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SUMMARY   

In order to better assess the impact of sulfur on the Everglades Protection Area (EPA), an 
examination of the sources, distribution, and effects of sulfate within the EPA has been 
undertaken by the Aquatic Cycling of Mercury in the Everglades (ACME) team, with support 
from the South Florida Water Management District (SFWMD or District), Florida Department of 
Environmental Protection (FDEP), and the U.S. Geological Survey (USGS). This appendix 
presents an initial examination of spatial and temporal trends in surface water sulfate and sulfide 
within the EPA, based on a compilation of the long-term USGS/ACME and SFWMD data sets. 
This data analysis was completed in order to help translate the biogeochemical relationships that 
the ACME project is developing between sulfate and methylmercury (MeHg) production, to the 
larger EPA. Other primary objectives include a first assessment of sulfate loading and 
concentration trends through time, and an initial evaluation of the impacts of excess sulfate 
loading on the ecosystem. This new data compilation complements the U.S. Environmental 
Protection Agency’s REMAP surveys of sulfate in the Water Conservation Areas (WCAs) and 
Everglades National Park (ENP or Park). Both studies show similar spatial patterns in surface 
water sulfate concentrations. The combined SFWMD/ACME data can be used to examine 
temporal trends at fixed sites, and to estimate sulfate loads through major structures.  

Additionally, this appendix contains a draft assessment of sources of sulfur to the EPA, based 
on the above mentioned data compilation, the existing literature, and stable isotope composition 
of sulfur across the Everglades. Finally, the appendix includes preliminary data from a mesocosm 
study in which the impact of sulfate on emergent vegetation is being assessed. An overview of 
recent and ongoing research on the relationships between sulfur and mercury biogeochemistry 
can be found in Appendix 3B-2. In summary, this appendix presents: 

1. The initial phases of a study on the distribution of sulfur within the EPA using long-term data 
sets from both the SFWMD and the ACME project. Preliminary results presented include the 
following:  

• Compilation and graphical presentation of available surface water sulfate and sulfide 
data for the expanded EPA 

• Estimation of sulfate loads at major inflow and outflow structures within the EPA 

• Temporal trends in sulfate load and concentration for major structures 

• Temporal trends in sulfate concentration at interior marsh sites  

• A preliminary synthesis and evaluation of existing information on sources of sulfur to 
the Everglades; this initial assessment is based on stable sulfur isotope data, rain and 
groundwater inputs, and spatial trends for sulfur across the ecosystem 

2. The preliminary results from ongoing studies of the impacts of sulfate on plant community 
structure in the Everglades. 
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PRELIMINARY FINDINGS  

• Sulfate concentrations in the northern Everglades canals and marsh surface waters are highly 
enriched above concentrations found in pristine marshes away from canals. Average surface 
water sulfate concentrations in contaminated marsh areas sometimes exceeded 60 milligrams 
per liter (mg/L). The highest surface water sulfate concentrations (excluding estuarine and 
marine sites) were observed in canal water in the Everglades Agricultural Area (EAA). 
Average sulfate concentrations from USGS sampling in EAA canals during the period  
1995–2000 were 72.8 mg/L in the Hillsborough Canal (n = 28), 55.8 mg/L in the North New 
River Canal (n = 23), and 65.6 mg/L in the Miami Canal (n = 12), compared to 
concentrations of less than 1 mg/L at sites in the ENP considered pristine, and representative 
of sulfate concentrations in the historical Everglades (Maps #2 and #3). Concentrations of 
sulfate approaching 200 mg/L were intermittently observed in canal water within the EAA. 

• Large areas of the Everglades are impacted by elevated sulfur concentrations, including 
WCA-2A and 2B, most of the northern half of WCA-3A, and locations adjacent to canals in 
WCA-1, WCA-3, and Taylor Slough in the ENP. 

• The highest average surface water sulfate concentrations in the freshwater Everglades were 
found in canal waters in the EAA (Maps #2 and #3). Based on surface water sulfate 
concentration data, and loading data from structures, most of the sulfate load to the WCAs 
originated from canals draining the EAA. 

• Few structures showed significant temporal trends in sulfate load during the time period 
examined based on Seasonal Kendall analyses (see Attachment 1). For most structures, 
except those associated with Stormwater Treatment Areas (STAs) and other recent 
construction, this time period is 1993–2005. However, it should be emphasized that the 
Seasonal Kendall analysis tests for trends over the entire period of record while trends on 
shorter time scales would not generally be detected.  

• Converse to the previous statement, sulfate concentrations increased through time while 
water flow decreased through time for many structures discharging into WCA-2A and 
northern WCA-3A during the period of record, based on Seasonal Kendall analyses. Because 
these structures are the major sources of sulfate loading to the WCAs, the drivers underlying 
these trends should be explored.  

• A comparison of inflow and outflow concentrations through time in the STAs suggests that 
these structures can remove some incoming sulfate, but the fractional reduction is much less 
than for phosphate. While concentration reductions of up to one-third were seen in one STA, 
other STAs showed little decrease or even increased sulfate concentrations. Sulfate 
production by some STA cells has been attributed to sulfur oxidation during drying and can 
be mitigated through water level management. Sulfate budgets for the STAs should be 
constructed to provide better estimates of sulfate removal and to highlight treatment strategies 
that would remove the most sulfate.  

• Significant downward trends in sulfate concentration through time were found at all four 
interior marsh sites examined in WCA-2A and at one site in WCA-3A, but not at any site in 
WCA-2B. Substantial data density through time was available for the sites examined. Linking 
sulfate trends in canals and structures to trends in the marsh is the next challenge for 
examination. Models used by the SFWMD to predict other surface water parameters in the 
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marsh, such as phosphate, could be applied. However, like phosphate, sulfate does not behave 
conservatively in the marsh (removed via microbial sulfate reduction and plant uptake) and 
models would have to account for that behavior.  

• Evaluation of sulfate sources at a marsh site with elevated sulfate levels (WCA-2, site F1) 
indicated that the EAA canal water is the source of the sulfate to this site and is based on the 
following findings: 

1. Rainwater had sulfate concentrations too low to account for the levels in the marsh 
surface water, and sulfur isotopic composition different from that of the marsh surface 
water. Atmospheric deposition of sulfate, even assuming an additional 50 percent from 
dry deposition, is insufficient to account for sulfate levels in surface water at this site.  

