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Abstract Understanding the relationships between hydrology
and salinity and plant community structure and production is
critical to allow predictions of wetland responses to altered
water management, changing precipitation patterns and rising
sea-level. We addressed how salinity, water depth,
hydroperiod, canal inflows, and local precipitation control
marsh macrophyte aboveground net primary production
(ANPP) and structure in the coastal ecotone of the southern
Everglades. We contrasted responses in two watersheds - Taylor
Slough (TS) and C-111 - systems that have and will continue to
experience changes in water management. Based on long-term
trajectories in plant responses, we found continued evidence of
increasing water levels and length of inundation in the C-111
watershed south of the C-111 canal. We also found strong
differentiation among sites in upper TS that was dependent on
hydrology. Finally, salinity, local precipitation and freshwater
discharge from upstream explained over 80 % of the variance in
Cladium ANPP at a brackish water site in TS. Moreover, our
study showed that, while highly managed, the TS and C-111
watersheds maintain legacies in spatial pattern that would facil-
itate hydrologic restoration. Based on the trajectories inCladium
and Eleocharis, shifts in plant community structure could occur
within 5–10 years of sustained water management change.
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Introduction

In the southern Everglades, key drivers of ecosystem structure
and plant production are duration and depth of inundation, P
availability and salinity (Noe et al. 2001; Childers et al. 2006a).
The influence of these drivers varies across spatial and tempo-
ral scales. For example, in freshwater marshes nearest to ca-
nals, concerns about P enrichment from inflowing water pre-
vail (Surratt et al. 2012) and the effects of P enrichment have
been well documented both in the field and experimentally
(Childers et al. 2003, Daoust and Childers 2004). With respect
to salinity however, while increased salinity has been observed
in porewater of freshwater marshes of the Everglades upper
ecotone, especially in the dry season (Troxler 2012) and man-
grove transgression and sawgrass die-off also observed (Ross
et al. 2000), the effects of salinity on freshwater species has
been related neither with experiments nor explicitly with long-
term trends. While, the relationship between salinity, hydrolo-
gy and primary production is well documented for many types
of coastal wetlands (Howard and Mendelsshohn 1999; Merino
et al. 2010), long-term trends in salinity and hydrology (in-
cluding precipitation and discharge) and relationships with
structure and production of freshwater species in the southern
coastal Everglades have not been evaluated.

Sea levels in south Florida are conservatively predicted to
rise by 0.60 m by 2060 (Zhang et al. 2011). As sea levels rise,
salinity and inundation will increase in fresh and brackish
water areas of the Florida coastal zone (Florida Oceans and
Coastal Council (FOCC) 2010; Pearlstine et al. 2010). South
Florida is particularly vulnerable to sea-level rise given the
low topographic incline from Florida Bay inland and large-
scale hydrologic diversion from the coastal zone that has
amplified salinity transgression in some areas (Ross et al.
2000). Thus, water delivery from upstream, driven by the
interplay of water management and seasonal precipitation, is
a key driver of marsh ecosystem structure and production
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throughout the southern Everglades. Large-scale restoration
efforts aim to increase freshwater delivery to the coastal
Everglades, with the potential to counter salinity transgression
documented for the upper estuarine ecotone (Ross et al. 2000;
Troxler 2012). Understanding the relationship between hydro-
logic variables (including water level, hydroperiod and salin-
ity) and plant community structure and production is critical to
allow predictions of wetland responses to altered water man-
agement, changing precipitation patterns and rising sea-level
in the southern coastal Everglades.

