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EXECUTIVE SUMMARY

Changes to the Lower Withlacoochee River due to construction of portions of the Cross
Florida Barge Canal have reduced flows to the tidal portion of the river from those that were
observed historically. Concerns have been raised regarding the effects of the decline in
flows through the system on the lower river's biota. These concerns are related to the death
and stress of bald cypress trees along the lower river, and to other changes in vegetation
and associated decline in fish habitat. A study completed for the District (Stahl and Criffin,
2006) included sampling a subset of the dead cypress trees along the lower river. This
study concluded that the ten trees sampled died between 1981 and 2004, and that eight of
them died between 1997 and 2O01.

Since no salinity data existed from the right time and place to determine if increases in
salinity contributed to the bald cypress deaths, a model was developed to predict salinity
throughout the river as a function of river flow. The model was used to hindcast salinity
within the river for the 1998-20A2 period, when six of the trees died. The output from this
model was then used to develop relationships between river inflows and salinity within the
river for application to the other years during which cypress trees died. This allowed a
determination of whether increases in salinity were implicated in the deaths, and what river
flows should be to protect existing cypress trees.

The monthly and annual locations of the salinity levels important for bald cypress
were estimated for 1970-2004. Bald cypress cannot withstand persistent salinities of
2-3 ppt, so the locations of the 2 ppt bottom isohaline were estimated. These
locations, and their durations, were compared to the locations of the dead cypress
trees. All the dead trees were between 2 and 4 km upstream from the mouth of the
river (Figure ES-1). This analysis determined that most of the dead trees had been
exposed to median monthly salinities greater than 2 ppt for relatively long periods
of time, in excess of 12 months for most of the trees. Elevated salinity levels may
have been a contributing factor to eight of the ten bald cypress deaths during this
period.

To address this problem, the SWFWMD developed alternative flow scenarios for the
river focused on increasing the amount of freshwater entering the river when
additional water is available in the system. These alternative flow scenarios were
used as input to the modeling tool, which provided expected changes in the salinity
regime for evaluation. The alternative flow scenarios as designed would provide
increased flows to the lower river, but primarily during the wet season, when
appropriate salinity regimes typically already exist in the lower river. During dry
periods, flows to the river resulting from these alternative scenarios could only
increase if additional water were available in the system. For those periods when
extended low flows occurred, most notably in 2000-2001 when three of the trees
died, there was little additional water in the system to increase the flows in the river.

To aid in the evaluation of the alternative flow scenarios, water qUality data and
benthic data were also examined. Dissolved oxygen values in the river, impoftant
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for fish and benthos, showed no relationship with flow, with very little evidence of
poor conditions, so that changes in the freshwater inflow to the river would not
likely improve dissolved oxygen. The benthic community in the river is dominated
by organisms preferring salinities greater than 7 ppt. There is only one non-invasive
species with a central salinity preference less than 5 ppt. Based on the alternative flow
scenarios provided for this evaluation, the volume of water less than 5 ppt would
sometimes increase and sometimes decrease, depending on the available water in the
system, with no overall benefit to the benthos.

Civen the information provided above, any additional alternative flow scenarios should be
evaluated with respect to their ability to extend the period of relatively high flows to the
river into the typical dry season. To keep the 2 ppt bottom isohaline downstream of the
bald cypress trees, at 2 km from the mouth of the river, average flows of 1300 cfs are
necessary, and 1100 cfs to keep the isohaline at 3 km from the mouth. Most of the bald
cypress deaths occurred during or immediately following periods when typical dry season
conditions extended for long periods, with low flows resulting in movement of the 2 ppt
bottom isohaline upstream of 4 km from the mouth for 12 consecutive months or more.
The alternative flow scenarios evaluated here do not provide for any improvement in this
situation, primarily because there are times when there is not enough water available in the
system, such as 2000-2001.

Figure ES-l. Locations of dead cypress trees and year of death, with river kilometer
system (modified from Stahl and Griffin,2006).



I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

1. INTRODUCTION

Changes to the Lower Withlacoochee River due to construction of portions of the Cross
Florida Barge Canal (CFBC) have changed flows to the tidal portion of the river from those
that were observed historically, with a present day maximum discharge of 1540 cfs.
Historical flows have been estimated as 1900 cfs on an annual basis, with monthly
maximum flows exceeding 7000 cfs.

Concerns have been raised regarding the effects of the decline in flows through the system
on the lower river's biota. These concerns are related to the death and stress of bald
cypress trees along the lower river, and to other changes in vegetation and associated
decline in fish habitat. One of the most visible changes in the lower river's biota is the
death of bald cypress trees along the lower river, which may be related to low river flows.
A study has been completed for the District (Stahl and Criffin, 2006) identifying the years

that ten of the trees died, and concluded that the ten trees died over 1981-2OO4, with eight
of the deaths between 1997 and 2OO1. This study could not definitively conclude that
increases in salinity resulted in these deaths, however.

To understand if the bald cypress deaths were related to increases in salinity, and thus to
lower than normal river flows, it would be most appropriate to utilize salinity data collected
during 1}B1-2OO4 in this portion of the lower river. lf these data existed, they could be
used to examine the role of salinity as a potential contributor to the tree deaths. However,
the only data available were collected at two sites along the river sampled monthly since
1996, upstream of the sampled dead trees, and thus insufficient to examine the conditions
which existed when the tree deaths occurred. Therefore, a method has been developed to
hindcast the salinity regime in the river using hydrodynamic models for 1998-2002,
allowing examination of the salinity regime in the river during the period when six of the
trees died. Development of relationships between river flows and salinity also allows
examination of the salinity when the remaining tree deaths occurred.

The Southwest Florida Water Management District is assessing the potential for restoring
freshwater inflows to the estuary by modifying the structures in the Lower Withlacoochee
River. The Withlacoochee River Basin Board provided funding in fiscal year 2003 for a
Basin lnitiative to investigate the restoration alternatives of the Western Terminus of the
Cross Florida Creenway. ln fiscal year 2005 the Board provided additional funding to
fufther evaluate impacts to the estuary and the potential water quality and natural systems
benefits of increasing freshwater flows to the lower river.

As part of this evaluation, the goals of this poftion of the project are to:

1. develop three-dimensional hydrodynamic models of the Lower Withlacoochee
River and contiguous inshore waters of the Culf of Mexico,

2. apply the models to examine the effects of various freshwater inflows on the
circulation and salinity structure of the estuary and the shelf region,

3. compile existing information on the biota of the lower river, including collection of
tree cores from riparian trees, and
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4. assess whether changes in freshwater inflows have affected the benthos, fish, and
vegetation of the lower river.

The first goal has been completed, and is described in a previous report (Janicki

Environmental, 2006). In that report, the three-dimensional hydrodynamic models of the
Lower Withlacoochee River and the contiguous inshore waters of the Culf of Mexico were
described. The calibrations of the models were discussed, with comparison of model
predictions to the observed data. The models are a large-scale Culf Coast Shelf Model
(CCSM), and a higher-resolution Lower Withlacoochee River Model (LWRM). These
models are described later in this report.

The third goal has been addressed in a report presenting the results of tree coring of living
and dead bald cypress trees (Stahle and Criffin, 2006). The results indicated that six of the
ten dead trees died duringthe 199B-2002 period, but did not provide sufficient information
to link these deaths to increases in salinity.

The second and fourth goals of the project are addressed in this report. This includes model
implementation of flow restoration scenarios utilizing the models developed, and
comparison of results from various flow scenarios. Additionally, this report provides
descriptions of the likely responses of the biota of the system to flow changes in the system.
The results from the tree coring study are incorporated into the analyses presented in this
report.

The remainder of this report provides the specific objectives of this work effort, descriptions
of the proposed restoration alternatives, descriptions of the models used to examine these
alternatives, and evaluation of the results of the restoration alternatives.

2. OBfECTTVES

The objectives of the work effort described in this report are as follows:

Assess the differences in salinity structure in the Lower Withlacoochee River resulting
from potential flow scenarios through application of the threedimensional hydrodynamic
model of the contiguous inshore waters of the Gulf of Mexico (the Gulf Coast Shelf Model
- GCSM) and the three-dimensional hydrodynamic model of the lower Withlacoochee
River (the Lower Withlacoochee River Model - LWRM).

Discussion with the District identified four scenarios for analvsis. These scenarios are:

o Observed Conditions October 1983-March 1986:
observed freshwater inflows for comparison to an existing salinity dataset,

o Observed Conditions 1998-2002:
observed freshwater inflows for baseline.

o Alternative 3'1998-2OO2:
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freshwater inflows resulting from implementation of proposed flows of 2500
cfs maximum to the river (Alternative 3), and

o Modified Alternative 3 1998-2OO2:
freshwater inflows resulting from implementation of proposed flows of 3500
cfs maximum to the river (modification of Alternative 3).

The model results are used to assess the effects of salinity structure on the biotic systems of
the river for which data are available (benthos and vegetation).

3. MODET SCENARIOS

This section provides descriptions of and rationale for the four model scenarios completed.

Observed Conditions October 1983-March 1986: Data were collected by the District,
USCS, and Mote Marine Lab duringJanuary 1984 through February 1986 in the river and
just outside the mouth (M.S. Flannery, pers. comm.). These data were collected along the
longitudinal axis of the river on a given date, at various depths, including the surface. Most
of the sampling was completed at high tide conditions, but a few sampling events were
during low tide events. This time period had higher than average flows. Average annual
flows forthe 197G2003 period were 1040 cfs, while during 1983-1986 the average was
1220 cfs. Comparison of the model output to the observed data serves as a verification of
the LWRM. These comparisons are discussed in Appendix A.

Observed Conditions 1998-20O2: For the 1998-2002 period, salinity and temperature data
wer€ collected by the COAST monitoring program at sites from Anclote to the
Withlacoochee (Appendix A, Figure A-1). The calibration report (Janicki Environmental,
2006) compared observed data to model output for the calibration period, March-
September 2OO2. The longer 1998-2002 period provides additional verification data for
both the CCSM and the LWRM (Appendix A). The LWRM for this period using observed
flows also serves as the baseline for comparison to the other two '1998-2OO2 scenarios,
which incorporate higher flow limits down the Withlacoochee River. The '1998-2OO2

period includes very high discharge (the El Nifro event of winter 1997-'1998) and very low
discharge (the drought of 2OOO-2001), and so is a good period for examination of the
models' responses to a wide range of flow conditions. This time period had lower than
average flows. Average annual flows for the 1998-2002 period were 850 cfs,
approximately 2OO cfs less than the 1040 cfs average annual flow during 197O-2OO3. Based

on the tree coring study (Stahle and Criffin,20O6), six of the ten bald cypress deaths in the
lower river occurred during the 1998-2002 period.