2. Shallow groundwater (< 9 m depth) had sulfate concentrations too low to account for the 
sulfate concentrations observed in the marsh surface. 

3. Deep groundwater (> 9 m depth) at this site had high sulfate concentrations, but a sulfur 
isotopic composition and a sulfate/chloride ratio different from that in the marsh surface 
water.  

4. Nearby canal discharge water had a sulfate concentration and sulfur isotopic composition 
nearly identical to that of the marsh surface water. 

• There are several possible sources for the high sulfate levels in EAA canal water; however, 
the following data findings are consistent with sulfur application in the EAA, and to a lesser 
extent Lake Okeechobee, as being major sources:  

1. Isotopic composition of EAA canal water sulfate was similar to that for agricultural 
sulfur as used in the EAA.  

2. Sulfur released from mineralization of EAA soils plausibly was sourced from previously 
applied agricultural sulfur; EAA soil had sulfur isotopic composition similar to that of 
agricultural sulfur, but different from the isotopic composition of Everglades soil. 
Likewise, EAA soils have higher sulfur content than expected for organic soil deposits, 
suggesting sulfur supplementation.  

3. Groundwater, another possible source of sulfate to EAA canals, has a different sulfur 
isotopic composition and/or a different ionic composition (sulfate/chloride ratio) than 
canal water. 

4. Lake Okeechobee has elevated sulfate concentrations and contributes sulfate to EAA 
canals. Sources of sulfate to Lake Okeechobee include rivers entering the lake from the 
north that drain urban and agricultural lands, current and historical backpumping from the 
EAA, and leakage from the Rim Canal. However, during the rainy season when runoff 
from the EAA supplies the majority of the flow to EAA canals, sulfate concentrations are 
higher in EAA canals than in Lake Okeechobee, indicating that the lake is probably not 
the dominant sulfate source to EAA canals or Everglades marshes.  
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• While the data currently available support the hypothesis that sulfur used for agriculture (new 
sulfur and legacy sulfur from EAA soil mineralization) is the major source of sulfate to EAA 
canals and then to the EPA, further investigation of the source(s) of sulfate to EAA canals is 
necessary to confirm the following findings and allow for construction of an Everglades 
sulfur mass balance:  

1. Sulfate contamination of the EPA results in sulfide accumulation in soil porewaters 
across large areas of the Everglades. Sulfide can cause a variety of negative impacts in 
the ecosystem.  

2. A hydroponic, short-term experiment showed that sawgrass (Cladium) is more sensitive 
to sulfide than cattail (Typha), suggesting that species-differences in sulfide tolerance 
help to explain the expansion of Typha into areas previously dominated by Cladium. 
Sulfide concentrations that were inhibitory to the growth of Cladium, but not Typha, are 
routinely found in soil porewaters in eutrophic areas of WCA-2A. However, in a field 
mesocosm experiment in central WCA-3A, sulfate dosing that resulted in surface water 
sulfate concentrations up to 50 mg/L had no significant effect on the growth of either 
species. Sulfide concentrations in the mesocosm experiment did not reach levels found in 
eutrophic areas of WCA-2A. Growth variables were consistently greater for Typha was 
than that for Cladium during the study. Although these results suggest that sulfide could 
be playing a role in the expansion of Typha in the Everglades, considerably more 
research is needed to conclusively determine the role of sulfide in impacting Cladium and 
other plant species within the Everglades, especially with respect to the interactive effects 
of sulfide and other known stressors like excess phosphorus and prolonged hydroperiods. 

3. Past reports and presentations have hypothesized that decreases in fish mercury 
concentrations observed in central WCA-3A may be at least in part due to declines in 
sulfate concentrations in that area. This appendix proposes that the broad declines in 
surface water sulfate across WCA-2A may be contributing to observed declines in fish 
mercury in WCA-2A as well.  

4. A sulfate-addition mesocosm study done in 2003–2004 at site 3A-15 in WCA-3A showed 
a significant positive correlation between surface water sulfate concentrations and MeHg 
concentrations for sulfate levels between < 0.5 and 20 mg/L (see Appendix 3B-2). In this 
study, sulfide concentrations remained below about 250 micrograms per liter (μg/L). 
Previous ACME mesocosm studies demonstrated significant positive relationships 
between sulfate (at concentrations up to 10 mg/L) and MeHg at multiple sites in the 
Arthur R. Marshall Loxahatchee National Wildlife Refuge, WCA-2A, 2B, and 3A. 
Control of MeHg production is a balance between microbial activity (sulfate reduction 
rate or SRR) and the resultant dissolved sulfide concentration. Soil chemistry 
significantly affects the balance between SRR and sulfide accumulation. Thus, the effect 
of sulfate on net MeHg production depends on how much dissolved sulfide accumulates 
in soils. Further research and modeling will be needed to predict the impact of changing 
sulfate loadings on MeHg production in each of the WCAs and ENP.  

5. Taken together, the mesocosm studies and the concomitant declines in sulfate and 
mercury in fish in both WCA-2 and WCA-3A suggest that reductions in sulfate loads to 
the Everglades would be effective in reducing mercury concentrations in fish across a 
broad area of the Everglades marshes.  
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I. INTRODUCTION - SULFUR IN THE EVERGLADES 