Over a 10-year period, we have investigated how changes in
hydroperiod, hydropattern, and salinity have influenced emer-
gent macrophyte communities dominated by sawgrass
(Cladium jamiacense) and with variable presence and densities
of spike rush (Eleocharis cellulosa). Of these two freshwater
species, given similar depth and inundation, Eleocharis shows
lower mortality as compared with Cladium and found in areas
with generally longer duration of inundation (Wetzel 2001) and
were thus anticipated to be useful in characterizing long-term
trends in hydrology and salinity. Our central objective was to
evaluate how interannual variation in hydrologic and salinity

drivers influenced Cladium aboveground net primary produc-
tion (ANPP) and the presence of Eleocharis stems in the
southern Everglades by evaluating these trends over site-
specific and watershed (regional) scales. We tested the follow-
ing hypotheses: 1) If increased freshwater inflows to the south-
ern Everglades lead to longer marsh hydroperiods and deeper
water, Cladium ANPP will decline and Eleocharis stem densi-
ties will increase, and; 2) If increased freshwater inflows to the
southern Everglades lead to longer periods of fresh water (i.e.
non-detectable salinity) in the upper estuarine ecotone,Cladium
ANPP will increase and Eleocharis stem densities will decline.

Materials and Methods

Study Site

The southern Everglades study landscape includes the Taylor
Slough and the C-111 Basin watersheds (Fig. 1). These two
basins are the dominant contributors to water delivered to the
freshwater and estuarine portions of eastern and southern

Fig. 1 Map of Florida (inset)
indicating the location of
Everglades National Park ( ).
The map shows sites monitored
along Taylor Slough and the
C-111 Basins with location of
L31-W canal (dashed line) with
levee breach indicated with dark
line at southern end of L31-W.
Water control structures labelled
as S332-D, S18-C and S197. Sites
W1 and W3 in the C111 Basin
correspond to sites TS/Ph4 and
TS/Ph5
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Everglades National Park (ENP; Davis and Ogden 1994).
These drainages, and the downstream mangrove estuaries that
form the northern shore of Florida Bay (also included in the
southern Everglades study area), will continue to experience
significant hydrological changes as a result of anticipated
Everglades restoration activities. The Taylor Slough watershed
has experienced reduced freshwater inflow over the last 50
years some of which has been diverted to the C-111 Basin
through the Barnes Sound and more recently (1997) as over-
land flow (Davis and Ogden 1994, Parker 2000). In 1998, the
Southern Everglades Ecosystem Monitoring program began,
collectively funded by the South Florida Water Management
District (SFWMD) and ENP. This research program was
designed to address the need for continued monitoring and
adaptive assessment of key management drivers and to assess
how hydrologic restoration has and will impact ecosystem
dynamics in the Taylor Slough and C-111 basins of the south-
ern Everglades. Water management practices result in mark-
edly different hydrologic patterns in these two adjacent wet-
land drainages (Rudnick et al. 1999). In the C-111 Basin, past
hydrologic modifications have included a levee that was re-
moved from the C-111 canal in 1997 to restore water flow and
increase hydroperiods in the downstream wetlands (Parker
2000). Since that time, water has entered the C-111 basin
through overland flow across this levee removal zone once
the canal reaches bankfull water level. In upper Taylor Slough,
pump operations have been altered since 2001 with water now
entering the system through a series of retention ponds across
a small berm removal area (Fig. 1) just north of a now defunct
pump structure. Anticipated hydrologic restoration actions in
this region will direct more water to Taylor Slough, which is
expected to result in less water delivery to the C-111 Basin
(USACE 2011).

The study site encompasses the Taylor Sloughwatershed and
C-111 Basin (Fig. 1). This landscape is made up largely of short
hydroperiod marl marsh with estuarine mangrove wetlands to
the south. Four sites in Taylor Slough form a long-term moni-
toring transect of the Florida Coastal Everglades LTERProgram
(FCE LTER; TS/Ph1, TS/Ph2, TS/Ph3, TS/Ph6; TS/Ph1 corre-
sponds to Lat/Long 25.4, −80.6). The transect is anchored just
north of the upstream source of canal inflow, where water enters
the marsh through a breach in a levee that borders the eastern
margin of Everglades National Park in this area (L31W levee;
Fig. 1). The C-111 Basin sites are located both north (N1 and
N2) and south (TS/Ph-4 also W1 and TS/Ph-5 also W3) of the
C-111 canal, with one site east of both the canal and U.S.
Highway 1 (USC1; Fig. 1). Seasonal variability in water levels
and inundation in the C-111 Basin landscape are controlled by a
combination of local rainfall, which dominates at N1, N2, and
USC1, and activities associated with water management, which
dominates at the TS/Ph-4 and TS/Ph-5 sites.