Alternative 3 1998-2OO2: This scenario implements Alternative 3, as described in URS
(2OO4). Alternative 3 increases the capacity of the Bypass Channel from the current
maximum of 1540 cfs discharge to the Lower River to 2500 cfs maximum. To model this
scenario, the total discharge from the combined discharges to the Lower River and the
Barge Canal was split so that up to 2500 cfs was discharged to the Lower River when
available, with the remainder discharged to the Barge Canal. Additionally, when there
would be no discharges to the Barge Canal for a one-week period under this scenario, 400
cfs was released to the Barge Canal for one day, as specified in the Alternative 3 definition
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(URS, 2004). For the purposes of this modeling effort, if a minimum of 400 cfs was not
available from the combined discharges to the Lower River and the Barge Canal on the
given day, the difference was made up with additional water release from the Inglis Dam.
This condition occurred 27 times during the'1998-2002 simulation, with a maximum
quantity of 82 cfs needed to make up the 400 cfs pulse.

Modified Alternative 3 1998-2002: At the request of the District, this scenario employs a

maximum discharge to the river of 3500 cfs. Other than this modification, the scenario is

the same as the 2500 cfs maximum flow scenario.

For all three 1 998-2002 scenarios, the CCSM was implemented using observed flows. Both
the Barge Canal and the Lower Withlacoochee River discharge to the same cell of the
CCSM, so that no additional CCSM runs were needed to establish downstream boundary
conditions.

4. MODET DESCRIPTIONS

This section provides descriptions of the two hydrodynamic models utilized in this work
effort. A large-scale model has been developed for the Culf coast to provide boundary
conditions for the higher-resolution lower river model. Detailed discussions of the
calibrations of both these models are provided in Janicki Environmental (2006).

4.1. Gulf Coast Shelf Model Description

The large-scale Culf Coast Shelf Model (GCSM) domain extends from the mouth of Tampa
Bay to Cape San Blas, as shown in Figure 4-1. The CCSM contains 2155 horizontal cells,
with ten layers in the venical. The model grid cells are approximately rectangular, with
dimensions of about six km by four km, with some variation. The map of the bathymetry
utilized for the CCSM is shown in Figure 4-2. A, map showing the locations of USCS flow
gages and other monitoring sites used to estimate freshwater inflows to the system is
provided in Figure 4-3. The locations of stations used for atmospheric forcing data are
shown in Figure 44. Offshore water surface elevations were obtained from the Eastcoast
2001 tidal constituent database (Mukai,2001). Each of these data sources is described
more fully in the hydrodynamic model calibration report (Janicki Environmental, 2006).



Figure 4-1. Model domain for the large-scale Gulf Coast Shelf Model.
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4.2. Lower Withlacoochee River Model Description

The Lower Withlacoochee River Model (LWRM) domain extends from the western end of
Lake Rousseau to the nearshore area of the Gulf of Mexico, and includes the Barge Canal,
the tidally influenced portion of the Lower Withlacoochee River, and the estuary region
within 4.5 km of the mouth. Model output from the CCSM supplies the boundary
conditions for water surface elevation, salinity, and water temperature. Figure 4-5 displays
the LWRM grid system with the CCSM large grid system overlay.
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Figure 4-5. Lower Withlacoochee River Model grid. GCSM cell identifiers are shown in
black.

TheLWRMgridcontains2442 horizontal cells,andfourvertical layers. Thevertical layers
within each horizontal grid cell are of equal depth, so that each layer is one-fourth of the
water column. Cell dimensions range from B m to 369 m in the x-direction (east-west) and
from 5 m to 351 m in the y-direction (north-south). Larger cells are in the offshore area,
with smaller cells in the tidal creeks and river. Bathymetric data were collected specifically
for this project by Dr. Ping Wang of USF (Wang, 2006\, and are displayed in Figure 4-6.
Freshwater inflows were obtained from the USCS for the Lower Withlacoochee River and
Barge Canal, with the locations of these two gages shown in Figure 4-7. The
Withlacoochee River at Inglis Dam discharges from Lake Rousseau to the Barge Canal, and
the Withlacoochee River Bypass Canal discharges to the lower river. For atmospheric data,
a subset of the stations used for the CCSM was used for the LWRM, as described in Janicki
Environmental (2006).
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Figure #7. Locations of USGS flow gages for the Lower Withlacoochee River.
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5. EVAIUATION OF RESTORATION ATTERNATIVES

This section provides an analysis of the differences in salinity predictions for the three
LWRM model scenarios of 1998-2002, with primary attention given to the predicted
responses of important biological salinity boundaries within the river. To aid in this
discussion, biologically important salinity regimes are first defined, including the salinity
requirements for bald cypress. Next, a comparison of river flow and its effects on salinity
prior to and following construction of the Barge Canal are provided, along with an analysis
of the effects of flow on water quality.

The analysis of salinity differences is then presented, and the salinity fields resulting from
the observed condition flows for the 1998-2002 period are examined with respect to
benthic community needs and locations of the dead bald cypress trees, with the potential
effects of flow alternatives evaluated. A discussion of the impacts of model error on the
prediction of isohaline locations is also provided.

A discussion of sea level rise in the area is provided using data from Cedar Key, with
implications for any potential flow regime modifications. Finally, equations relating the
locations of isohalines to river flows are provided, useful for developing the flows necessary
to maintain the desired isohaline locations.

5.1. Ecologically lmportant Salinity Zones

One of the most well known salinity zonation schemes is the Venice System. The Venice
System breaks down estuarine salinity ranges into five ecologically important zones:

r limnetic: 0 - 0.5 ppt,
. oligohaline: 0,5 - 5 ppt,
. mesohaline: 5 - 18 ppt,
r polyhaline: 'lB - 30 ppt, and
o euhaline: > 30 ppt.

Brief descriptions of each of the four lower salinity zones are provided in the following.
The euhaline zone is typically marine, and is rarely found within the river.

Difficulty exists in establishing biologically meaningful salinity zones that can be applied
universally. Salinity changes represent a gradient of conditions and depending on the
system, as parlicularthreshold salinities may vary. The Venice System (1958 and 1959) is

one of the oldest and most widely used salinity classifications. Cowardin et al. (1979) and
Bulger et al. (1993) have also established salinity classifications. Cowardin's system
represents only a slight modification to the Venice System and is the same except in the
manner in which it groups salinities over 30 ppt. The salinity classification developed by
Bulger et al. ('1993) is fairly similar to the Venice System, with each salinity group differing
by only a few ppt. The main difference of the Bulger system is that it classifies all salinities
below 4 ppt into a single group. While no classification system exists without some degree
of criticism (Hartog, 1974 and 1960), the Venice System remains widely used and has been
applied to the modeling developed for this project.

I
I
I
I
I
I
I
I
I
I

l3



I
I

I
I

I
I

I
t
I

Limnetic zone:
The limnetic zone (0.0-0.5 ppt) represents the most downstream extent of freshwater
dominated conditions. This zone is not typically influenced by tidal input and is
characterized by freshwater species. At the lowest extent of this zone, slight tidal influence
may result in the occurrence of tidal freshwater marshes. Several important habitats located
in the limnetic zone are riparian woody snags, floodplain wetlands, and tidal freshwater
marsh.

Snag habitat (i.e., areas of large woody debris submerged in the river channel) is known to
support high biological diversity and production (Dolloff, 1994; Maser and Sedell, 1994)
especially in southeastern streams (Benke et al., '1984; Benke et al., 1985). Snags provide
important structure and food sources for aquatic invertebrates and fishes. Much of the fish
production in southeastern streams is associated with snag habitat (Benke et al., 1985;
Smock and Cilinsky, 1992).

Floodplain wetlands are also known to be important components of the river ecosystem
because of their roles in nutrient cycling, production of organic matter, sediment dynamics,
and fish and wildlife habitat (Wharton, et al. 1982; Mitsch and Cosselink, 1986; Schlosser,
1991; Light et al., 1998). Specifically, cypress swamps dominated by bald cypress
(Taxodium distichum) and other freshwater riparian vegetation provide important habitat
and generally have low tolerances to salinity intrusion. Pezeshki et al. (1987) found that
bald cypress seedlings exhibited reduced photosynthetic rates at salinity of 2 ppt and
higher. Allen et al. (1997) found that bald cypress had the highest mean leave, stem, and
root biomass at salinities of 0 ppt and 2 ppt. lncreases in salinity in a previously freshwater
zone can cause undesirable shifts in species composition of the canopy, sub-canopy, or
groundcover plant communities and cause encroachment of saline species further upstream
and the loss of acreage of specific forest types.

Tidally influenced rivers typically have a gradient of marsh types that corresponds to the
gradient of salinity. The general structure and function of tidal marshes has been described
by Odum et al. (1984). Tidal freshwater marshes are found in the upstream, lowest salinity
reach, and generally have the highest plant diversity of all the marsh types. The fisheries
habitat value of this marsh type is likely equivalent to that of the more saline marshes
occurring further downstream, but far less studied than salt marsh fish communities (Odum
et al., 1984). Tidal freshwater marshes were designated as a high priority habitat target for
conservation in the northern Culf of Mexico by Beck et al. (2000).

Oligohaline zone:
The oligohaline zone (0.5-5.0 ppt) represents the most upstream part of the system that is
regularly influenced by tidal input. Most freshwater species can not handle the increased
salinity and are replaced by euryhaline species. Oligohaline habitat is important for many
commercially and recreationally important fish species, and is used as nursery grounds for
the early larval stages (Rozas and Hackney, 1983; Comp and Seaman, 1985). lt is also an
important area for estuarine-dependent fishes which rely on low salinity habitat to complete
a portion of their life cycle. The oligohaline environment is also important for many
invertebrate species. However, compared to higher salinity habitats, the transition area
from freshwater to estuary is typically species poor in terms of benthic invertebrates (Flink
and Kalke, 1985; Caston etal., 19BB; Rabalais, 1990; Rakocinski etal., 1991). Oligohaline
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marshes were designated as priority habitat target for conservation in the northern Gulf of
Mexico by Beck et al. (2000).

Mesohaline and Polyhaline zones:
The mesohaline (5.G18.0 ppO and polyhaline zones (13.0-30.0 ppt) are heavily utilized by
many species of fish, including those of marine origin, estuarine residents, and various life
stages of estuarine-dependent species. Additionally, along with the previously described
marsh types, these higher salinity marshes also provide important habitat. The combination
of marsh and tidal creeks provide nursery habitat for many fishes of commercial and/or
recreational importance, particularly during the early larval stages (Rozas and Hackney,
1983; Comp and Seaman, 1985). In benthic invertebrate communities, higher salinity is

often associated with higher species diversity and sandier sediments (lower percent silt-clay)
(Flink and Kalke,'1985; Caston et al., 19BB; Rabalais, 1990; Rakocinski et al., 1991).
Mesohaline and polyhaline marshes were also identified by Beck et al., (2000) as priority
habitat target for conservation in the northern Culf of Mexico.

The limnetic and oligohaline zones are used when discussing the model results to provide
bounding isohaline locations and volumes, since the 1B ppt isohaline is often outside the
mouth of the river.

ln addition to the locations of the 0.5 ppt and 5 ppt isohalines, the 2 ppt and 3 ppt isohaline
locations are also tracked. Various studies have indicated that bald cypress cannot
withstand persistent salinities of 2-3 ppt (Brown and Montz, 1986; Allen et al., 1996; Allen
et al., 1997; Pezeshki et al., '1987).