The freshwater Everglades is an ecosystem that is naturally low in sulfur (Bates et al., 1998; 
Orem et al., 1997). Excess sulfate loading to freshwater marshes results in many biogeochemical 
changes, and is emerging as a major concern for these ecosystems (e.g. Smolders et al., 2006). 
Sources of sulfur contamination to freshwater marshes include acid deposition, wastewater, urban 
runoff, and agriculture (Smolders et al., 2006). Awareness of the extent and effects of sulfur on 
the Everglades has lagged behind other contaminants. Its distribution began to be understood in 
the mid 1990s and its deleterious effects on ecosystem function soon thereafter. Initially, sulfate 
contamination was linked to changes in methylmercury production in the Everglades. Most 
recently, the impacts of sulfate on nutrient fluxes, soil redox potential, emergent plants, and tree 
islands have become issues. Effects on benthic communities, periphyton communities, and 
groundwater quality are poorly understood potential effects. There is extensive sulfur 
contamination of the Florida Everglades. The extent of sulfur contamination in the Everglades 
was first documented by the U.S. Geological Survey (USGS) (Orem et al., 1997a and 1997b), and 
confirmed by later USGS (Bates et al., 2002) and U.S. Environmental Protection Agency 
(USEPA) studies (Stober et al., 2001). Sulfate, like other contaminants entering the ecosystem, 
tends to show a north-south concentration gradient in surface water, with higher concentrations in 
the north (Figure 1). Sulfate (the major form of sulfur in surface water) concentrations in surface 
water of northern canals and marshes can exceed 100 milligrams per liter (mg/L), compared to 
less than 1 mg/L in more pristine parts of the ecosystem further south. This north-south gradient 
in water quality reflects the discharge of canal water with high concentrations of dissolved 
chemical constituents into marshes in the northern part of the ecosystem. The canal water 
originates from Lake Okeechobee and rivers draining into the lake, and receives runoff from 
agricultural fields in the Everglades Agricultural Area (EAA). Contamination of the Everglades 
by phosphorus from canal water discharged into the ecosystem has been well documented (Koch 
and Reddy, 1992; Craft and Richardson, 1993; DeBusk et al., 1994). Contamination by other 
chemical species (e.g., sulfate), however, is not well recognized, and the effects of this 
contamination on the ecosystem are not fully known.  

As excess sulfate enters the Everglades it stimulates microbial sulfate reduction in the anoxic 
flocs and soils (peats) underlying the freshwater Everglades, producing toxic hydrogen sulfide 
and other reduced sulfur compounds as byproducts (Figure 2). Sulfide builds up in porewater at 
sulfur-contaminated sites in the north to concentrations of thousands of micrograms per liter 
(μg/L) (up to 12,000 μg/L, see Figure 2), compared to sulfide concentrations below detection  
(< 0.1 μg/L) in porewater at pristine sites (Figure 1). Accumulation of reduced sulfur in soils is 
also significantly higher at contaminated northern sites compared to pristine areas (Figure 1). 
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Figure 1. Data synopsis of the north-south gradient in chemical parameters 
observed in surface water, porewater, and soils in the Everglades.  

DRP = dissolved reactive phosphate; AR = accumulation rate. Values given are 
illustrative, representing rough averages for the cattail impacted areas of WCA-2A 
for 1995–2000 (left) and for relatively unimpacted areas of WCA-3A/Everglades 

National Park (right). (Source: figure compiled from USGS data.) 
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Figure 2. Concentrations of sulfate (top) and sulfide (bottom) in surface and 
porewater at three sites in the northern Everglades in August 1996. Note the 

exponential decrease of sulfate with depth in the soil porewater, characteristic of 
microbial sulfate reduction (Source: W. Orem, USGS).  
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EFFECTS OF SULFUR CONTAMINATION  

Mobilization of nitrogen and phosphorus from soils. Increased external sulfate loading to 
wetland soils may lead to mobilization and/or decreased retention of nitrogen and phosphorus in 
soils. This is sometimes termed “internal eutrophication,” defined as the “eutrophication of 
wetland surface waters as a result of changes in water quality without additional external supply 
of nutrients” (Smolders et al., 2006). Changes in alkalinity and sulfate are the two water quality 
parameters most often linked to “internal” eutrophication. When linked to sulfate, the process is 
termed “sulfate-mediated eutrophication.” At least two mechanisms are involved. Production of 
sulfide in flocs and soils drives down the redox potential of these zones, resulting in the release of 
redox-sensitive nutrient species, particularly ammonium and phosphate. Further, sulfate-reduction 
enhances phosphate and ammonium remobilization through alkalinity generation (Smolders et al., 
2006). Sulfate-reducing bacteria (SRB) are metabolically more versatile than methanogens. This, 
sulfate addition to freshwater wetlands may increase overall organic carbon utilization and reduce 
the rate of carbon (e.g., peat) sequestration in soils.  

The ACME project has begun to examine the influence of sulfate on phosphate 
retention/remobilization in Everglades soils. ACME studies of the influence of drying and 
rewetting cycles on soil methylmercury (MeHg) production and nutrient release (Krabbenhoft 
and Fink 2001; Gilmour et al., 2004) showed significant pulses of MeHg production, and 
ammonium and phosphate release after summer rewetting after the 1999 drought, and in 
experimentally dried soils from WCA-3A site 15 and STA-2 Cell 1. Soil amendment studies 
underway in 2006 are investigating how soil type influences these pulses and are beginning to 
examine the impacts of sulfate concentration on soil nutrient release, separately, from drying and 
rewetting cycles. Current studies are examining soils from four different STAs.  

Net methylmercury production. Sulfur in the Everglades is an important contributing factor 
to MeHg production within the ecosystem (Gilmour et al., 1998 and 2000; Krabbenhoft et al., 
2000; Benoit et al., 2003). Sulfate stimulates the activity of SRB under anoxic conditions when a 
supply of labile organic matter is available, and SRB are important mediators of net MeHg 
production. 

The mercury and sulfur cycles are closely linked. The balance between sulfate and sulfide is a 
key control on mercury net methylation rate in many ecosystems (Munthe et al., 2006). Sulfate 
affects mercury methylation along a subsidy-stress gradient (Odum et al., 1979). Sulfate 
stimulates mercury-methylating SRB, while excess sulfide creates mercury complexes that are 
not bioavailable for uptake by methylating bacteria (Benoit et al., 1999a and 1999b; Marvin-
DiPasquale and Agee, 2003). Sulfate, along with pH and dissolved oxygen concentration, has 
been identified as a parameter that relates to mercury levels in fish among water bodies (Wiener 
et al., 2006). Sulfate-stimulation of methylation has been demonstrated in studies that range from 
pure culture (King et al., 2000; Benoit et al., 1999a and 1999b) to sediment and soil amendments 
(Compeau and Bartha, 1985; Gilmour et al., 1992; Harmon et al., 2004; King et al., 2001; Benoit 
et al., 2003) to field amendments to lakes and wetlands (Watras et al., 1994; Branfireun et al., 
1999; Benoit et al., 2003; Jeremiason et al., 2006). Among these studies, the optimal 
concentration for methylation ranges from 1 to 30 mg/L sulfate, dependant on microbial activity.  
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Figure 3. Average concentrations of dissolved sulfide [parts per billion (ppb)] in the 
upper 5 centimeters (cm) of porewater from sites throughout the freshwater 

Everglades (Source: data from USGS).  
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Accumulation of dissolved sulfide. At a fixed rate of sulfate reduction, increased 
concentrations of dissolved sulfide will decrease net MeHg production rates. Factors such as iron 
and organic matter concentration that impact mercury and sulfur complexation determine the 
optimum level of sulfate in a given environment. However, for most freshwater environments, 
sulfide concentrations are insufficient to significantly inhibit methylation, and MeHg production 
is a function of surface water sulfate concentration.  

