter canal were aggregated into
a total daily flow time series that was used as an input to the
water budget model. For the study period, the annual average struc-
ture inflow and outflow to/from the Refuge were 742 and 709 hm®,
respectively. The model was set up to optionally calculate outflows
using the Refuge water regulation schedule as an alternative to
using historic outflow records. The Refuge regulation schedule
is administered by the USA Corps of Engineers (1994), Jackson-
ville District, and is designed to regulate the water level through
controlled water releases to maximize benefits related to flood
control, water supply, and saltwater intrusion outside the Refuge,
while also maximizing benefits for fish and wildlife within the
Refuge. The Refuge regulation schedule is described in the Com-
prehensive Conservation Plan for the Refuge (USFWS 2000).

3.4 Estimated parameters

The bi-directional flow between the marsh and canal is assumed
to be controlled by the stage difference between the two compart-
ments. This was calculated using the power law model frequently
used in wetland applications (Kadlec and Knight 1996). This
flow model is similar to a weir equation, with the discharge
dependent on marsh surface water depth H as

Ouc = CH*(Ec — Ey), 3)

where Cis the calibrated transport coefficient=1.88 x 10°m ™~ 'd ",
H = Max(0, Ey,—Ey), E)s and E¢ the canal and marsh stages,
and E, the average marsh ground elevation of 4.62 m. Kadlec
and Knight (1996) conclude that the power law is more suitable
for wetlands than a roughness-based model because the roughness
coefficient in wetlands is depth-dependent. The rate of ground-
water recharge is calculated from the head difference relative
to the boundary area (Lin and Gregg 1988). Additional details
regarding the model parameters are found in Arceneaux et al.
(2007).

4 Model calibration and validation

The model was calibrated for the 5-year period 1 January 1995 to
31 December 1999. The modelled marsh stages were compared
to the average stages of two USGS gages near the centre of the
Refuge. Over the study period, mean, maximum and minimum
daily average marsh stages were 5.01, 549, and 4.55 m
NGVD 29, respectively. The USGS gage 1-8C located in the per-
imeter canal was used for calibration of the modelled canal
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stages. For this gage, the observed mean daily average stage
over the period of study ranged from 3.68 to 5.54 m, with a
mean of 4.98 m, ranging from 5.54 to 3.68 m NGVD 29. For stat-
istical reasons, a value of 4.27 m NGVD 29 was used if the mod-
elled or observed stages fell below 4.27 m NGVD 29. This
substitution was done because the model is intended to model
higher canal stages, and this constraint prevents stages below
4.27 m from dominating statistical evaluations. This canal stage
limit supports the objective of maintaining model simplicity,
while permitting the model calibration within the stage range of
greatest interest.

Calibration of the SRSM involved adjustment of model par-
ameters to fit the observed stages during the 5-year period
from 1995 to 1999. These parameters include the transport coef-
ficient C, canal and marsh seepage rate constants, the ET
reduction factor; and the depth at which ET is reduced. A sensi-
tivity analysis was performed to identify the parameters with the
most significant impact on the model performance and to deter-
mine the range of values for each of these critical parameters
producing the best model performance while maintaining com-
patibility with previously published values for these parameters.
The most sensitive parameter was found to be the depth at which
ET is reduced. The sensitivity analysis also showed that the canal
stage was sensitive to the transport coefficient C but the marsh
stage was insensitive to this parameter. The seepage rate con-
stants were calibrated for the canal and marsh as 0.042 per day
and 0.00013 per day, respectively. These values are consistent
with published estimates (Lin and Gregg 1988). Both the
marsh and canal were sensitive to the canal and marsh seepage
rate parameters. Additional details regarding the sensitivity
analysis is found in Arceneaux et al. (2007). Both the marsh
and canal showed also some sensitivity to the canal and marsh
seepage rate parameters. Over the calibration period, there was
good agreement between the observed and modelled marsh
(Fig. 2) and canal stages (not shown). The model was unable
to capture some of the low canal stages, suggesting that there
may have been unrecorded water withdrawals. Statistical
measures used to evaluate the model performance (Table 1)
include bias (that is, average error), root mean square error

6 . .
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—_
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9 b
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Figure 2 Modelled and observed marsh stages for calibration period
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Table 1 Calibration and validation statistics for marsh and canal stage
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Statistical parameter Canal calibration

Marsh calibration

Canal validation Marsh validation

Bias (m) 0.041 0.008 —0.050 —0.050
RMSE (m) 0.139 0.076 0.153 0.082
Standard deviation, observed (m) 0.219 0.142 0.282 0.149
Standard deviation, modelled (m) 0.177 0.163 0.254 0.158
Standard deviation, error (m) 0.133 0.076 0.145 0.065
Variance reduction 62.9% 71.2% 73.5% 80.7%
R 0.793 0.885 0.859 0911
Nash—Sutcliffe efficiency 0.594 0.709 0.704 0.695
6 I I 180
— Modeled = = Observed = = Alternative 0
— Altemative 1 I

L I NA‘V bt M N
. ““‘ J Vv : (!