5.2. Pre- and Post-Barge Canal Conditions

The construction of the Barge Canal during the 1960s and dredging of the lower river in the
1940s resulted in changes to the relationship between flow and salinity in the river. Civen
a smaller cross-sectional area prior to dredging, and greater river flows prior to diversions to
the Barge Canal, the lower river historically was less salty, and the locations of low-salinity
isohalines further downstream. The District requested that the LWRM be used to provide
an estimate of the differences between pre- and post-Barge Canal conditions in the lower
river, including the likely differences in water quality constituents other than salinity.

5.2.1. Differences in lsohaline locations

The LWRM model was modified to provide estimates of isohaline locations resulting from
bathymetry representative of pre-dredging conditions. Approximate river channel
dimensions prior to dredging were discussed with District staff, resulting in modifications to
the existing bathymetry to recreate an approximation of the pre-dredging bathymetry. To
accomplish this, the existing bathymetry, as defined by the bathymetry cross-section data
collected for the District for this project, was modified so that the river channel for 35 feet
on both sides of the centerline (deepest channel) was raised to match the depths along the
sides of the channel, in keeping with the dredged channel being Z0 feet wide along the
centerline. This was done for the bathymetry from the mouth of the river to the US 19
crossing. The greatest difference in isohaline locations within the river is expected to be
during periods when relatively low flows occurred, so that the pre-construction scenario
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was run for March-May 2OOO, a period of very low flows. Comparison of the results of this
run was made with the results from the existing conditions run.

The downstream locations of the surface and bottom 0.5 ppt and 5 ppt isohalines are
provided in Table 5-1 for both the historical and existing conditions for March-May 2000.
TheriverkilometersystemisprovidedinFigure5-1. Thelocationsofthehistorical surface
0.5 ppt isohalines average 3.8 km downstream of those from the existing condition, and the
historical surface 5 ppt isohalines average 2.0 km downstream of those from the existing
condition. For the bottom isohalines, the differences are even greater, as the shallower
bathymetry does not allow higher salinity waters to move up the river as far. The locations
of the historical bottom 0.5 ppt isohalines average 6.8 km downstream of those from the
existing condition, and the historical bottom 5 ppt isohalines average 4.3 km downstream
of those from the existing condition.

It is apparent that the shallower bathymetry of the river prior to dredging allowed for more
downstream locations of low salinity isohalines, as saltier water did not reach up river as far
as it does currently. lt is not only at low flow conditions that these differences between pre-
dredging and current conditions may be found, however. Even during high flows, the
effects of the dredging on isohaline locations is expected to result in isohaline locations
further upriver than would be the case given pre-dredging bathymetry, although the
differences between isohaline locations when comparing current and pre-dredging
conditions likely would not be as great as they are under low flow conditions. Deeper
channels allow more upstream incursion of saltier water under any flow conditions.

5.2.2. Effects on Other Water Quality Constituents

To address the expectations as to what changes occurred in the Lower Withlacoochee
resulting from construction of the Cross Florida Barge Canal (CFBC), an analysis was
completed in which hypothetical flows were estimated in the absence of the CFBC for the
1970-2003 period. The hypothetical flows were estimated as the sum of the observed flows
at the dam and through the Bypass Canal to the lower river. The time series of these flows,
and the observed flows in the river, are displayed below for daily (Figure 5-2), mean
monthly (Figure 5-3) and mean annual (Figure 5-4) periods.

As seen in Figure 5-3, for all months, flows would be greater on average over the 1970-
2003 period without the CFBC, and especially during January-April and August-October.
During both of these periods, the flows without the CFBC are about 400 cfs greater than the
flows with the CFBC.

As seen in Figure 5-4, for almost all years, the flows without the CFBC are greater than the
flows with the CFBC. Note, however, that in 1999-2002, the flows are not very different,
with differences of 100 cfs or less.

The most obvious expected difference in indicators is salinity. However, forthe 1999-2002
period, the annual average locations of the isohalines are not expected to differ by much,
since the annual flows are very similar, without considering differences in bathymetry, as

addressed above is section 5.2.'1. For those years during which large differences in flows
are shown in Figure 5-4,it is expected thatthe locationsof the surface isohalineswould be
shifted downstream given flows without the CFBC.

t6
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Table 5-1. Locations of monthly median isohalines for current and historical bathymetry,
March-May 2000.

lsohaline/Month Historical Condition
Location (River Km)

Existing Condition
location (River Km)

Difference
(Km)

0.5 ppt March Surface I./ A1 2.5

0.5 oot Aoril Surface 1.7 4.9 3.2

0.5 ppt May Surface 2.2 8.0 5.8

0.5 ppt Surface Average t.9 J./ 3.8

0.5 ppt March Bottom 1.9 7.O 5.1

0.5 ppt April Bottom 1.8 8.8 7.O

0.5 ppt Mav Bottom 2.2 10.6 8.4

0.5 oot Bottom Averase 2.0 8.8 6.8

5 ppt March Surface 0.7 2.3 t.t)

5 ppt April Surface v.z 2.3 t.u
5 oot Mav Surface 0.3 2.7 1A

5 oot Surface Averaee 0.4 2.4 2.O

5 oot March Bottom 1.7 4.1 2.4

5 ootAoril Bottom 1.5 5.7 4.2

5 ppt May Bottom 1.8 8.4 6.6

5 ppt Bottom Averase 1.7 6.0 4,3

,-::-'-

5-1. River kilometer system for the Lower Withlacoochee River.Figure
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Other water quality indicators may be important to the system as well. Relationships often
exist in river systems between dissolved oxygen and flow, and bottom DO is an indicator of
benthic health as well as an expression of nutrient loadings and algal biomass. An
examination of bottom DO and flow relationships in the Withlacoochee River, however,
shows no relationship between the two. As an example, bottom DO from Station 1, at
River Km 4.8, of the Mote 1984;1985 study is plotted against flow in Figure 5-5. For the
remainder of the 10 sites sampled by Mote during this period, the same lack of pattern is

seen. Most importantly, based on the Mote data, very little evidence of low bottom DO
(<  mg/L) is seen. There is also no relationship between surface DO and flow using data
collected as part of the COAST monitoring program at two sites in the river between 1996
and 2OO4, as shown in Figure 5-6.

As for bottom and surface DO, examination of the relationships between flow and nutrients
and chlorophyll indicates that in the lower river, nutrients and chlorophyll concentrations
do not serve as indicators of health. Figures 5-7 and 5-B show TN and TP concentrations,
respectively, as functions of flow. Concentrations of these nutrients increase with
increasing flows. As seen in Figure 5-9, which shows chlorophyll concentrations in relation
to flows, these increases in nutrient concentrations do not result in increased chlorophyll
concentrations. This is at least in part due to the decreased residence time of the nutrients
in the river during higher flows, allowing less time for algal uptake and increases in
chlorophyll concentrations. lt appears that the primary indicator of system health is the
locations of the isohalines, which determine habitable zones for benthos and vegetation.

18
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Figure 5-2. Daily flows in the Withlacoochee River with and without the CFBC.
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Figure 5-3. Mean monthly flows in the Withlacoochee River with and without the CFBC.
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Figure 5-4. Mean annual flows in the Withlacoochee River with and without the CFBC.
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Figure 5-5. Bottom DO as a function of same day flow, at River Km 4.8.
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Figure 5-6. Surface DO as a function of same day flow, at COAST sites 2 and 3.
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Figure 5-7. Surface TN as a function of same day flow, at COAST sites 2 and 3.



t
I
I

I
I
I
I
T

I
T

I
I
I
I

TP
(mgrL)

LV\IR Surface TP as Fundion of Same Day Flor
h Sowcc: COAST. USGS

0.20

0.tE

0.16

0.14

0.r2

0.r0

0.08

0.(b

0.04

0.(n

0.00

300 'O0 500 600 700 800 900 ro(n rr00 1200 1300 r|o0 1500

Semc Dey Fbr'v (clr)

Figure 5-8. Surface TP as a function of same day flow, at COAST sites 2 and 3.
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5.3. Comparisons of Results of Scenarios

This section provides the comparisons of the results of the flow scenarios, and discusses
these results with respect to ecologically important salinity zones described above in
section 5.1. Initially, a comparison between the 1983-1986 and 1998-2002 observed
conditions scenarios is made. Then, the results of the three '1998-2002 scenarios are
presented.

5.3.1. Differences Between 19B3-1986 and 1998-2002 Periods

The primary difference between the two time periods is the discharge to the river, resulting
in differences in isohaline locations. Discharge during the 1983-1986 period averaged
"122O cfs, 200 cfs greater than the 34-year (197O-2OO3) mean. During 1998-2O02, the
average annual discharge was 850 cfs, 200 cfs less than the 34-year mean.

As a result of the flow differences, isohaline locations were typically much further upstream
during the 1998-2002 period than during the '1983-'1986 period, with the exception of early
1998, during the highJlow period associated with the El Nifro of winter '1997-1998.

For the 1998-2002 period, using observed flows, the monthly median locations of the daily
downstream extent of the surface 0.5 ppt isohaline were as far upriver as 9.9 km during
June 2000, and was upstream of the 6 km mark during May and June, 2000, during
September 2000-January 2OO1, and during May and June 2001.

For the 1983-1986 period, using observed flows, the maximum upstream excursion of the
monthly median location of the surface 0.5 ppt isohaline was 3.6 km, during May 1985.

Other differences in driving mechanisms existed as well, although these differences were
small. Tides during 1983-1986 were approximately 2-3 cm lower than in 1998-2002.
Wind speeds input to the models were slightly lower in the 1983-1986 run than in the
1998-2002 run, by approximately 1 m/s, possibly due to different sources being used for
the wind data. The'1983-1986 run used Tampa International Airport winds, while the
1998-2002 run used Cedar Key winds.

5.3.2. Differences Between 1998-2002 Scenarios

The 1998-2002 scenarios differonly in flows to the lowerWithlacoochee Riverand to the
Barge Canal. Time series plots of the daily flows for the three scenarios, observed
conditions, 2500 cfs alternative, and 3500 cfs alternative, are provided for each year (1998-
2002) in Figures 5-10 through 5-14. As seen in these figures, the only year during which
flows differ between the 2500 cfs alternative and the 3500 cfs alternative is 1998.

During 1998, as seen in Figure 5-10, an unusually large amount of water was discharged
from the Withlacoochee system, especially during the first four months of the year. Up to
7000 cfs was discharged on a given day. The 2500 cfs alternative would have resulted in
approximately 1500 cfs more than in the observed scenario each day going to the river
during this four month period, and the 3500 cfs alternative in approximately 2500 cfs more
each day. As shown in Figures 5-15 through 5-18 below, the surface 0.5 ppt isohaline
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would be translated downstream more than 2 km during January-April 1998 under the
alternatives.