Field observations in the Everglades, based on five years of detailed biogeochemical 
measurements at a suite of sites from the Arthur R. Marshall Loxahatchee National Wildlife 
Refuge (Refuge) to the ENP, suggest that maximum mercury methylation in the ecosystem occurs 
at surface water sulfate concentrations between 10 and perhaps 100 mg/L (Benoit et al., 2003; see 
also Appendix 3B-2, Figure 1). As in many ecosystems, areas within the Everglades with 
intermediate concentrations of sulfate exhibit the highest net MeHg production. During the mid to 
late 1990s, the highest MeHg concentrations in surface soils and flocs (Gilmour et al., 1998; 
Benoit et al., 2003), fish (Stober et al., 1996 and 2001), and wading birds (Frederick et al., 1997) 
in the Everglades were observed near the center of WCA-3A. Sulfate concentrations in surface 
water in central WCA-3A during this time were somewhat higher (2 to 10 mg/L) than in more 
pristine sites further south, while porewater sulfide concentrations were low enough  
(5 to 150 μg/L) to prevent significant inhibition of mercury methylation (Orem et al., 1997; 
Stober et al., 1996 and 2001). It is hypothesized that areas in the Everglades at the downgrade 
edge of the sulfate contamination plume have sulfate and sulfide levels in the correct balance to 
promote maximum MeHg production. In pristine areas of the Everglades, MeHg production may 
be limited by low levels of sulfate (< 1 mg/L) and low rates of microbial sulfate reduction. In 
areas of the Everglades heavily contaminated with sulfur (e.g., northern WCA-2A), MeHg 
production may be limited by the inhibitory effects of high porewater sulfide concentrations 
(Gilmour et al., 1998; Benoit et al., 2003).  

The ACME project team has conducted a series of mesocosms studies in the central 
Everglades since 2002 to define the range of sulfate concentrations that promote MeHg 
production and to determine how other key parameters (organic matter, iron, and the aging of 
mercury) impact the relationship between sulfate and net MeHg production (see also  
Appendix 3B-2 of this volume and previous consolidated reports). The most recent study is 
described in detail in Appendix 3B-2 of the 2006 South Florida Environmental Report –  
Volume I (2006 SFER – Volume I). In this study at a site in central WCA-3A, a linear 
relationship between sulfate concentration and net MeHg production was found at sulfate levels 
ranging from < 1 mg/L to 20 mg/L. However, porewater sulfide concentrations remained below 
about 250 μg/L. Sulfate concentrations from these sulfate-addition mesocosm studies suggest that 
broad areas of the EPA currently exhibit sulfate concentrations at which increased sulfate levels 
would be enhanced, and decreased sulfate concentrations would reduce net MeHg production and 
bioaccumulation.  

Plant growth and community structure. The hypothesis is that excess sulfate entering the 
Everglades from agricultural runoff has a significant effect on biogeochemistry, macrophyte 
growth, and the microbial community in the ecosystem. Sulfate entering the system, primarily in 
canal water discharge (Bates et al., 2002), diffuses into anoxic sediments and is reduced to sulfide 
by SRB. Buildup of sulfide in sediment porewater can have many effects on biogeochemical 
process, and toxic effects on biota. Sulfide toxicity has been shown in several environments to 
negatively impact freshwater aquatic plants (e.g., Tanaka et al., 1968; Koch and Mendelssohn 
1989; Lamers et al., 1998). The change in macrophytes observed in WCA-2 and elsewhere in the 
Everglades [cattail (Typha domingensis) displacing sawgrass (Cladium jamaicense)] has been 
generally attributed to eutrophication from excess phosphorus entering the ecosystem in 
agricultural runoff and altered hydroperiod from water management practices (Davis and Ogden, 
1994; Busch et. al., 1998; Miao and DeBusk, 1999); however, actual evidence is limited. It is 
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possible that several factors impact changes in macrophyte assemblages, including excess 
phosphorus, sulfide toxicity, and water depth. The long-term mesocosm study described in this 
appendix is the first to test the hypothesis that sulfur contamination of the ecosystem is impacting 
biogeochemical cycles, macrophyte growth and reproduction, in fauna, and the microbial 
community in the sediments and water column.  

Other impacts. Another hypothesis is that decreased soil redox resulting from sulfate loading 
impacts a variety of other ecosystem processes, but these potential impacts are poorly studied in 
the Everglades. For example, benthic community structure may be affected by sulfide toxicity. 
Periphyton community development might be indirectly affected by nutrient releases from flocs 
and soils. The maintenance of tree islands within the WCAs may be threatened by sulfide 
accumulation in soils, driven by both higher water and higher sulfate concentrations.  
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II. SULFUR SPECIES DISTRIBUTIONS ACROSS 
EVERGLADES MARSHES AND CANALS  

Data on surface water sulfate and sulfide concentrations from the USGS ACME project and 
from the South Florida Water Management District (SFWMD or District) were compiled to 
examine their distribution through space and time across the Everglades. The SFWMD data were 
obtained from the District’s hydrometeorologic database, DBHYDRO. Data queried from 
DBHYDRO included all sites within the EPA from 1993 through 2005. Available data from the 
SFWMD and USGS on sulfate in rain were also compiled. The next steps in this compilation will 
include soil and groundwater sulfur species. This compilation complements the USEPA’s 
REMAP study, which included sulfate in surface waters, by providing data on different and 
additional sites and matrices, a wider range of sulfur species, a longer data record for many sites, 
and a compilation of both canal and marsh data. The last compilation provides important 
information on sulfate transport through the ecosystem. The goal of this work is to quantify as 
best possible the ultimate sources of sulfur to the EPA and trends in sulfate load through time.  