Stage (m)
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Figure 3 Modelled and observed marsh stages for validation period

(RMSE), standard deviations of the modelled data, observed
data, and error between the modelled and observed data, corre-
lation coefficient R, coefficient of determination, RZ, variance
reduction, and the Nash—Sutcliffe Efficiency (Nash and Sutcliffe
1970). The model performance for predicting marsh stage was
better than for canal stage. The model slightly overestimated
the observed stage in both the canal and marsh.

The model was validated for the 5-year period from 2000 to
2004. Both the modelled canal and marsh stages are in good
agreement with observations (Fig. 3, Table 1). During the
validation period, the model underestimates the observed data
(negative bias) in both the canal and the marsh. Although both
calibration and validation biases are acceptably small, the vali-
dation and calibration biases are of the opposite sign. Contrary
to the calibration results, the model captured the low stage
events in the canal during validation, supporting the conjecture
that there were unrecorded outflow events during the earlier
calibration period.

5 Applications

The validated model was used to compare alternative manage-
ment scenarios. For example, one recent proposal of the
Everglades Agricultural Area Regional Feasibility Study
(EAARFS) would reduce Refuge inflow through diversion
(A.D.A. Engineering and SFWMD 2005). None of the

= = Alternative 2

)
=3
L

Longest Number of Consecutive Days (Water Depth > 0.25 m)

=1

y 1 T
w —_ ~
—~ % 2
=) = &

Figure 4 Total number of days with water depth in Refuge marsh
larger than 0.25 m

EAARFS modelling explicitly addressed the effects of alterna-
tive inflow volume changes on the “downstream” Everglades
marshes that receive the STA discharges. The model was used
to assess the impacts of proposed alternatives. Water levels
were simulated for a consecutive 36-year period, demonstrating
the capability to efficiently model multi-decadal periods. This
simulation predicted the digression of water levels resulting
from diversion. The simulation considered two major alterna-
tives termed Alternatives 1 and 2, relative to a no project alterna-
tive termed here Alternative 0. Both Alternatives 1 and 2 reduce
the annual volume of inflow to the Refuge relative to Alternative
0. Using the estimated stages in the marsh, the hydro-periods
were estimated to determine the number of days when the
Refuge water depth was larger than 0.25 m. The purpose of
determining the inundation periods is to provide ecologists
with a basic understanding of the changes in water levels and
the effects they have on wildlife and plants in the Refuge. The
total annual inundation periods refer to the total number of
days for all three alternatives (Fig. 4).

6 Conclusions

The Simple Refuge Stage Model is an efficient tool for multi-
decadal simulations. The model can test the response of a
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Refuge to a broad suite of alternative long-term management
scenarios that could be feasibly examined using complex
spatially explicit models. Application of this model is also
limited by its spatial aggregation. The model reliably predicts
temporal variations of water levels and flows between the
canal and marsh. These flows can be input into a constituent
transport and transformation model to study eutrophication and
other issues related to contaminants that enter the marsh from
the canal. The model demonstrates that using a simple equation
such as a power law model to estimate flow between the canal
and marsh, coupled with a highly simplified geometry, provides
an adequate description.

During extremely low canal stages, the model estimation of
canal stage is limited by its structure and assumptions.
However, it recovers well if the canal stage returns to normal
levels. Future improvement to the model may include dividing
the single marsh compartment into multiple cells. While these
improvements may expand the model range, the current simple
two-compartment structure is well suited for applications. The
success of the simplified modelling approach taken here suggests
that a similar approach could be of value in modelling the
wetland stage in many riparian wetlands that are periodically
inundated and drained by adjacent streams or canals.

Notation

A = surface area

C = transport coefficient

E, = average marsh ground elevation
E = stage

ET = evapotranspiration

G = seepage

H = differential head

P = precipitation

0;, = external (boundary) inflow
Q.. = outflow
Ouic = bi-directional exchange flow between marsh and canal

Subscripts

C canal
M marsh
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