At each site, we quantified Cladium jamaicense above-
ground live standing crop (biomass) and estimated ANPP

and quantified Eleocharis cellulosa stem density. Macrophyte
measurements were made every 2 months in triplicate 1 m2

plots at each of the sites. Cladium biomass and ANPP were
quantified following the non-destructive phenometric method
described in Daoust and Childers (1998) and using the biomass
and mortality models described in Childers et al. (2006a) to
estimate ANPP. All Eleocharis stems were counted bimonthly
to obtain total stem density m−2. Annual Eleocharis stem
density was assessed as average and maximum density of
bimonthly estimates per year. Maximum Eleocharis stem den-
sity is a bimonthly maximum of the average of three replicate
plots in a year. Due to changes in monitoring priorities and
periodic funding gaps, data are not available for all sites in all
years of the monitoring program. Water depth relative to the
soil surface was recorded hourly with ultrasonic water level
recorders (Infinity Instruments, Daytona Beach FL) at each
of the sites. Discharge (m3 s−1) data from the S-332D pump
and at the S-18C and S-197 structures were downloaded
from DBHYDRO (SFWMD; http://www.sfwmd.gov/
dbhydroplsql/) and used to estimate canal inflow rates for
Taylor Slough and the C-111 Basin, respectively. We used
precipitation data collected at each site or from ENP meteoro-
logical stations located in Taylor Slough (TSB=TS/Ph1, TS/
Ph2, TS/Ph3; TR=TS/Ph6 and EVER8=TS/Ph4, TS/Ph5, N1
and N2; ENP data not publically available) when site-specific
data were not available. Water samples for salinity were col-
lected every 18 h with ISCO automatic water samplers
(autosampler) deployed at each of the sites (see Childers
et al. 2006b for sampling and analytical details).

In this investigation of hydrology and salinity factors on
Cladium ANPP and Eleocharis stem density, we quantified
hydrologic parameters including mean annual water depth
(cm), maximum annual water depth (cm), hydroperiod
(days), Depth*Days (m*d; a hybrid variable that accounts
for both mean water depth and hydroperiod; see Childers
et al. 2006a for details), mean annual canal inflow (m3 s−1),
and total annual canal inflow (m3 yr-1). Precipitation data
were in annual totals (cm yr−1) and salinity variables at the
TS/Ph6 site included mean annual salinity (ppt), maximum
annual salinity (ppt), and the fraction of the year with salinity
>0, <5, and >30 ppt (# days) based on divisions of no,
measurable but low (with no cited effects; Macek and
Rejmankova 2007) and high salinity. We used best-fit regres-
sion analysis to test the effects of time and hydrologic param-
eters on site-specific (at each site independently) responses of
Cladium ANPP and Eleocharis stem density at all sites with
the exception of the salinity parameters that were evaluated at
TS/Ph6 only – the only site with measurable salinity. We also
tested the effect of hydrologic variation on regional macro-
phyte patterns. For regional analyses, we grouped sites into
freshwater Taylor Slough (TS/Ph 1, TS/Ph 2 and TS/Ph 3), C-
111 south of the canal (TS/Ph 4 and TS/Ph 5) and C-111 north
and east of the canal (N1, N2, USC1) based on geographic
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location and common hydrologic histories (Parker 2000;
USACE 2011). Our approach was to determine trends in
hydrology and salinity, and relate these trends to variation in
site-specific and regional patterns of production and stem
density of two, dominant freshwater species in the
freshwater-coastal ecotone of the southern Everglades.

Results

Trends in Hydrology and Salinity

We monitored hydrologic variables, precipitation, and salin-
ity for the eight sites in our study area (Table 1; hydrologic
data for N2 were not available). The TS/Ph2 site, south of
Main Park Road in Taylor Slough, had the highest mean and
maximum annual water levels, longest hydroperiod, and
highest values of Depth*Days. Sites with moderate inunda-
tion depths but long hydroperiods were TS/Ph3, TS/Ph4,
TS/Ph5 and N1. The driest site was the TS/Ph6 estuarine site
in lower Taylor Slough.