ACME data were obtained from data collected from the USGS and the Smithsonian 
Environmental Research Center (SERC) as part of distributional and mesocosms studies in the 
Everglades marshes and canals. Data were collected beginning in 1995, and the compilation 
includes ACME data through early 2006. Data from both groups include a set of nine primary 
study sites spread across WCA-1, 2A, 2B, 3A, and the ENP. Additionally, the USGS collected 
survey data in canals, additional marsh sites, and STAs throughout the last 10 years; the SERC 
also collected additional data in the STAs. ACME data for the former Everglades Nutrient 
Removal (ENR) stretches back to 1995, while data for the newer STAs is, by default, more 
recent. USGS survey data included data from the WCAs and surrounding canals as well as marsh 
sites and canals throughout the EPA and in the Big Cypress National Preserve. 

Construction of Data Summary Maps. The DBHYDRO and ACME data sets were compiled 
by TetraTech, Inc., into a single database, which was used to map both spatial and temporal 
trends in data. The summaries involved plotting the average sulfur species data for surface water 
and rainwater on maps. These maps aid in understanding the spatial variability of sulfur 
concentrations in South Florida and, in particular, the EPA. The maps created also displayed the 
abundance of data at each station as well as average concentration data for each station. Prior to 
mapping the data, the following data processing steps were performed: 

1. For water samples with negative values, the negative values were replaced with half the 
Method Detection Limit (MDL) for that sample. 

2. For water samples with negative values and no MDL listed, 0.1 mg/L was used as the 
MDL and 0.05 mg/L was used to replace the negative value. The value of 0.1 mg/L was 
the most commonly identified MDL for sulfate. A similar process was used for sulfide in 
water. Missing MDL values was not a problem for the sediment data. 

3. Water samples with MDLs greater that 2 mg/L were not used in the figures, as these are 
assumed to be data entry or unit errors (i.e., some had MDLs of 100 mg/L or more). 
These stations constituted much less than 1 percent of the total number of data points in 
the database. 

4. Samples with similar Station IDs were often treated as different locations in the database. 
For these samples that were obviously the same location but had different IDs, the 
records were edited so the Station ID was consistent. This correction is partially complete 
and will be finalized, along with a final quality assurance check of the database, for the 
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final iteration of the maps. The maps shown in this appendix are draft products created 
prior to the final quality assurance steps. 

5. The database was queried to find the average values for each sample location. These 
average values are what were used to map the data. 

6. For data from SERC and the USGS, an effort was made to use the same station locations 
as in the DBHYDRO database when the station IDs were identical. The average data 
plotted at these stations therefore include a mix of DBHYDRO and/or SERC and USGS 
data. 
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Map #1. Distribution of sites and data density for the combined SFWMD/ACME 
surface water sulfate data set. 
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Map #2.  Average surface water sulfate concentrations from the combined 
SFWMD/ACME data set, in mg/L. 
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Map # 3. Detail from Map #2. 
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Map #4. Samples site distribution and density for rainwater samples in the 
combined SFMWD/ACME data set. 
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Map # 5. Average sulfate concentrations in rainwater, in mg/L. Note the difference 
in dot size scale from the surface water sulfate maps. 
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Map #6. Magnitude and temporal trends in sulfate concentration at major 
structures within the EPA. Sulfate concentrations (in mg/L) are averages for the 

period of record. 
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Map #7. Magnitude and temporal trends in flow at major structures within the 
EPA.  Flow is shown as average cubic feet per second (cfs) for the period of record. 
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Map #8. Magnitude and temporal trends in sulfate flux at major structures within 
the EPA. Sulfate loads are shown as the average quarterly load, in million 

grams(Mg). 
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Surface water sulfate distribution maps. Map #1 shows distribution of sites and the number 
of samples available for each surface water sulfate site. Map #2 plots the average surface water 
sulfate concentration for all of the available data in the SFWMD and EPA; Map #3 shows the 
detail from Map #2, providing detail for the WCAs and ENP.  

Overall, the highest average freshwater surface water sulfate concentrations were found in 
canal waters in the EAA, just downstream from the EAA, and in the canals that flow south into 
Lake Okeechobee. At interior sites within the marshes there is an overall gradient in sulfate 
concentration from north to south, with the exception of WCA-1 (the Arthur R. Marshall 
Loxahatchee National Wildlife Refuge), which is somewhat protected from canal inputs by its 
Rim Canal. Average sulfate concentrations above 5 mg/L are found throughout WCA-2A and 2B, 
and in most of northern and some of central WCA-3A for the period of record. Elevated sulfate 
concentrations can be found near major canals throughout the ecosystem, even in more pristine 
areas, including along the L-67 in southern WCA-3A, where the L-67 empties into ENP, and in 
Taylor Slough (ENP) near canals in the north and west (Old Ingraham Highway).  

Sulfate distribution within the marshes. Average sulfate concentrations in freshwater 
marshes of the Everglades (WCAs and ENP) over the period of record ranged from < 1 mg/L at 
sites distant or protected from canal discharge to 100 mg/L at sites near canal discharge. In the 
largely pristine WCA-1 (the Arthur R. Marshall Loxahatchee National Wildlife Refuge), sulfate 
concentrations rapidly decreased from about 15 mg/L to less than 0.2 mg/L along a transect from 
the Hillsboro Canal to the center of WCA-1. Sites near the canal in WCA-1 appear to receive 
some discharge of canal water across or from beneath the levee.  

In WCA-2A, average sulfate concentrations were uniformly high, with almost all sites 
showing average sulfate concentrations greater than 40 mg/L. There is some decline along the 
well-sampled transects from the Hillsborough Canal to the center of WCA-2A. Phosphorus 
concentrations in surface water decrease much more dramatically along these transects (Orem et 
al., 1997; McCormick et al., 2002), reflecting active uptake of phosphorus by macrophytes. 
Sulfate, which is not actively removed in large amounts by aquatic plants, penetrates much farther 
into the marsh from its point of origin (in WCA-2A, mainly canal discharge from the S-10 
structures) compared to phosphorus. Sulfate concentrations in the relatively small WCA-2B are 
somewhat lower than in WCA-2A, but still substantially elevated over concentrations in the 
southern part of the ecosystem. There appears to be higher sulfate in the northern part of  
WCA-2B.  