Conversely, during September-December of 2000, extremely low flows occurred. For the
alternative scenarios (for which both the 2500 cfs and 3500 cfs scenarios had the same
flows during this period), less river flow occurred than for the observed conditions. This is

the result of the one day per week release of +OO cfs to the Barge Canal per the alternative
scenarios, in contrast to the observed conditions of 7O cfs baseflow from the dam during
low flow conditions. The location of the surface 0.5 ppt isohaline for the alternative flow
scenarios is upstream of its location for the observed conditions during each of these
months, as shown in Figures 5-19 through 5-22, by as much as 3 km.

As stated above, for low flow conditions, the proposed and modified alternative scenarios
resulted in discharges to the lower river less than those observed. The 400 cfs weekly one-
day discharge from lnglis Dam to the Barge Canal as included in the alternative scenarios is
not an operational requirement and is not proposed for implementation. These weekly
discharges were used to investigate water quality benefit to the portion of the lower river
downstream of the dam and upstream of the Barge Canal. lsohaline results underobserved
flows during the low flow periods should be considered rather than the proposed and
modified alternative scenario results, which reflect the 400 cfs releases.

I
I
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Figure 5-10. Scenario flows in the Lower Withlacoochee River and Barge Canal, 1998.
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Figure 5-11. Scenario flows in the Lower Withlacoochee River and Barge Canal, 1999.
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Figure 5-12. Scenario flows in the Lower Withlacoochee River and Barge Canal, 2000.
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Figure 5-13. Scenario flows in the Lower Withlacoochee River and Barge Canal, 2001.
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Figure 5-14. Scenario flows in the Lower Withlacoochee River and Barge Canal, 2002.
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Figure 5-15. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,

fanuary 1998, during high flow conditions.

Figure 5-16. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
February 1998, during high flow conditions.
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Figure 5-17. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
March 1998, during high flow conditions.

Figure 5-18. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
April 1998, during high flow conditions.
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Figure 5-19. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
September 2000, during low flow conditions. Proposed and Modified Alternative 3
scenarios include conditions which will not be implemented (the 400 cfs one day/week
discharge to the Barge Canal), so that the location of the isohaline resulting from the
observed flows should be considered.

Figure 5-20. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
October 2000, during low flow conditions. Proposed and Modified Alternative 3
scenarios include conditions which will not be implemented (the 400 cfs one day/week
discharge to the Barge Canal), so that the location of the isohaline resulting from the
observed flows should be considered.
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Figure 5-21. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
November 2000, during low flow conditions. Proposed and Modified Alternative 3
scenarios include conditions which will not be implemented (the 400 cfs one day/week
discharge to the Barge Canal), so that the location of the isohaline resulting from the
observed flows should be considered.

Figure 5-22. Median monthly locations of surface 0.5 ppt isohalines for flow scenarios,
December 2000, during low flow conditions. Proposed and Modified Alternative 3
scenarios include conditions which will not be implemented (the 400 cfs one day/week
discharge to the Barge Canal), so that the location of the isohaline resulting from the
observed flows should be considered.
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Comparison of the locations of specific isohalines within the river demonstrates the effects
of the potential flow modifications to the Lower Withlacoochee River. The monthly median
locations of specific surface isohalines, 0.5, 2,3, and 5 ppt, within each year are shown in
Appendix B. The locations of the isohalines for the 3500 cfs alternative are different from
those of the 2500 cfs alternative only during 1998, as the flows are the same for the two
alternatives for the remainder of the model period. The river kilometer system utilized is
that shown in Figure 5-1.

A comparison of the 0.5 and 5 ppt surface and bottom isohaline locations are provided in
Figures 5-23 and 5-24, respectively. As shown by the time series of isohaline locations,
during times when flows are high enough so that more water may be directed down the
lower river in the 2500 cfs alternative, as in early 1998, the isohalines are displaced further
downriver than in the baseline condition. However, at other times, such as in 2000 and
2001 when observed flows were extremely low, the 2500 cfs scenario can actually result in
isohaline locations upstream of those in the baseline condition. As seen when examining
Figures 5-12 and 5-13, this is the result of supplying the once per week one-day 400 cfs
flow to the Barge Canal as provided for in the alternative scenario.

As seen in Figures 5-'11 through 5-14, for scenario flows during1999-20O2, proposed and
modified alternative scenario flows to the lower river were often less than those observed.
This was especially true during 2000-2001 and the first half of 2002. For this period, the
analysis results from the observed condition should be considered, as the 400 cfs one day
per week discharge to the Barge Canal, as reflected in the proposed and modified
alternative scenarios, would not actually be implemented.

An additional analysis examined the effects of the flow modifications over all the channels
included in the model domain. For this analysis, the Barge Canal was excluded, so that
only the river and the other channels, from the Culf shore inland, are included (Figure 5-
25). The volumes of specific salinity regimes within the system were calculated for the
alternative scenarios, and compared to the salinity regime volumes in the baseline scenario.
The monthly comparison of volumes for each year for the 0-0.5 ppt and 0.5-5 ppt volumes
are provided in Appendix C. Here, the relative volumes for the 2500 and 3500 cfs
afternatives are shown separately for 1998, but for the remaining years, when the flows and
thus the volumes are the same, only the 2500 cfs alternative volumes are shown.

The review of the scenario comparisons indicates that alternative scenarios would result in
changes in the amount of freshwater in the Lower Withlacoochee River. However, these
changes do not always represent an increase in freshwater volume, as the weekly one-day
400 cfs discharge to the Barge Canal can result in less total freshwater in the lower river
than found in the baseline. The modifications to isohaline locations and salinity regime
volumes are dependent on the total amount of water available in the combined discharge to
the Lower River and the Barge Canal, and the Barge Canal discharge schedule. The ability
to increase the volume and extent of low salinity regimes in the river is enhanced during
wet periods, but decreases during dry periods, with very low flow periods resulting in
decreases in low-salinity volumes for the 2500 and 3500 alternatives as compared to the
existing baseline flow scenario, most notably as in 2000 and 2001.
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Figure 5-23. Monthly median locations of surface 0.5 and 5 ppt isohalines, baseline, 2500
cfs alternative, and 3500 cfs alternative.
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Figure 5-25. Region of model domain for which comparative volume analysis was
completed.

5.4. Salinity and Eenthos in the Lower Withlacoochee River

This section provides a description of the benthic community in the Lower Withlacoochee
River, details the salinity requirements for the community, and discusses the benefits and
drawbacks of flow modifications with respect to these requirements.

The number of benthic samples collected in the Lower Withlacoochee River by calendar
month is summarized in Table 5-2. These samples were collected by FDEP (1975-1981,48
samples) and Mote Marine Laboratory (984-1985, 24 samples).

Analysis of benthic sampling data reveals three salinity classes (<7 ppt, 7 - 1B ppt, and 18 -
29 ppt) in the Lower Withlacoochee River (Table 5-3). Because salinities in the lower river
are typically in the range of the classically defined oligohaline habitat (0 - 5 ppt), the species
in the <7 ppt class (Table 5-3) will be discussed further. The breakdown of the data into
the three salinity classes results in an extension of the oligohaline class (defined in the

Table 5-2. Numbers of benthic samoles collected bv month.
lan Feb Mar Aor May lun lul Aus Sep Oct Nov Dec Total

Withlacoochee 1 10 0 9 5 a 8 1 11 6 0 72
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Venice system as 0.5-5 ppt) over the salinity range G7 ppt. This class contains those
benthos found in the 0.5-5 ppt range, with preferred ranges included in the 0-7 ppt range.

Janicki Environmental (2007) developed optimum salinity plots for benthic species in the
Coastal Springs zone which includes the Lower Withlacoochee River. Salinity optima for
the most abundant species in the <7 ppt salinity class are presented in Figures 5-26 to 5-
31. The two most abundant species in the <7 ppt salinity class (Table 5-3) have
"optimum" salinities in the mesohaline salinity class (7-18 pp|. Therefore, an upstream
migration of the 5 ppt isohaline would not have a negative impact on the abundance of
these species. Polymesoda caroliniana (marsh clam) prefers very low salinity water, but can
be found in salinities as high as 20 ppt. Corbicula fluminea (Asiatic clam), an invasive
species, can occur at salinities greater than 10 ppt, but prefers fresh to very low salinity
water. A downstream migration of the 0.5 ppt isohaline would increase the amount of
available habitat for Corbicula.

Based on these data, most of the benthic species found in the GZ ppt salinity regime show
central salinity preferences greater than 5 ppt. The only non-invasive species with a central
salinity preference less than 5 ppt in the Coastal Springs region is Polymesoda. This is the
one non-invasive species that would likely benefit from a downstream movement of the
low-salinity isohalines, and more habitat available in the oligohaline and mesohaline zones.
ft should be noted, however, that the invasive species Corbicula would also likely benefit
from this downstream movement. As seen when comparing Figures 5-28 and 5-29, the
invasive Corbicula preference range is for oligohaline waters (<5 ppt), whereas the more
estuarine Polymesoda has a much wider preference range, over the oligohaline and
mesohaline zones. This indicates that if more oligohaline (<5 ppt) habitat were provided
in the lower river, the invasive Corbicula would likely benefit more than the more estuarine
Polymesoda from the extension of oligohaline habitat.
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ot Optimum Salinity Class in
Composition Springs Coast Rivers (Logistic

Laeonereis culveri (clam worm) 18.7

Cyathura polita (isopod) 13.1

Corbicula fluminea (Asiatic clam) 7.3

Polvmesoda caroliniana (marsh clam) 5.0

Amphicteis gunneri (polychaete) 5.0

Crandidierellabonnieroides(amphipodcrustacean) 4.5

Mesohaline Salinity Class ( ) 7 118 ppt)
Crandidierella bonnieroides (amphipod crustacean)
laeonereis culveri (clam worm)

Am phicte is gu nner i (polychaete)

Cyathura polita (isopod)

H al my r apse ude s bah am e nsis (tanaidacean crustacean)

Cerapus be nthophi I u s (amph ipod crustacean)

Streb I osp i o gy nob r an ch iata (spion id polychaete)

Edotea montosa (isopod)

H arge r i a rapax (tan aidacean crustacean)

Polyhaline Salinity Class () 1B<29 ppt)
Halmyrapseudes bahamensis (tanaidacean crustacean) 8.2 Mesohaline

Cyathurapolita (isopod) 7.0 Mesohaline

Xenanthura brevitelson (isopod) 5.9 (Polyhaline)