All sites but TS/Ph6 were characterized as freshwater
marshes with no measurable salinity. However, at TS/Ph6
the inter annual variation in salinity was pronounced
(Table 2). Over our 12 year period of record, mean annual
salinity ranged from 1.5 to 16.4 ppt. Maximum salinities late
in the dry season were often higher than oceanic salinities;
the maximum reached nearly 50 ppt in 2005. In 2004, 2005
and 2008, salinity exceeded 30 ppt for roughly 25 % of the
year while 2000, 2002 and 2003 were particularly wet years
and salinity at TS/Ph6 never exceeded 30 ppt.

Temporal Patterns and Hydrologic Drivers of Eleocharis
Density

At the sites south, north and east of the C-111, Eleocharis stem
density varied significantly with time at the TS/Ph 4, TS/Ph5,

andN2 sites (Fig. 2). Therewere significant increases in average
annual stem density at TS/Ph4 and both average and maximum
stem density at TS/Ph5. These relationships were described by:
1) a polynomial model for TS/Ph4 (r2=0.83, F=9.81, p=0.029,
y=1.84x2-4.36x-8,715) and 2) linear relationships for TS/Ph5
(Average: r2=0.81, F=17.0, p=0.015, y=4.65x-9,293 and
Maximum: r2=0.70, F=9.18, p=0.039, y=5.97x-11,931). We
also found significant increases in average stem density at N2
that were described by linear relationships with time (r2=0.91,
F=20.66, p=0.045, y=35.66x-71,545).

Unlike other sites in the C-111, we found that average water
level andDepth*Days explained 84 and 78%of the interannual
variance in mean Eleocharis density at TS/Ph5 in negative
relationships (Average: F=21.05, p=0.010, y=−2.73x+80.69
and Depth*Days: F=14.06, p=0.020, y=−0.71x+69.96).
When sites within regions south of C-111 and north and east
of C-111 were evaluated, there were no significant relationships
between Eleocharis stem density and hydrologic drivers. Thus,
there were site-specific responses in Eleocharis to hydrologic
drivers at TS/Ph5 only and the sites within regions were not
strongly contrasted by hydrologic condition.

Eleocharis stem density showed strong temporal declines
in average and maximum annual values at TS/Ph6 but not at
any of the freshwater TS sites (Fig. 3). At the TS/Ph6 site,
non-linear temporal trends explained 90 and 95 % of the
variance in average and maximum stem densities, respectively
(F=21.96, p=0.003, y=0.43x2−1.48x+2,982 and F=45.52,
p= 0.0006, y= 0.59x2− 2.23x + 4,494, respectively).
Eleocharis density declined to a threshold in 2007–2008 and
has maintained low mean and maximum densities since that
time. Eleocharis has never been present at the TS/Ph1 site and
at TS/Ph3 stem densities do not exceed average and maximum
annual values of 8 and 15, respectively (Fig. 3). In relating
hydrologic variation to site-specific Eleocharis stem density,
there were no site-specific relationships in TS.

Regional patterns in Eleocharis at our freshwater sites in the
Taylor Slough (TS/Ph1, TS/Ph2 and TS/Ph3) included

Table 1 Hydrologic variables including mean and maximum water level, duration of inundation and depth*duration of inundation describing mean
site conditions with standard error. Values were averaged by year

Region Site Water level Inundation

Mean (cm) Maximum (cm) Duration (d yr−1) Depth*Duration (m*d yr−1)