In WCA-3, sulfate concentrations in surface water during the period of record were generally 
highest in the north and east, and at sites near the Miami and L-67 canals. Sulfate concentrations 
up to 100 mg/L have been observed in surface water at sites in WCA-3 near points of canal 
discharge, although average concentrations in northern WCA-3A are more generally in the range 
of 10 to 20 mg/L. Sulfate concentrations in WCA-3 decreased toward the south and west, 
dropping to < 1 mg/L south of about 25° 55′ North during the sampling period of 1994 through 
2000. An intensive study site in the center of WCA-3 (site 3A-15) had sulfate concentrations that 
varied from 6 mg/L to << 1 mg/L, and with a distinct trend of decreasing concentrations over 
time from 1994 through 2000. This temporal trend may reflect changes in canal water movement 
within WCA-3.  

Farther south in the freshwater areas of ENP, sulfate concentrations in surface water were 
generally low (≤ 1 mg/L), except for sites near canal discharge (e.g., near the head of Taylor 
Slough), and a zone of relatively high sulfate (20 to 40 mg/L) in Taylor Slough east of the Old 
Ingraham Highway and the Hole in the Donut (an abandoned agricultural area) of the ENP. 
Sulfate concentrations were generally < 1 mg/L within Big Cypress National Preserve (BCNP), 
but higher sulfate concentrations (2 to 3 mg/L) were observed in marshes just north of BCNP and 
in the surrounding canals such as the L-28 (with 10 mg/L of sulfate). 
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A substantial amount of sulfur data is available for the STAs. Sulfate levels in the STA 
marshes generally reflect the concentration in feeder canals. Some decline in sulfate across the 
ENR (now STA-1W) was observed in the past. This decrease in sulfate concentration between the 
STA-1W inflow and outflow may reflect rapid sulfate reduction and the sequestering of a portion 
of the reduced sulfur in sediments as organic sulfur or metal sulfides. As currently configured, 
however, STA-1W appears to have only a marginal ability to remove sulfate from surface water. 
In general, sulfate removal by the STAs does not appear to be substantial. Additional data on 
sulfate removal by STAs is provided in Section III. Trends in Sulfate Load and Concentration 
Through Time in the EPA of this appendix.  

Sulfate concentrations in surface waters exhibit a large degree of temporal variability. For 
example, at site F1 located in WCA-2A near the S-10C canal discharge structure, sulfate 
concentrations ranged from 19 to 67 mg/L (mean = 48 ± 15 mg/L, n = 31). At site U3 in the 
center of WCA-2A, sulfate concentrations ranged from 4 to 100 mg/L (mean = 45 ± 25 mg/L,  
n = 29). At site 3A-15 located in the center of WCA-3 (a zone of high MeHg production during 
the period of record) sulfate concentrations varied from < 1 to 6 mg/L (mean = 2 ± 2 mg/L,  
n = 18). This variability reflects factors such as variation in rainfall and canal discharge, the 
timing of additions of agricultural chemicals to soils in the EAA, and seasonal drying and 
rewetting cycles.  

  Sulfate Concentrations in Canal Water, Lake Okeechobee, and Rivers. The highest 
surface water sulfate concentrations (excluding estuarine and marine sites) were observed in canal 
water in the EAA. Average sulfate concentrations from USGS sampling in EAA canals during the 
period 1995–2000 were 72.8 mg/L in the Hillsborough Canal (n = 28), 55.8 mg/L in the North 
New River Canal (n = 23), and 65.6 mg/L in the Miami Canal (n = 12). Generally, average sulfate 
concentrations in canal water increased progressing upstream toward Lake Okeechobee but 
dropped appreciably in the lake itself. This demonstrates that a significant source of sulfate enters 
the canals within the EAA after the water leaves Lake Okeechobee.  

There is considerable variability through time in sulfate concentrations in the canal water. 
The variability in sulfate concentrations in the canals appears to be largely controlled by rainfall. 
The USGS made a comparison of sulfate concentrations in canal water during a normal wet 
season in July 1997, and in July 1998 during an extended dry period associated with La Niña. 
Much higher sulfate concentrations were observed during the wet year than the following dry 
year. Lake Okeechobee is certainly the origin of much of the water in the EAA canals (Bottcher 
and Izuno, 1994), and the July 1998 sulfate concentrations in the canals may largely reflect Lake 
Okeechobee water. It is likely that during a dry season with lower overall sulfate in canal water, 
the water and sulfate in the canals comes primarily from the lake rather than from land runoff 
(Bottcher and Izuno, 1994). It is hypothesized that the high concentration of sulfate in the canal 
surface water during wetter periods results from sulfate entering the canals through runoff from 
agricultural fields in the EAA.  

Sulfate concentrations in Lake Okeechobee ranged between 20 and 50 mg/L, and. averaged 
about 28.6 mg/L in the USGS sampling set (11 samples on three separate dates). No significant 
vertical trends in sulfate concentrations were observed in the water column of the lake. The 
Kissimmee River, Taylor Creek, and Fisheating Creek are the three principal drainages entering 
Lake Okeechobee. Average sulfate concentrations in these drainages were 16, 30, and 11 mg/L, 
respectively, based on the USGS data set. The somewhat higher concentrations of sulfate in 
Taylor Creek may reflect its passage through the city of Okeechobee. Some of the sulfate in the 
rivers may also reflect contributions from agriculture (cattle ranching and citrus), where some 
agricultural chemicals containing sulfur are used. The high concentrations of sulfate in Lake 
Okeechobee (compared to most freshwater lakes) likely represent contributions from both the 
rivers feeding into the lake from the north, and backpumping of water from the EAA. Sulfate 
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concentrations from EAA water backpumped into the lake are likely to be high, due to inputs 
from sulfur used in agriculture (principally sugarcane).  

Sulfate Concentrations in Rainwater. The distribution of available rainwater data is shown 
in Map #4. On Map #4, the size of the dot indicates the number of samples used in the average at 
each site. Data include both USGS and SFWMD samples. Map #5 is a plot of the average sulfate 
concentration in rain at these sites. Note the difference in scale of dot for rain versus surface 
water sulfate maps.  

Across the EPA, there were about 15 sites where substantial rainwater sulfate data (sites with 
more than 100 data points) were available. These sites are distributed fairly evenly from north of 
Lake Okeechobee south into the ENP. Average rainwater sulfate concentrations at almost all 
collection sites in the WCAs, ENP, and around Lake Okeechobee for which large numbers of 
samples were available generally averaged in the 1 to 5 mg/L range. Some sites with fewer 
available data, particularly in the Kissimmee basin and WCA-1, gave higher averages.  