Crandidierella bonnieroides (amphipod crustacean) 5.1 Mesohaline

Laeonereis culveri (clam worm) 4.7 Mesohaline

Tagelus plebeius (stout razor clam) 3.8 Mesohaline

Heteromastus filiformis (capitellid polychaete) 3.4 NS

Cerapus benthophilus (amphipod crustacean) 3.4 Mesohaline

Parandalia Americana (polychaete) 3.2 NS

Streblospio gynobranchiata (spionid polychaete) 3.0 Mesohaline

Mediomastus ambiseta (capitellid polychaete) 2.4 Euhaline

Ampelisca holmesi (amphipod crustacean) 2.4 Euhaline

( ) : logistic regression significant for "all rivers" but not for Springs Coast Rivers alone
NS: logistic regression not significant
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7.1
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Figure 5-26. Optimum (circle), preference range (thick solid bar), and 10th to 90th
percentile (thin solid bar) of salinity for Laeonereis culveri (Polychaeta), by river group
and season, based upon logistic regression analysis. Open bar represents range of
observed salinities. The absence of symbols indicates that the relationship was not
statistically significant. (Source: f anicki Environmental, 2OO7).
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Figure 5-27. Optimum (circle), preference range (thick solid bar), and 10th to 90th
percentife (thin solid bar) of salinity tor Cyathura polita (lsopoda), by river group and
season, based upon logistic regression analysis. Open bar represents range of observed
salinities. The absence of symbols indicates that the relationship was not statistically
signif icant. (Source: f anicki Environmen tal, 2OOn.
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Figure 5-28. Optimum (circle), preference range (thick solid bar), and 10th to 90th
percentile (thin solid bar) of salinity for Corbicula fluminea (Bivalvia) (Asiatic clam), an
invasive species, by river group and season, based upon logistic regression analysis. Open
bar represents range of observed salinities. The absence of symbols indicates that the
refationship was not statistically significant. (Source: fanicki Environmental,2OOT).
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Figure 5-29. Optimum (circle), preference range (thick solid bar), and 10th to 90th
percentife (thin solid bar) of salinity tor Polymesoda caroliniana (Bivalvia) (marsh clam),
by river group and season, based upon logistic regression analysis. Open bar represents
range of observed salinities. The absence of symbols indicates that the relationship was
not statistically signif icant. (Source: f anicki f nvironmental, 2OO7\.
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Figure 5-30. Optimum lcircle), preference range (thick solid bar), and lfth to 90th
percentife (thin solid bar) of salinity for Amphicteis gunneri (Polychaeta), by river group
and season, based upon logistic regression analysis. Open bar represents range of
observed salinities. The absence of symbols indicates that the relationship was not
statisticaf f y signif icant. (Source: f anicki Environmental, 2OO7).
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Figure 5-31. Optimum (circle), preference range (thick solid bar), and 10th to 90th
percentife (thin solid bar) of salinity tor Grandidierella bonnieroides (nmphipoda), bV

river group and season, based upon logistic regression analysis. Open bar represents
range of observed salinities. The absence of symbols indicates that the relationship was
not statistically significant. (Source: f anicki Environmental, 2OO7).
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5.5. Salinity and Bald Cypress in the Lower Withlacoochee River

This section provides a discussion of the results of the bald cypress study with respect to
isohaline locations. Included is a discussion of the impacts of model error on prediction of
isohaline locations.

Stahle and Criffin (2006) sampled ten dead cypress trees found along the Lower River. Of
these ten dead trees, six died during the 1998-2002 period. Three of these trees died
during 1998-'1999, while the remaining three died during 200G2001.

Following is an examination of river flows and resultant isohaline locations and durations
during the years of the trees' deaths. The locations of the dead trees, as provided in Stahle
and Criffin (2006), are shown in Figure 5-32. For reference to the river kilometer system,
the tree locations are also provided in Figure 5-33. Note that all the dead bald cypress trees
are between RKm 2 and 4.

As noted previously, studies have indicated that bald cypress cannot withstand
persistent salinities of 2-3 ppt. lt has been noted, however, that little information
exists on the long-term effects of elevated salinity in mature coastal forests (Conner
and Inabinette, 2003), so that the definition of "persistent" is inexact. lt is likely that
during a "normal" year under natural conditions, the cypress trees along the river
were subjected to higher salinities during the dry season and fresh water during the
wet season. When the wet season does not provide relief from the higher salinities,
however, as during a prolonged (multi-year) drought, the cypress trees are provided
no period of relief from the higher salinity environment. Such a period occurred
during 2000-2001.

The monthly median locations of the surface and bottom isohalines for both 2 and 3
ppt are provided in Figures 5-34 and 5-35, respectively, for 1998-20O2. Note that
surface salinity isohalines for both 2 and 3 ppt are typically downstream of RKm 4,
and seldom upstream of RKm 3 (Figure 5-34). The locations of the bottom
isohalines, however, are upstream of RKm 4 for a long period. The median monthly
location of the 2 ppt bottom isohaline for the observed baseline condition was
upstream of RKm 4 from December 1999 through September 2001 , or for 22
straight months. Similarly, the location of the 3 ppt bottom isohaline was upstream
of RKm 4 for March 2000 through September 2001 , or for 19 straight months.
Elevated salinity levels during 2000-2001 may well have been a contributing factor
to the three bald cypress deaths during this period.

During'1998, two tree deaths occurred at about RKm 3.0. During all of 1998, the median
monthly locations of the 2 and 3 ppt bottom isohaline were downstream of here. However,
the median monthly locations of the 2 ppt bottom isohaline was upstream of RKm 4 during
October 1996-September 1997, so that the trees may have been impacted by this long
period (12 months) of relatively high salinity. The isohaline locations for 1996-1997 were
estimated utilizing the relationships between flow and isohaline location described below
in Section 5.2.
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During 1999, one tree death occurred at about RKm 2.5. During'1999, the median
monthly locations of the 2 and 3 ppt bottom isohalines were upstream of here during April-
December, but averaged only 0.7 km upstream of RKm 2.5. lt is possible that elevated
salinity over this nine month period contributed to this death, but the flows during this
period were not exceptionally low, and the resultant relevant isohaline locations were not
exceptional ly far upstream.

From this analysis, it appears that exposure to salinities in excess of 2 or 3 ppt for prolonged
periods of one year or more may play a role in the deaths of the bald cypress along the
lower river. During 2OO0-2OO1, when three of the 10 sampled bald cypress deaths
occurred, exposures to elevated salinities, in excess of 3 ppt, were for '19 months or more.

The predictions of the isohaline locations should be viewed with an appreciation for the
errors associated with these predictions. All predictive methods inherently contain errors.
For simulation modeling, this error is quantified through use of various statistical measures
of error (mean error, root mean squared error, absolute mean error). Acceptable values for
these statistical measures instill confidence in the robustness of the model in recreating
observed conditions.

The statistical measures of error for the CCSM and LWRM are within acceptable values (see

Appendix A). This gives confidence that comparison of results from the various flow
scenarios provides a meaningful estimate of the changes to be expected from
implementation of a flow alternative. Some error in the prediction of isohaline locations
exists, and may be estimated by examining the locations of isohalines within 1 ppt of each
other, such as the 2 and 3 ppt isohalines. As the mean errors for the two models are less

than 0.5 ppt, this should provide a sufficient bound for possible isohaline locations.

The differences between the predicted 2 and 3 ppt isohaline locations for the baseline
existing conditions, as seen in Figures 5-34 and 5-35, averages 0.4 km for the surface
isohalines and 0.3 km for the bottom isohalines. The greatest mean annual differences
between the locations for the bottom 2 and 3 ppt isohalines are 0.6 km, during 2000 and
2001. This implies that for a conservative estimate of salinity prediction error of 1 ppt, the
bottom isohaline location would be off by as much as 0.6 km. This represents an upper
bound to the potential error in the predictions of the locations of the bottom isohalines, as

the mean error in the salinity predictions is less than 0.5 ppt.
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Figure 5-32. locations, specimen identification numbers, and death dates of bald cypress
trees along the Lower Withlacoochee River, from Stahle and Griffin ,2006.

Figure 5-33. Locations of sampled bald cypress trees along the lower river in relation to
the river kilometer system.
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Figure 5-34. Monthly median locations of surface 2 and 3 ppt isohalines, baseline, 2500
cfs alternative, and 3500 cfs alternative.
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Figure 5-35. Monthly median locations of bottom 2 and 3 ppt isohalines, baseline, 2500
cfs alternative, and 3500 cfs alternative.
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5.6. Sea Level Rise

Increasing sea level in the western Culf of Mexico is an important consideration when
evaluating any potential flow modification scenario for increasing low-salinity habitat in the
river. Costs associated with flow modification must be weighed against the likelihood that
sea level rise will obviate any gains in low-salinity habitat in the long term.

Sea level records exist for Cedar Key, just north of the Withlacoochee River, since 1914.
Based on the monthly mean sea level, NOAA estimates sea level rise here to be 1.BZ
mm/year, or 0.6'l ftlcentury if the trend remains the same (http://tidesandcurrents.noaa.gov).
An increase in tidal level of this magnitude will result in increased upstream migration of
isohaline locations due solely to higher water surface elevations at the mouth of the river.
Estimation of the magnitude of this migration, and the effects of various flow regimes, may
be obtained via modification of the existing models for the Culf coast and lower river,
utilizing estimated sea level increases as boundary conditions for predictive runs to estimate
potential effects on isohaline locations. This modeling effort may be performed in the
future if the District so desires.

5.7. lsohaline Locations in Response to River Flow

To aid in estimating the flows necessary to maintain specific isohaline locations in the river,
relationships between daily flow and isohaline locations as predicted by the baseline model
run were developed for the O.5, 2,3, and 5 ppt surface and bottom isohalines. A plot of
daily surface 0.5 isohaline locations as a function of flow is provided in Figure 5-36, and
Figure 5-37 shows a similar plot for the surface 5 ppt isohaline locations.

Linear relationships were developed for each isohaline by log-transforming the flow term.
The equations relating isohaline locations to same-day flow are provided below.

Surface 0.5 ppt Location (R Km):28.95311-3.7g580*tn[ftow(cfs)],with an i') of O.73
Bottom 0.5 ppt Location (R Km):43.33141-5.72812*ln[flow(cfs)j, with an f of 0.79

Surface 2 ppt Location (R Km): 17.79367-2.34108*ln[flow(cfs)], with an 12 of 0.81
Bottom 2 ppt Location (R Km):39.97063-5.28288*ln[flow(cfs)], with an 12 of O.75

Surface 3 ppt Location (R Km): 16.70229-2.24335*ln[flow(cfs)], with an 12 of O.B4

Bottom 3 ppt Location (R Km) : 37 .27 1 37-4.91 364* ln[flow(ck)], with an ( of 0.72

Surface 5 ppt Location (R Km):14.21276-1 .95444x1n[flow(ck)], with an P of 0.86
Bottom 5 ppt Location (R Km):31 .41 245-4.10688*ln[flow(cfg], with an f of 0.66
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Figure 5-36. Location of surface 0.5 ppt isohaline as a function of same-day flow.
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Figure 5-37. Location of surface 5 ppt isohaline as a function of same-day flow.
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6. CONCTUSTONS

Hydrodynamic models were developed to aid in examination of the potential impacts to
salinity regime in the Lower Withlacoochee River resulting from modifications to the system
due to construction of portions of the Cross Florida Barge Canal. These modifications have
reduced flows to the tidal portion of the river from those that were observed historically.
Concerns have been raised regarding the effects of the decline in flows through the system
on the lower river's biota, specifically with respect to the deaths of bald cypress trees along
the lower river. A study has been completed for the District (Stahl and Criffin, 2006)
identifying that ten sampled trees died between 198'1 and 2OO4, and that eight of the ten
died between 1997 and 2001.