Taylor Slough TS/Ph1 8.0±1.8 35.3±4.4 186±17 16.0±4.6

TS/Ph2 50.7±2.6 103.0±3.3 332±11 169.9±12.7

TS/Ph3 15.6±1.2 45.1±2.4 305±12 48.3±5.1

TS/Ph6 1.7±0.2 21.9±2.4 85±8 1.6±0.3

C-111 TS/Ph4 11.4±1.2 33.3±2.1 243±16 29.6±5.4

TS/Ph5 16.9±1.7 43.6±2.8 282±14 49.8±6.8

N/E C-111 N1 15.2±2.2 38.6±3.3 300±27 47.2±10.4

USC1 8.3±2.8 29.2±3.8 258±44 22.6±10.0
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significant positive relationships between mean stem density
and mean water level (r2=0.78, F=70.94, p<0.0001,
y=−9.29+0.99x; Fig. 4a), maximum water level (r2=0.74,
F=56.45, p<0.0001, y=−21.2+0.62x), hydroperiod
(r2=0.23, F=6.00, p=0.03, y=−23.5+0.14x), and Depth*
Days (r2=0.76, F=63.86, p<0.0001, y=0.27x-5.97; Fig. 4b).
We also found similar relationships between Eleocharis max-
imum stem density and these variables although relationships
with mean stem density were more robust.

Temporal Patterns and Hydrologic Drivers of Cladium ANPP

In contrast to trends for Eleocharis, we found significant
temporal declines in Cladium ANPP at both sites that were
south of the C-111 canal (Fig. 5a). However, time was a more

important explanatory variable of Cladium ANPP at TS/Ph5
as compared with TS/Ph4 that described 63 and 33 % of the
variance, respectively (TS/Ph5: F=17.29, p=0.002,
y=−17.78x+35,939 and TS/Ph4: F=4.96, p=0.050,
y=−10.61x+21,566). We found no temporal trends in
ANPP for sites north (N1, N2) or east (USC1) of the
C-111 canal, perhaps due to much shorter datasets at
these sites (Fig. 5b). There were also no significant
effects of hydrologic drivers on Cladium ANPP for
any of our C-111 sites.

We found different temporal trends in Taylor Slough
Cladium ANPP depending on the site (Fig. 6). At TS/Ph1,
there was a significant increase in ANPP with time (r2=0.63,
F=17.02, p=0.002, y=16.44x+−32,679) while at TS/Ph2
and TS/Ph3 we found significant temporal declines in

Fig. 2 Interannual variability in
average Eleocharis stem density
at C-111 sites south (TS/Ph4,
TS/Ph5), north (N1 and N2) and
east (USC1) of the C-111 canal.
Error bars are standard error

Table 2 Annual salinity factors estimated for TS/Ph6 with mean,
maximum and standard error (SE) for 2000–2011. Salinity days are
presented for number of days with salinity>0 ppt, < 5 ppt, and>30 ppt.

Inflow data (sum, mean and standard deviation (SD)) for upper Taylor
Slough were obtained from pump stations S332 (2000) and S-332D
(2001–2008)

Year Salinity (ppt) Salinity days (#) Inflow Precipitation

Mean Maximum SE > 0 ppt < 5 ppt > 30 ppt Sum (m3 yr−1) Mean (m3 s−1) SD (m3 s−1) Sum (cm yr−1)

2000 4.6 22.0 0.7 176 248 0 822 2.2 5.1 117

2001 9.7 34.3 1.2 314 226 37 1915 5.2 6.2 144

2002 5.5 28.9 0.8 365 280 0 1282 3.5 4.6 100

2003 1.5 20.2 0.3 365 338 0 1911 5.2 4.4 133

2004 13.2 40.8 1.5 365 195 89 1137 3.1 4.2 93

2005 14.9 49.3 1.6 365 181 85 2038 5.6 5.4 141

2006 8.5 33.4 1.0 365 239 26 806 2.2 3.1 123

2007 4.7 30.4 0.6 365 258 6 471 1.3 2.4 171

2008 16.4 38.7 1.3 365 125 89 1936 5.3 6.1 118

2009 7.5 34.6 0.9 365 241 29 136

2010 4.1 25.6 0.6 365 293 0 127

2011 12.2 39.1 1.2 362 191 64 52
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Fig. 4 Regression models relating variation in a mean water level and b Depth*Days to Eleocharis stem density and c mean water level and d
Depth*Days Cladium ANPP for the Taylor Slough freshwater watershed sites

Fig. 3 Interannual variability in
average Eleocharis stem density
at Taylor Slough sites TS/Ph2,
TS/Ph3 and TS/Ph6. Eleocharis
was not present at TS/Ph1. Error
bars are standard error
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ANPP. At TS/Ph2, 36 % of the variance was explained by
this trend (r2=0.36, F=5.75, p=0.037, y=−12.75x+25,801)
and at TS/Ph3, we found that 54 % of the variation in ANPP
was explained by change with time (r2=0.54, F=11.74,
p=0.006, y=−25.21x+50,958). At the estuarine ecotone

site, TS/Ph6, the relationship between time and ANPP was
curvilinear. The decrease in ANPP between 2000 and 2005
was marginally significant (p=0.06) but for 2006–2010 we
found a significant temporal increase in ANPP (r2=0.83,
F=19.06, p=0.012, y=59.05x+−118,262).