Waller and Earl (1975) also observed sulfate concentrations in the 1 to 5 mg/L range in 
rainwater from the northern Everglades region in the early to mid 1970s. These rainwater sulfate 
concentrations were considerably lower than sulfate concentrations found in surface water from 
Lake Okeechobee, EAA canals, and sulfur-contaminated marshes of the Everglades. Rainwater 
concentrations of sulfate, however, were higher than values observed in pristine areas of the 
Everglades (the interior marshes of ENP, WCA-1, and BCNP), and rainwater may be the 
principal source of sulfate in these areas of the ecosystem. 

Sulfide accumulation. Sulfate entering Everglades’ marshes in surface water slowly diffuses 
into sediments where microbial sulfate reduction occurs. Plots of sulfate concentration in 
sediment porewater from sites throughout the Everglades show rapidly decreasing concentrations 
with increasing depth (Figure 2), indicative of sulfate reduction occurring in these sediments. 
Further, sulfate reduction rates have been readily measured directly at all sites examined in the 
WCAs and ENP (Gilmour et al., 1998; Benoit et al., 2003). At many sites, these sulfate profiles 
can be modeled to estimate rates of sulfate reduction (Berner, 1980). Microbial sulfate reduction 
produces sulfide in soils as an end product (Berner, 1980). Under conditions where sulfate 
reduction rates are relatively high, sulfide may diffuse out of surface soils and accumulation in 
surface waters.  

Sulfide concentration date for surface waters and soil porewaters, available through the 
ACME project, and to a more limited extend from the SFWMD, are being compiled for the next 
phase of this study. Figure 3 shows the average values for porewater sulfide from the USGS 
portion of data set, determined from the total number of samples collected at each site from 1994 
through 2000. The number of samples available (2 to 31) varied from site to site. Sulfide 
concentrations are highly variable through time, showing strong diel cycles at many sites, as well 
as seasonal cycles over the hydroperiod of the system (Krabbenhoft et al., 2000). 

Within the USGS data set, porewater sulfide concentrations ranged from < 1 to  
< 10,000 µg/L and were highly correlated with surface water sulfate concentrations (r2 > 0.9). 
Vertical profiles of sulfide concentrations in sediment porewater frequently exhibited gradual 
increases in sulfide with depth to a subsurface maximum, and then decreasing sulfide 
concentrations (Figure 2). The subsurface maxima in porewater sulfide concentrations generally 
occurred within the upper 20 centimeters (cm) of sediment, which is the zone of maximum sulfate 
reduction and MeHg production rates (Gilmour et al., 1998).  

In WCA-1, sulfide concentrations in porewater were below detection (< 1 µg/L) in the 
interior, but ranged up to 60 µg/L at a site near the Hillsboro Canal (Figure 3). In WCA-2A, 
porewater sulfide concentrations were uniformly high, with values generally ranging from 
hundreds to thousands of parts per billion (ppb). This reflects the high surface water sulfate 
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concentrations in WCA-2A (Map #3). Average porewater sulfide concentrations along the  
F transect from the Hillsboro Canal to the center of WCA-2A showed a slight spatial trend, with 
higher values near the canal at site F1. On individual sampling dates, however, the concentrations 
of porewater sulfide near the center of WCA-2A (site U3) could be higher than those near the 
canal at site F1. This again demonstrates that sulfur contamination extends much farther into the 
Everglades compared to phosphorus contamination. In WCA-2B, porewater sulfide 
concentrations were generally higher in the north than in the south.  

In WCA-3, porewater sulfide spatial distributions also mimicked those of surface water 
sulfate. Concentrations of porewater sulfide were generally higher in the north and along the 
Miami and L-67 canals, and decreased to the south and west. Except for the areas adjacent to the 
L-67 canal, the southern part of WCA-3 was pristine with respect to sulfur during the period of 
record, and porewater sulfide concentrations were generally <1 µg/L. At the ACME intensive site 
3A-15 in the center of WCA-3, porewater sulfide concentrations ranged from 10 to 200 µg/L. The 
temporal trend in porewater sulfide at site 3A-15 mimics the surface water sulfate trend, with 
decreasing concentrations from 1995 through 2000. At freshwater sites in ENP, porewater sulfide 
concentrations were typically low, ranging from less than 1 µg/L to hundreds of µg/L. 

Available data on the concentrations of solid phase reduced sulfur species in soils are being 
compiled, along with porewater sulfide data, and will be used to examine seasonal and spatial 
trends in these Everglades contaminants.  
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III. TRENDS IN SULFATE LOAD AND CONCENTRATION 
THROUGH TIME IN THE EPA 

The Everglades ecosystem is undergoing major transitions due to restoration efforts and other 
initiatives. These include changes in water flow pathways and amounts, alterations in 
hydroperiod, and changing nutrient loads. The question is how these changes affect sulfate 
loading to the ecosystem and the processes that are impacted by sulfate pollution. To begin to 
answer this question, a compilation of SFWMD and ACME data was used to examine trends in 
sulfate concentration and load through time. The following two approaches were used:  

• Sulfate loads at 50 flow structures in the EPA were estimated from available data. Trends 
in water flow, sulfate concentration, and sulfate load were examined through time.  

• Trends in sulfate concentration at interior marsh stations were examined for six sites for 
which significant data density was available.  

TRENDS IN SULFATE LOADING AT MAJOR STRUCTURES.  

Sulfate loading calculations for 50 structures in the EPA were made using data provided by 
the SFWMD. Loads were estimated from quarterly average water flow multiplied by sulfate 
concentration data. Flow data were collected essentially continuously for most structures, while 
sulfate concentration data were generally collected once quarterly. While there are limitations on 
estimating sulfate load from once per quarter sulfate concentration measurements, presently, this 
is the best data available for assessing sulfate loading trends. 

To begin to assess the trends in sulfate load from these structures to the marshes, flow data, 
sulfate concentration data, and calculated loads were plotted through time for each set of major 
inflow structures to the WCAs and ENP. Other sites examined include input and output structures 
for the STAs, Lake Okeechobee, and the C-111 basin. A formal statistical analysis for trends in 
flow, sulfate concentration and sulfate load was also performed for each structure, using the entire 
period of data record for this analysis. when available, data were acquired from the DBHYDRO 
database from 1993 through present. For most of the major flow structures, data were available 
since that time. For some structures associated with STAs and other newer structures, the period 
of record was shorter.  