The model was used to hindcast salinity within the river for the 1998-2002 period, when six
of the trees died. The output from this model was then used to develop relationships
between river inflows and salinity within the river for application to the other years during
which cypress trees died. This allowed a determination of whether increases in salinity
were implicated in the deaths, and what river flows should be to protect existing cypress
trees.

The monthly and annual locations of the salinity levels important for bald cypress
were estimated for 1970-2004. Bald cypress cannot withstand persistent salinities of
2-3 ppt, so the locations of the 2 ppt bottom isohaline were estimated. These
locations, and their durations, were compared to the locations of the dead cypress
trees. All the dead trees were between 2 and 4 km upstream from the mouth of the
river. Except for the trees that died in 1999 and 2OO4, the remaining dead trees had
been exposed to median monthly salinities greater than 2 ppt for relatively long
periods of time, in excess of 12 months for most of the trees. Elevated salinity levels
may have been a contributing factor to eight of the ten bald cypress deaths during
this period.

To address this problem, the SWFWMD developed alternative flow scenarios for the
river focused on increasing the amount of freshwater entering the river when
additional water is available in the system. The alternative flow scenarios as

designed would provide increased flows to the lower river, but primarily during the
wet season, when appropriate salinity regimes typically already exist in the lower
river, and increased flows provide minimal benefits. During dry periods, flows to
the river resulting from these alternative scenarios could only increase if water were
available in the system. For those periods when extended low flows occurred, most
notably in 2000-2001 when three of the trees died, there was little additional water
in the system to increase the flows in the river.

To aid in the evaluation of the alternative flow scenarios, water quality data and
benthic data were also examined. Based on these analyses, modifications to
freshwater inflows would not result in improvement in water quality or benthic
habitat availability in the lower river.
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The alternative flow scenarios evaluated in this report did not provide any increased
freshwater to the system in the periods when freshwater inflows would be most beneficial,
i.e. the observed low flow periods. Any additional alternative flow scenarios should be
evaluated with respect to their ability to extend the period of relatively high flows to the
river into the typical dry season. The relationships developed between freshwater inflow
and important isohaline locations for bald cypress habitat were used to estimate necessary
flows. To keep the 2 ppt bottom isohaline downstream of the bald cypress trees, at 2 km
from the mouth of the river, average flows of 1300 cfs are necessary, and t 100 cfs to keep
the isohaline at 3 km from the mouth. Most of the bald cypress deaths occurred during or
immediately following periods when typical dry season conditions extended for long
periods, with low flows resulting in movement of the 2 ppt bottom isohaline upstream of 4
km from the mouth for '12 consecutive months or more. The alternative flow scenarios
evaluated here do not provide for any improvement in this situation, primarily because the
prolonged upstream movement of the 2 ppt bottom isohaline coincides with times when
there is not enough water available in the system to prevent this movement, such as 2000-
2001.

Based on this evaluation, modification of the operations of the CFBC structures would not
provide any benefit to the system, as the cypress deaths occurred during and following
periods when sufficient water was not available to prevent >2 ppt water from moving
upstream.I
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Appendix A
Comparisons of Observed Conditions
Simulation Results to Observed Data:

ccsM 1998-2002
LWRM 1983-1986
LWRM 1998-2002
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A.1. Gulf Coast Shelf Model, 1998-2002

The CCSM observed conditions run for 1998-2002 provides model output for comparison
to salinity and temperature measured at the COAST sites shown in Figure A-1. Comparison
to these observed data provides verification of the GCSM, which was calibrated using
March-September 2002 data flanicki Environmental, 2006).

Location maps of the COAST sites combined with the CCSM grid cell locations are
provided in Appendix A.1.

A.1.1. Elevation

Predicted water surface elevations are compared to observed water surface elevations at
Clearwater Beach and Cedar Key (Figure A-2). Observed data were obtained from the
Center for Operational Oceanographic Products and Services (CO-OPS) maintained by
NOAA's National Ocean Service, at hourly frequency.

Time series plots of predicted and observed elevations, at hourly frequency, over 1998-
2OO2 are provided in Figures A-3 and A4 for Clearwater Beach and Cedar Key,
respectively. Statistical summaries of the relationships between predicted and observed
data are provided in Table A-1. These statistics, and the time series plots, indicate that the
model predicts the observed tidal range well, with a mean error (ME) of -4 cm at Cedar Key,
and -2 cm at Clearwater Beach. The lower I value at Cedar Key is indicative of a slight
offset in the tidal signal in time, but the tidal range is simulated appropriately.

Statistic Clearwater Beach Cedar Key

f 0.8'l o.76
RMSE (m) o.12 0.19
ME (m) -0.02 -0.04

AME (m) 0.09 0.15

A.1.2. Salinity and Temperature

Observed salinity and temperature values from the COAST sites from Anclote to the
Withlacoochee (Figure A-1) were compared to predicted salinity and temperature over the
entire 1998-2OO2 period. For this comparison, the instantaneous measurements of surface
salinity and temperature at the COAST sites were plotted as time series along with the
hourly model output for the surface.

The model output is representative of the entire grid cell, which covers an area of
approximately 24km2. lt is possible that several COAST sites fall within a given cell. To
get a better understanding of the comparison of predicted values over a large area to
observed values representative of specific points, the predicted salinity and temperature for
a given cell are compared to the data from one or more COAST sites.
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Figure A-1. Project COAST sites used for comparison to GCSM output.
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The COAST sites selected for comparison to a given cell are either within the cell or nearby
(see Appendix A.1 for locations of COAST sites and grid cells). A single COAST site may be
used for comparison to more than one grid cell. Table A-2 provides a listing of the COAST
sites compared with each model grid cell. The time series plots are provided in Appendix
A.2 (salinity) and Appendix A.3 (temperature). Each time series graphic is for a specific grid
cell, identified by the (i,j) coordinates in the figure title.

Table A-3 provides a salinity calibration summary for those cells near the mouth of the
Withlacoochee River, and over all cells shown in Appendix A.2. The COAST data were
typicallycollected between 10AM and 3 PM. The mean predicted salinityforthe period
10 AM - 3 PM of each day for a given grid cell was compared to the COAST salinity data
collected on that day. Over all cells listed in Table A-2 above, the model does well, with a
mean error (ME) of -3.2 ppt, an absolute mean error (AME) of 4.O ppt, and a relative error
(RE) of 16"/". These differences would be smaller if the first half of 1998 were excluded
from the model, as the El Nino event during the typically dry season resulted in relatively
low salinities within much of the comparison cells, while the model did not predict
salinities as low as those observed.

For those cells near the mouth of the Withlacoochee River (Table A-3), the model
predictions were very good, as denoted by the small relative errors of 13% or less, and the
mean error difference of 2.O ppt or less.

Tabl€ A-2. COAST s'rtee conmred to GCSM erid cells for plots in Appendices B and C.
Grid Cell(i,i) COAST Sites Grid Cell0,i) COAST Sites
(26,10) AN-4,5,6,7 (41,13) WE-l0
(27,10) AN-1,2.3.4 @4,14) cH-s,6,7,8,9
(27,11) AN-3.8 (45,14) cH-7.10
(28,10) AN-2.9.10 (45.15) cH-10. HO-9
(29,10) AN-10, Pt-8,10 (46,1s) HO-7.8.9
(30,10) Pt-4,6 46.16) HO-2,6,7
(30,'l'l) Pt-5,6 (47,16) HO-2,3
(31,10) Pt-6,7 (47,17) HO-1,2
(31.1 1) PI-6, HU-8,10 (48,17) HO-l, CR-8
(32,11) H U-6,8,9,10 (49,17) CR-8,9
(33,1 1) HU-4.6 (so,17) CR-6,9
(33,12) HU-1.3 (s0,18) CR-5,6
(34,11\ HU-2, AR-6 (s0,20) wt-'r0
(34,12) AR-6 (51,17) CR-6,7
(35,1 1) /.R4,7 (s1,18) CR-2,6
(3s,12) AR-4,10 (s 1 ,20) WI-8,9
(36,11) AR-l,2,5 (s1,21) wt-4,7,8
(36,',t2) AR-2,9 (s2,20) wt-5,9
G7,12) AR-1.8 (52,21) wl-1.4,5
(39,12) wE-7,8,9 (s3,20) wl-6
(40,12\ wE-6,7,9 (s3,21) wt-1
(41,12) WE-5,6
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A similar analysis was completed for temperature, as this model may well be utilized in the
future for examination of potential temperature responses to changes in flow. Table A-4
provides the temperature calibration summary for those cells near the mouth of the
Withlacoochee River, and over all cells shown in Appendix A.3. As for salinity, the mean
predicted temperature for the period 10 AM - 3 PM of each day for a given grid cell was
compared to the COAST temperature data collected on that day. Over all cells listed in
Table A-2 above, the model does well, with a mean error (ME) of -1.0 oC, an absolute mean
error (AME) of 1.7 oC, and a relative error (RE) of 7olo.

I
I
I
I
I
I
I
I
I
I
I
I
I

Grid Cell(l.l) RMSE (ppt) ME (pot) AME (ppt) RE e/")
51 21) 3.8 -0.6 2.4 9
51,20) 4.9 -2.0 3.0 13

52,21) 3.2 0.1 2.2 9
(53,21) 3.1 1.3 2.1 9
AllCells 5.6 -3.2 4.0 16

:;!ffi,i:ff#1fr."o*n statistics for cells near withlacoochee River rmuthrl

Grid Cell(l,l) RMSE (OC) ME (OO AME ("O RE e/.)
(51,21) 2.O -0.9 1.4 6
(s1,20) 't.9 -o.2 1.3 6
(52,21) 2.3 -1.3 1.6
(s3,21) 2.5 -1.6 1.8 B

AllCells 2.3 -1.0 1.7
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GCSM Predicted and Obsenred Water Surface Elevations
Dab Source: CGOPS
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Figure A-3. Time series of predicted and observed tidal record at Clearwater Beach.
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GCSM Predicted and Obsenred Water Surface Elevations
Data Source: CGOPS
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Figure A-4. Time series of predicted and observed tidal record at Cedar Key.
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A.2. Lower Withlacoochee River Model, 1983-1985

The LWRM was implemented forthe period September 1, 1983 through March 31, 1986.
The locations of the COAST salinity and temperature sites in relation to the LWRM grid
system are shown in Figure A-5. The CCSM was also run for the same period, so that
downstream salinity and temperature boundary conditions and offshore water surface
elevations could be developed. The results of this model implementation are for
comparison to observed data collected from January 1984 through February 1986 along the
axis of the river. Time series of the daily flows during this period for the Lower
Withlacoochee Riverand Inglis Dam (locations shown in Figure "1-7) are provided in Figure
A-6

Figure A-5. locations of Withlacoochee COAST sites in relation to IWRM grid.
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Withlacoochee River
Dbcharge fiom Bypass Canal and lnglis Dam, Sepl 1983 - March 1986

.'....:.:.....-. ....... ...... ;'
Bypass Canal

Inglis Dam

01JULl983 otJANt984 01JU1l984 01JANl985 01JU11985 01JANl986 01JUL1986

Figure A-6. Flows in from Bypass Canal to river and Inglis Dam to Barge Canal.