Fig. 5 Cladium aboveground
net primary production (g m−2

yr−1) at sites a south (TS/Ph4,
TS/Ph5) and b north (N1 and
N2) and east (USC1) of the
C-111 canal. Error bars are
standard error

Fig. 6 Cladium aboveground
net primary production (g m−2

yr−1) at Taylor Slough marsh
sites. Error bars are standard
error

Wetlands (2014) 34 (Suppl 1):S81–S90 S87



Tests of the relationship between hydrologic drivers and site-
specific Cladium ANPP in freshwater sites in Taylor Slough
were not significant. However, there were significant negative
relationships between hydrologic drivers and Cladium ANPP
within the Taylor Slough freshwater marsh region. At the
freshwater sites, ANPP decreased with higher mean water level
(r2=0.37, F=18.35, p=0.0004, y=−3.64x+418; Fig. 4c),
maximum water level (r2=0.40, F=16.48, p=0.0002,
y=−2.34x+471), and Depth*Days (r2=0.33, F=14.4,
p=0.0008, y=−0.95x+402; Fig. 4d).

Salinity Effects on Cladium ANPP and Eleocharis Density

At TS/Ph6, we tested the relationship between salinity and
precipitation and Cladium ANPP and Eleocharis stem density.
There were no relationships for Eleocharis stem density.
However, combinations of these drivers did explain trends in
Cladium ANPP. Cladium ANPP decreased as both precipita-
tion and the number of salinity days exceeding 30 ppt increased
[ANPP=708–2.67(Precip.) – 2.42(SalDays>30); r2=0.55,
p=0.03]. Including discharge from the S-332D pump described
an additional 28 % of the variance in Cladium ANPP, with a
positive relationship between this measure of water manage-
ment inflow and production [ANPP=712–4.67(Precip) –
4.66(SalDays>30)+0.006(InflowSum); r2=0.83, p=0.023].

Discussion

Evaluating changes in both Eleocharis and Cladium at sites
over an extensive spatial scale and decadal time scales re-
vealed important corollary trends and influence of hydrologic
and climatic drivers. Additionally, these findings may be used
to make more accurate predictions of how these regions of the
wetland landscape may respond to future changes in water
management associated with Everglades restoration efforts.

Since the hydrologic ranges of Eleocharis cellulosa and
Cladium jamaicense can generally be differentiated under field
conditions (Wetzel 2001), evaluating the direction of their re-
sponses simultaneously provides supporting evidence for wet-
land ecosystem changes in the Taylor Slough and C-111 re-
gions of the southern Everglades. A recent experiment byMiao
and Zou (2012) helps to identify more precise hydrologic
tolerances for these species. In this study, the authors exposed
the species to 9 months of inundation at water levels of 20 and
60 cm depth, respectively. They showed increased stem height
of Eleocharis cellulosa plants exposed to deeper water levels,
however this coincided with a 10 % increase in mortality and
decreased biomass. At 20 cm water level, Eleocharis experi-
enced 0 % mortality. Thus, a 9-month inundation period at
60 cm or greater water depth may approximate the upper
hydrologic tolerance for Eleocharis. Further, experimental ma-
nipulation of water depth variation illustrated that Eleocharis

cellulosa could adjust its biomass allocation to rapidly (< 10
weeks) respond to new water level conditions (Edwards et al.
2003). In theMiao and Zou (2012) experiment, the authors also
showed 50 and 80 %mortality inCladium jamaicense exposed
to 20 and 60 cmwater depths. This greater increase in mortality
between 20 and 60 cmwater depth also coincided with a nearly
50 % decrease in biomass (Miao and Zou 2012). Furthermore,
Miao and Zou (2012) suggest that increased mortality in
Cladium is related to an inability to shift aboveground/
belowground allocation to adjust to changing hydrologic con-
ditions. Consequently, these data suggest that, given the same
duration of inundation, Eleocharis cellulosa is not only more
water tolerant but also more tolerant of fluctuating water levels
suggesting it is generally more robust within this range of
hydrologic conditions. Moreover, these and other experimental
data help to define the hydrologic conditions for these species
and guide our interpretation of site-specific macrophyte re-
sponses, regional scale patterns and recent landscape change
in the southern Everglades.

In the C-111 Basin, at sites south of the C-111 canal (TS/Ph4
and TS/Ph5), there were significant changes in both Eleocharis
stem density and Cladium ANPP over time. Eleocharis
responded with an increase in stem density over time while
Cladium ANPP declined. In their analysis of hydrologic con-
trols onCladiumANPP rates, Childers et al. (2006a) also found
a negative relationship, but with a shorter time-series of data.
We expected to see similar relationships. While changes in
Cladium ANPP in this area are consistent with increased water
level and length of inundation, temporal changes in Eleocharis
coincided with decreasing water level at TS/Ph5. Since 1998,
overland flow into the C-111 south of the canal was
reintroduced with species responses characteristic of an in-
creasingly wetter environment. However, at the lower TS/Ph5
site, other factors may have influenced the relationship between
hydrology and Eleocharis stem density. Nutrient availability
and local redox intensity are also factors that have been shown
to influence Eleocharis growth (Busch et al. 2004, Chen et al.
2005). It is plausible that conditions such as topographic posi-
tion relative to the water table and connection to upstream
surface water flow likely also modulate site-specific species
responses and shifts in community structure. Regardless, the
trajectory over time illustrates that despite the possible influ-
ence of other factors, bothEleocharis andCladium are trending
toward responses to a wetter environment.

In the C-111 region, north of the C-111 canal, we found an
increase inEleocharis over time at the southern N2 site without
significant change at the upper site (N1) within this region.
However, there was no relationship between macrophyte com-
munity response and variation in hydrologic parameters.
Further, the conditions resulting in higher Eleocharis density
at N2 have not coincided with changes in Cladium ANPP.
Because hydrology data were not available for N2, we could
not directly test its influence on Eleocharis response. It is not
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clear if active water management has contributed to this trend,
but withholding water delivery at the S-18C structure would
likely increase hydrologic head in this area. Given that the
marsh is cut off from direct canal inflows and is largely
impounded, the downstream leveemight also increase ponding
in this area just north of the C-111 levee road. Other localized
hydrologic changes must also contribute to the trend we ob-
served as the levee has been in place since the 1960’s and
pronounced increase in Eleocharis stem density has only been
observed to occur within the last 5 years.

Within Taylor Slough, we evaluated spatial trends based
on differentiation between freshwater sites within upper TS
as compared with TS/Ph6 in lower TS, as well as within the
upper TS region. Among the freshwater TS sites, the upper-
most site TS/Ph1 was the driest followed by TS/Ph3 with the
wettest site just north of Main Park Road in ENP (TS/Ph2).
Macrophyte patterns at TS/Ph1 were consistent with a drier
hydrologic condition; Eleocharis was absent and the tempo-
ral trend illustrates that Cladium ANPP has increased at this
site. This increase in Cladium ANPP over time could not be
clearly linked with changes in hydrology probably due to
missing data from earlier years. In central Taylor Slough
(TS/Ph2 and TS/Ph3), there were no site-specific changes
over time or response to hydrologic drivers in Eleocharis
stem density. However, taken together, there was a regional
trend of higher Eleocharis stem density with higher water
level and Depth*Days (Fig. 4a and b). This relationship with
hydrology is likely a function of hydrologic conditions that
were contrasted by relatively dry sites and wet sites and
illustrates the strong link between Eleocharis stem density
and hydrology. Over time, there were site-specific declines
in Cladium ANPP and these coincided with increasing water
level and Depth*Days (Fig. 4c and d). Thus, conditions
illustrate the initial shift in community structure that has been
observed at other sites – initially a decline in Cladium ANPP
that is often followed by an increase in Eleocharis stem
density. This is illustrated by a trajectory of linear decline
in Cladium ANPP followed by curvilinear increase in
Eleocharis stem density in the range of 5–10 years.