The model output is compared graphically to the data collected by Mote Marine Lab,
SWFWMD, and USCS during the 1984-'1986 period. For each data collection event, the
tidal stage was noted (high or low), and the model output for the same day and same tidal
condition was compared to the observed data. Craphical presentations of the river axis
salinity profiles, both observed and predicted, are provided in Appendix A.4. For location
reference, Figure A-7 provides the river kilometer system.

A total of 46 horizontal profiles of surface salinity along the axis of the river were taken. Of
these, the model results match very well with 35 of the profiles. For the remaining profiles,
the model predicts the locations of the 0.5 and 5.0 ppt surface isohalines further
downstream than observed. Since Z6% of the predicted profiles match with the observed
data, it is unlikely that the underlying hydrodynamics of the system are being
misrepresented by the model. Potential causes of the differences include several
candidates. For example, the model is driven by daily constant freshwater inflows over the
full 24 hours of the day, so that any deviation from a real-world constant discharge over the
entire day will result in differences between predicted and observed salinity structure.
Similarly, the winds used to force the CCSM and the LWRM are not site-specific to the
Lower Withlacoochee River, and so variations in wind patterns may result in tidal elevation
differences between predicted and observed, and different upstream incursion of saline
water. However, the very good agreement between 76'1, of the predicted profiles and the

4000
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observed profiles is indicative that the model correctly predicts the tidal signal in the river
and nearshore area.

Figure A-7. River kilometer system for the Lower Withlacoochee River.

A.3. Lower Withlacoochee River Model, 1998-2002

The LWRM receives freshwater inflow from the Bypass Canal at the upstream extent of the
river domain, and from the Inglis Dam to the Barge Canal. Offshore boundary conditions of
elevation, salinity, and temperature are provided by the CCSM, at the western, northern,
and southern boundaries of the LWRM grid outside the mouth of the river. Calibration of
the LWRM was to the tidal gage near the mouth of Bird Creek, and to the surface salinity
and temperature observations at the COAST sites within the model domain.

A.3.1. Elevation

A time series plot of predicted and observed water surface elevation at the Bird Creek site is
provided in Figure A-B for hourly values for the May-September 2OO2 period (the Bird
Creek record begins in May 2OO2). A statistical summary of the comparison between
predicted and observed water level is provided in Table A-5. Here 12 is the coefficient of
determination, RMSE is the root mean square error, ME is the mean error, and AME is the
absolute mean error.

o4.\..,/\'
G3?-s't
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Statistic Bird Creek
t o.71
RMSE (m) 0.27
ME (m) -0.13

AME (m) o.21

The comparison shows good agreement between predicted and observed hourly water
surface elevations, with the AME of 21 cm, and the ME of -13 cm indicating slight
overprediction of water surface elevations, at the tidal maxima, compared to observed
values over the time period.

A.3.2 Salinity and Temperature

Observed salinity and temperature values from the COAST sites from the Withlacoochee
that fell within the model domain were compared to predicted salinity and temperature.
For this comparison, the instantaneous measurements of surface salinity and temperature at
the COAST sites were plotted as time series along with the hourly model output for the
surface.

The COAST sampling monitors two sites within the river (Figure A-5), Station 2
approximately 5.6 km (3.5 mi) upstream of the mouth, and Station 3 about midway
between Station 2 and the Bypass Channel. Outside the mouth of the river, four additional
COAST sites fall within the LWRM domain, including Station 6 between the mouths of the
Withlacoochee River and Bird Creek.

As discussed in the calibration report (Janicki Environmental, 2OO6), it appears that the
COAST salinity data from Station 2 are unreasonable. Thus, the verification comparison is

confined to the remaining stations within the LWRM model domain.

The time series plots of observed and predicted salinity are provided in Appendix A.5 for
COAST stations 3, 5, 6, B, and 9, and for observed and predicted surface temperature in
Appendix 4.6. Table A-6 provides a salinity calibration summary for each COAST site
used, and over all sites. The COAST data were typically collected between 10 AM and 3
PM. The mean predicted salinity for the period 10 AM - 3 PM of each day for a given grid
cell was compared to the COAST salinity data collected on that day.

I
I
I
I
I
I
I

Tabl€ 4-6. $alinlty comparison statisticr for tWRJVt COAST sites, and over all cells.
COAST Station RMSE (ppt) ME (ppt) AME (ppt) RE e/")
3 0.3 0.0 0.1 45
5 4.6 2.1 3.7 15

6 5.6 -1.1 4.6 33

8 5.2 -0.1 3.8 16

9 5.6 't.2 4.4 20
All Stations 4.7 0.4 3.3 20
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LWRM Predicted and Observed Water Surface Elevations
Data Source: SllllF[lVillD
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Figure A{. Time series of predicted and observed tidal record at Bird Creek.
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The river model does well in predicting both the magnitude and signal in salinity. The
mean errors of 2.1 ppt or less indicate that the model is predicting magnitude correctly, and
visual inspection of the figures in Appendix A.5 shows that the seasonal patterns are
predicted accurately.

A similar analysis was completed for temperature. Table A-7 provides the temperature
calibration summary for those cells containing COAST sites. As for salinity, the mean
predicted temperature for the period 10 AM - 3 PM of each day for a given grid cell was
compared to the COAST temperature data collected on that day. As seen from the
temperature time series plots (Appendix A.6), the model does well, with a mean error (ME)

over all sites of 1.4oC, an absolute mean error (AME) of 2.3 oC, and a relative error (RE) of
'10%.

A.4. Comparison of Model Statistics

To provide a measure of the ability of the CCSM and LWRM to simulate salinity conditions,
a comparison is provided between the salinity comparison statistics for these two models
and three other hydrodynamic model applications in Florida. Three models for comparison
are the Suwannee River (SW) EFDC model developed by the USCS (Bales et al., 2006), the
Indian River Lagoon (lRL) EFDC model developed for the Lower St. Johns River (Cerco,
2003), and the Tampa Bay (TB) ECOM-3D model (Vincent et al., 2000).

For the Suwannee River, comparison statistics are for four salinity sites near the mouth of
the river. All sites in the Indian River Lagoon model are used, as are all sites in the Tampa
Bay model. For the Withlacoochee River models, the five cells near the mouth of the river
were used for comparison from the GCSM, and the five COAST sites provided (Tables A-6
and A-7) were used for comparison from the LWRM.
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m.."*"rison 
statlstics for cells near Withlacoochee River mouttr,

COAST Station RMSE (OC) ME (OO AME (OO RE f/.)
3 3.7 2.6 3.0 13

) 2.1 0.4 1.5 a

6 2.0 -0.9 1.5

B 2.4 1.1 2.0 8
9 4.2 3.7 3.7 15

All Stations 3.0 1.4 2.3 10

ffi,|hffi;lilH 
salinity statistics from GCSM, LWRM, and other hydrodynamic

Statistic
Model

CCSM LWRM IRL SW TB
Mean Error (ME) -0.3 o.4 -o.2 1.0 1.3

Root Mean Squared Error (RMSE) 3.8 4.7 4.O

The CCSM and LWRM calibrations compare very well to those of other models.
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I Appendix A.1

I Locations of COAST Monitoring Sites and GCSM Grid Cells
I COAST Sites are in Color, Grid Cells l-f in Black
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COAST Anclote monitoring sites.
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COAST Homosassa monitoring sites.
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COAST Crystal River monitoring sites.
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COAST Withlacoochee monitoring sites.
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I Appendix A.3

I GCSM: Time Series Predicted and Observed Surface
I Temperature at Grid Cells and COAST Sites
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Appendix A.4
LWRM 1984-1986: River Axis Plots of Predicted and

Observed Surface Salinity

124



u|t
H'
!0#

t0

ir
It
It
It
It
It
It
It
It
Ir
It
It
It
It
It
It
It
It
ll

Vttr{mocfir 1$.1-lF
Arfot-rf Jcre ilurAf
drbailrill|t.E*x*l

0123atc7ftl0
EIflqonr-trotnllcilr

lr{0bchr 1S+106
afirt-l&re [rrA6
l|lr0lFEDlla|t|l}l6}l

€1-3A-l

hdo|dffiaaa

q.
\''

\,,'h.

Rrdotdaaoffi

l.

,14
tt t/\ol \

{4€A-r0t23atc7ttl0

tzs

ftitlon-tsnhrilr



St
H'

30#

$l0{pocfir lS4-lS
Arfot-td.rf irrMtHZil m$alrrflGll

Eurlconr:lunkfr

lrWrboctr 1S+16
afio!-r?dcrgiirrAb
tll.|olPRt9ltbilOlt

{4€A-t0t2!{tc7tet0
iYrtbnll hmhdr

I|t
03tt

30 J;

Hrrdo|dmaaa

a
I

'u L;.^
61€A-r012!ata7trt0

Prdndmaaa

,+
\

L

126



Pndc-d. . . oiaturd

*^1"

\

\
a4-ta-r0r2t.ta7trr0

rfrt
HI
s#

tfiltrhoocln 15+16
arfoffrftdt|e FurE
tltrflAYlaali{lG}l

ftr[on-ltunltlalt

lr\ilflpochl 1S4-tS
afiot-td.re ivr.l6
|hFialillSld;ilOH

{1€A-t0t2t1
tYrlCcr*lunlrhlr

U|t
odt
s{;

Flrdnd...fiav|l

a

.A-- a

\ao.

\. 
'

\ o

ct?tct0

t27



V\l0rbochrc t$+'l$
Arfotflyaone Eyrtfr(nd0lLt$f ldrrlloH

ilrrlComrrlunhdr

l/tl0rbocftr 1S4-lS
arfotfftdne Evr.Allrr| {tAlJ0tlltrl{Oll

Itt
ODlt

30 {F

I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

*ily
@

!0 -{;

h||olda . . Oaavtd

\ .o

\ a

\ a

{138-t0t23,t5C7ltl0

ffiOffiaoa

\

\'

f'.o
.54€Q-t0t234tGlt9t0

RYrXlomf ncnIcilr

r28



I
I
I
I
I
I
I
I
I
I
I
T

I
I
I
I
I
t
I

26

20

t6

t0

t'tlhlmochr lSa-t$
Afios-ltd.|e Furb
ffiGPlLlh{l0t{

a -a -t A -l O | 2 t,a t C 7 | C l0
tvrlCon*lurl.hilr

$JfhbdrrlS+t6
$rfatfftdctgft..1$
cHoogrt|t4rrtfloH

{4*t.2-r012!4ta7ttt0
illrlqon-lunllcill

20

rt

t0

Pirdcfd
Orrvrdaao

a

\.

hdcad
Saavilaao

L.

U" '.

129



I|tm
t0#

ll|otbcholS+lS
SrfoSffydare ilr..^fr
ff.l0OCTlSa1bLilll

Hrrl0onr-hmktr

$flttrcoocfrr 1S+lS
arfo&l{tdcpRtul &l
tlrd?l0\fiec|tt|rl{Gl{

8flt
000

30 J; hdnd...(m

\

\'

\^-
{4€A-r0t2tacc7tet0

Fndad.ooG.vtd

\'

\
a\

-

{13A-t0tat1tc7act0

Rurrl0onr-lqnhufr



s|tm
30#

l,t*lthlmctrc 1S/F1S
&rioSfltdoplutr..Af
fHaOEClS4ad.rl{OH

Hurfhor-hmllodr

tU0bochr lS+tS
irfot-rry-re irl.AS
tltsGBlStirll€ll

r.t
oct

!JF

Pndobdaaa6.v|d

oa
\-_a

aq*
{4-3A-r0t2a4ta7tet0

hdcrd. . o Oaa[d

\' *1
'\.

{4€{-r0l2tatEltct0
ilvrlCqntnomilodr

13l



tltrrbcoodnc 1S+lS
qrfaS-rfyJlle tuAS
CbrttlPffetildrrl|olt

ilrl0cm-nunhs|r

l/filhbcfrc 1S4-1Sgrfatatdlte tu ffr
tlh0r|IAY|SllrrtOl,

I|t
H'

30 -{F

a

m

it
It
It
It
It
It
It
It
it
It
It
I
ll
lr

It
I
ll

Ir
ll

sty
OnO

30 J7

Ptrdcfd. o o Ohavrd

\'

\*

{13A.t012!4tC7tet0

hdcld
a.offi

\

L. or



I
I
I
I
I
I
I
I
t
I
I
I
I
I
I
I
t
I
t

ffit
Or0

$#

Vttrilmctrc 1$4-1S
Stfogff dcre ilu.rAfr

-.i?LAYlSldrrL(f,Y

{.14a-r0r2ta5c7aer0
ifurlCct*noarhli

fMhbocho lS4-196
erfct-tdcle ilur$
|II4IAYIE$|t*rcH

8fft
H'
r0{;

- 

hdc|daaaffi

\

\
1n

q\-, 
.

Prdold. . . Otantd

t*
v\o

\

0t231
iurlCcnrrnonlctrr

{.13i2-l ctTaal0

133



I
I
I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I

20

{43A-l 0t2!atc7tft0
HvrlCon*tomkdr

$rltrbocfioo lS+196
araot-ltJcte Ru..^6
d-{lHAYlS|dr.{-O}T

0t234CC7tet0
Rhtrf|omtnotnltlcdr

VilthMnc1$4-1ffi
grlo3*ttdme Rhn AS
tfr€IAYle6|dorl{G}l

Prdcrd
OtrrYrdaoo

\/\

l'.
\.

\

hdcld
hrridaao

o\

\ t r{-

{4A.a-l

134



I
I
I
I
I
I
I
I
I
I
I
I

l

tll|t
H'

30 -fF

Yltrtbochr lS4-lS
&rto!-rtdcte f,urAfr*o+ltfisto*toll

Errlcoorlnoorlloilr

$fifrbochr tS+iS
Arfilt-ltJangFrrArb
d.ts'lot {ltoldr*{Gf{

{{€a-r0t2tatc7!rt0
F rrlCcr:nmhar

tfftm
ro -fF

ll
I
I
I
I
I
I

hdord
6.rYldaaa

a

\,1 '

\r
{1€A-t0t2t4ta7frt0

Prtdaad
Obrldaot

\

\-
\

a\
a

135



r|y
So0

30,fF

$iUtloocfior 1S4-lS
Afict*t[dcte ihiltil

ffrlqffi{rCldrrtol{

€13A-t0t2t,3tC7tel0
Rrrl0oor-hnkir

lrllUhcoocfro 1S+lS
arfot-ry&r0tulS
tll.rZLlll$l-.HGlt

0l2t.rtC7tOt0
ErrXtonrf funlofrr

t-vm
30 {;

Fndoarl.1roSarYtd

".1

'l
tta\

Pndcad. . o Obrrvrd

,/ - \ o..r

\"".

a
a

nlr- .
{4.ta-t

136



I|tm
"f

l-
{

251

1{I'l
TIt

''1
I

r0 +-{
Ij
{rf
{
I
.l{0f

ti,ilhlmochcc t$'l-lg6
arfaS-ly.lauRt..Afr
mt,lfiSlnrLOW

Rhrrlcomrf nomllcilr

l/tfrilpocfir l$+iffi
Arfot-tJare ilr..^6
cF{?.tt tu|(HtoH

ll|tm
r0 {;

a

20

t6

t0

t

0

Pndord
O.rY|daoa

\

aa

. r<avn
o. . L

t-

{ 1 3 .i2 -l 0 t 2 t,l 5 C 7 t e l0

Plrftbd
Otrrndaoa

a

,4. .

\

\- .

{43A-t0t23a5Cltgl0
Fvrlqcr*llnrloslr

r37



rrrym
r0#

lt{O{mochec lS4-lS
Afiot|ftame EurAfi
edt.tLr3t&iloH

{43A-t0t2t46a7ttt0
RrrlCom-nenlodr

YttrMrrlS+lS
frfc!-f d.re Err&f
ttr4ltl,l$lhrLOY

Sfrry
ottt

30 JF

hacld..oSrnd

fr'I
a

t '.

hdcd. . o Otarvrd

a

"\

u.o
{4.ta-t0t23atc7!0t0

Rrtlonlhnllqf,i

138



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Itt
HI
30#

lril[rbochn l$l-l$
AtfoS-tarr3mn S
G2AlrOrStildtoll

tlvrlcon-lein ltlo{r

W0Srcoodrr 1S4-iS
erfaS-rFdale ft..All
C.lt lr0'l$lth-lOl

I|t
O!0

tO JF

Rldclrl
6|..vldaaa

a\r
rr\rl

a
a

o

h^
oo

a

{4*ta-r0t23a5atttt0

Prldnd
Obrlrdaal

/\
tt t 

a a

\-N \n
t^.

a

{{3A-r0t2tacc7!et0
Eurlqom-fctnlonr

139



*{tm
!o#

l,\i0rhodrco l$+t$
Afiot-*t&te EilA*
tb2tAJOlltldrrtOtt

643-2-10l2t,rgClael0
HurlCoor-tunltlcilr

VWrhocfr tS+lS
grf63-rDdcte ifu..^il

tll.{Cgg{etc|5rr{.Olf

Rrdoadr..SarYtd

1

\

a\

tll|y
(m

30 {; Rulcd. o . Otaytl

o

a

- -\

\

-.arr-{1€A-t0l23,rCC7!el0
Ffurttonrriqn llqilr

140



Ptrdnd
Otrnrdaao

t ,-A-*

\".

\
a

I
I
I
I
I
I
I
t
I
I
I
I
I
I
I
I
I
I
I

t6

l|fr{mocho lStl-l$
Arfot-tdruiluf &
iH!€{t65rrtl0}l

{4-ta-t0123a5C7f0t0
hunrl0onrlton llctr

ttlUtbctrr 1S4-tH
arrat-tac4FrrAf
tlrdt8gttG'5rrtffi

{{€A-lOt2t'rtC7!el0
ErrXlafitqnllctr

Prldobd
ffiaao

a

\_\

\

t4L



I

I

rsrffi
f 0r0 ilffls3d-il

30

I n

ln
l'ir

l''
I'0

0

Ia4.g1-r01t!atrtart0
I frrnilt-tunlblt

$l0bochrc lS+tS
il|t frfa!-tt-te ivrlil
Ottl |lrdcTlaottrLqt

Ir -- huttd. . r Otaru|d

a\

5.
Ti.-ll|aaaoaa a

hra.ad.o.Ohrrrd

o

o

\

\.

h

I,
ln
l'r
l'0

t

I
0

a4*te{0l2t.ltC?all0
I nr|Ccnrlhorklr

Ir r42

t
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

s|t
H'

30 JF

$trrbctnlS+1S
&rfoE.frftdclgFU.rAfr
.rHrogfleao|ddfllll

RrlConrlhnllqllr

tltrbocfir 15+16
grfctflydcle ftiAt
||rdbGTrtcto{.av

t0

{{€a-t0t29{tc
EYr|Coo-lronlhtr

HrC-d..ohrvrd

-4. o1\^
rJ!

1e aa)

\
o

a

€1€A.l0l2!,3tCltel0

P'do|d
Obmdaaa

a

f.
\

a\

ta0t0

143



I|t
Orlt

30#

fW*moctr lS+lS
Arfot-tdcltflurlfi
l|rrlila(l/tgtdr{lo}l

{4.tA-1012!.16C7tt10
Rfr*lcomrllunhtr

trt0rktn l$tFlm
ffiot-tdoe Err$
*rlailOVt$ltbt0Y

St
olt
r0F

ttrd. o o Orrvrd

oa

oo
a a

\.- '

\.

Frdold. . . otarYtd

\'

\

\
{4€€-r0t2t{ca7!3tc

Frtbn-ngtrh{r

t44



tnt
Or0

30#

V\trrhochr l$|-t$
rfiolarydcpnvl.At
dfflSldrrlfiDl

Eur|Ccf hnhfi

WHroochr 1S1-iS
araat-U-rt|frr Arl|lrfiFtrct(H.ott*at

sil
9JF

t23,att7CCl0
Frfh*|rnllslr

ffia . r frrvtd

\
a

\A
\.

61.tA-l0t2t,aCa7ftl0

hdci. . r Otrrvd

\ I
{4.9a-t0

t45



r|'
SDl,

o#

$firhoochrr t$+t$
graoEQdme fvrfo(tr0nillglirll(lll

{1.ti2-t0t2!atctfrt0
HvrlComrlnun lhir

ttl0tpodrn l$+lmqrao$Jctgtu A*
t|lr€Onill$ldrr{.OV

ffi. . o Otaatrd

\

\
{43A-t0r2t4tc7ttt0

ffi. o o Olrrvrd

"-\. .

\^o

t|y
0n0

30 -{F

Rvrl(lom*totn tcdr

146



Huload
Otrrvrlaaa

\

\ o
\o
\^A,A- o o

h. a

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I

t0

${t{mcftrr lS+tS
grtoS-rDJole irrlfi
d-rffE$e!$rrliQ|l

{43A.1 0l2t,ttC7let0
ilrl0om-nunl|cir

$trhrr1$+16
Afio!-rydcre itur|fr
|LbffElt6*|.|OUY

{4€Q-t0r2!{gc7t9t0
EurlConrf harlloilr

t0

hdaad
OD.ivldaao

a

1,
\,\

147



I
I
I
I
t

Appendix A.5

I LWRM: Time Series Predicted and Observed Surface
Salinity at COAST Sites
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Appendix ,{.6

I LWRM: Time Series Predicted and Observed Surface
Temperature at COAST Sites

1998-2002
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Appendix B
LWRM Scenarios: Monthly Median Locations of 0.5, 2,3,

and 5 ppt Surface and Bottom lsohalines, by Year, 1998-2002
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Appendix C

I LWRM Scenarios: Comparison of Monthly Median Volumes
of 0-0.5 ppt and 0.5-5 ppt Salinity Regimes in All Channels

I Excluding the Barge Canal,
by Year, 1998-2002
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