In the estuarine ecotone, the TS/Ph6 site was the only site
to have pronounced surface water salinity. Here, Eleocharis
stem density has declined over time (from highest densities in
2003 and 2004) while Cladium ANPP has increased over the
period between 2006 and 2010. In terms of the salinity pa-
rameters we tested, only the number of days in a given
calendar year in which surface water salinity exceeded
30 ppt had a significant negative influence on Cladium
ANPP in combination with other explanatory variables.
Macek and Rejmankova (2007) found that low levels of
salinity had no effect on Cladium jamaicense biomass, but
the maximum salinity level used in that experiment was 5 ppt.
Similarly, we found no relationship between Cladium ANPP
and number of days with measurable salinity under 5 ppt.

However, in a related study by Rejmankova and Macek
(2008), the authors showed increased root phosphatase activ-
ity in Cladium jamaicense between 0.5 and 5 ppt and suggest
this is a response to physiological stress. The effect of in-
creased precipitation and freshwater discharge at TS/Ph6 also
contributes to variation in plant community responses. We
found that the effect of salinity >30 ppt was modulated by
both increased freshwater flow from S-332D and local pre-
cipitation. Including these parameters in the model explained
over 80 % of the variation in Cladium ANPP at the upper
ecotone site TS/Ph6. This illustrates the significant effect that
water management and climate exert on patterns of Cladium
production in the marginal (i.e. ecotone) areas of the southern
Everglades. A recent modeling study suggests the potential for
dramatic changes in the structure and production of macro-
phyte communities across the Everglades with changes in
atmospheric CO2 concentrations predicted to decrease precip-
itation and result in lower average water depths and reduced
inundation length across the system (Todd et al. 2012).

Hydrologic restoration of the southern Everglades is incre-
mental but underway. For instance, Phase I of the C-111
Spreader Canal project, set to be completed by 2012, is an
effort to increase discharge into TS while minimizing pulsed
flows from water management (USACE 2011). Thus, with
water management operations that increase total discharge
while decreasing discharge variability, further declines in
Cladium ANPP would be predicted for TS freshwater sites in
favor of more water-tolerant vegetation. At the upper ecotone
of TS, Cladium ANPP could be expected to increase due to
lower average salinity given otherwise similar or slightly wetter
conditions in the range of 20 cm mean water depth and <9-
months inundation based on experimental work (e.g. Miao and
Zou 2012) and results of this study. This study further illustrates
that while highly managed, the Taylor Slough and C-111
watersheds maintain legacy spatial patterns that would facilitate
restoration of water depths and water delivery and that shifts in
community structure, through changes in production and den-
sity of dominant species, could occur within 5–10 years.

Throughout the ecotone, observations of low or senescent
sawgrass biomass is associated with a region of the lower
coastal ecotone that is termed the “white zone” (Ross et al.
2000). While our extensive monitoring program has illus-
trated pronounced effects of salinity and hydrology across
the Taylor Slough and C111 regions of the southern
Everglades landscape, other factors known to control
ANPP and species responses were not evaluated (i.e. soil
phosphorus availability and redox intensity; Daoust and
Childers 2004; Chen et al. 2005). Thus, a portion of the
unexplained variance could be further resolved by a better
understanding of these environmental drivers. While salinity
is clearly an important driver of ecosystem production across
the FCE coastal landscape (Childers et al. 2006a, b; Barr
et al. 2010), the specific and relative influences of salinity,

Wetlands (2014) 34 (Suppl 1):S81–S90 S89



inundation and P availability require further evaluation with
manipulative experiments. As sea level rise and salinity
transgression continue to influence freshwater marsh macro-
phyte community structure, the influence of salinity, hydrol-
ogy and P availability will be modulated by water delivery.
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