In the next sections, plots of water flow, sulfate concentration, and calculated sulfate loads for 
these structures through time are presented and discussed in a qualitative way, prior to a 
presentation of statistical analyses of these data. In evaluating these trends, it is important to 
recognize the large seasonal and inter-annual variability in the data. The major drought period in 
the late 1990s is evident throughout the data set. Statistical trend analyses of these data are given 
below.  

Input structures to the WCAs. Sulfate loads to WCA-2A through some of the S-10 structures 
appear to have decreased since record keeping began in the mid 1990s. Most of this trend was 
driven by decreased flows through the major feeder structures to these marshes, since, as in many 
cases, sulfate concentrations in water passing through these structures have increased through 
time. This is especially true for water in the major canals (the Hillsborough and North New 
River) that flow southeast out of the EAA.  

The apparent decline in sulfate loading to WCA-2A is supported by declining sulfate 
concentrations at interior marsh sites in WCA-2A. The major water inputs to WCA-2A have 
historically been through the S-10 structures on the L-39 (Hillsborough) canal. Figure 4 plots 
water flow, sulfate concentration, and calculated sulfate loads for these structures through time. 
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Sulfate concentrations appear to have increased by roughly a third during the period of record. 
Flows through these structures have decreased, and the net result was a moderate decline in 
sulfate loading. Seasonal Kendall analyses showed significant changes in flow, load, or 
concentration at some but not all of the S-10 structures (see Attachment 1).  

On the northeastern side of WCA-3A, the S-11 structures are important inflows (Figure 5). 
The S-9, to the south, has less flow and much lower sulfate concentrations and, thus, lower sulfate 
loads. For the S-11 structures, sulfate concentrations have risen by about 50 percent over the 
period of record. Flows have declined, but not significantly, and the net result is neutral for 
sulfate load over the 20-plus year record.  

Data for the S-5, 6, 7, and 8 structures, which are situated on the major canals as they flow 
south out of the EAA, are shown in Figure 6. Again, sulfate concentrations rose, especially at S-5 
and S-6, while flows dropped through about half of the structures. For some of these structures 
there was a significant trend toward higher sulfate loading; S-6 was diverted into STA-2 in 2001.  

STAs. Sulfate concentrations, flows, and loads at certain input and output structures for the 
STAs were examined in order to make a preliminary assessment of sulfate removal across these 
reconstructed marshes. The STAs are designed to reduced phosphate inputs to the WCAs through 
plant growth and phosphorus storage in accumulating soils. Sulfate removal in the STAs would 
come primarily through microbial sulfate reduction in soils, and storage of reduced sulfur as 
organic sulfur compounds and iron sulfides in soils. Because sulfur is a plant micronutrient, 
plants would also remove some sulfate from inflow waters.  

STA-5 provides an example of how these marshes process incoming sulfate (Figure 7). 
There is significant seasonality in inflow volume. Inflow sulfate concentrations also varied 
seasonally in many STAs (Figure 8), but to a lesser extent in STA-5. Outflow sulfate 
concentrations vary considerably. Sulfate concentrations in outflow may significantly exceed 
inflow after drying and rewetting cycles. However, for most of the period of record for STA-5 
Cell 1, sulfate concentrations in the outflow are somewhat below those in inflow waters. Figure 8 
shows the sulfate concentrations in inflow and outflow structures for other STAs. All of the STAs 
exhibited the pattern of sulfate spikes in outflow at certain times, although the magnitude of the 
spikes varied across years and among STAs considerably.  

The scope of this study did not include water and sulfur budgets for the STAs. However, a 
comparison of inflow and outflow concentrations through time in the STAs suggests that these 
structures can remove some incoming sulfate, but the fractional reduction is much less than for 
phosphate. For example, sulfate concentrations in outflow waters for STA-5 Cells 1 and 2 (G44 A 
and B) are on average about one-third lower than incoming sulfate concentrations (G342 A and 
B). However, STA-6 showed less than 10 percent reduction in sulfate concentration (comparison 
of G600 to G354 and G393), and STA-2 showed a greater than 20 percent increase during the 
period of record (G328 and G335).  

An examination of sulfate budgets for the STAs should be undertaken in order to provide 
better estimates of sulfate removal through the STAs and to highlight treatment strategies that 
would remove the most sulfate. The STAs may be part of a strategy to mitigate sulfate loading to 
the WCAs; however, they are also unlikely to be a full solution to the problem.  

Input structures to ENP. The S-12 structures release water from southern WCA-3 across the 
Tamiami Canal and into northern ENP. The western structures (S-12A and S-12B) release interior 
marsh water from WCA-3A, while the S-12D and S-333 structures release water from in or near 
the L-67 canal. Sulfate concentrations tended to increase at the structures near the L-67 for the 
period of available data (Figure 9), while sulfate concentrations decreased at the structures fed by 
open marsh waters. However, sulfate data were collected infrequently for these structures prior to 
1998. These data for the structures entering the ENP highlight how canals deliver sulfate further 
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south into Everglades wetlands. While flow across each of the S-12 structures is similar, the 
much higher sulfate concentrations at the structures near the L-67 make S-12D and  
S-12C very important contributors to sulfur load into the north end of Shark Slough in the ENP.  
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Figure 4. Temporal trends in sulfate concentration (top), water flow (middle), and 
sulfate load (bottom) to WCA-2A through the S-10 structures on the northeast 

edge of WCA-2A plotted as quarterly averages (Source: data from SFWMD). Arrows 
indicate results of Seasonal Kendall analysis of the direction of any temporal trend 
over the period of record. Directional arrows show trends that were significant for 
some but not necessarily all of the structures graphed here. See Maps #7 and #8 

and Table 3 for trend analysis statistics for each structure.  
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Figure 5. Temporal trends in sulfate concentration (top), water flow (middle), and 
sulfate load (bottom) to WCA-3A through the S-11 structures and S-9 on the 
northeast edge of WCA-3A plotted as quarterly averages (Source: data from 

SFWMD). Arrows indicate results of Seasonal Kendall analysis of the direction of any 
temporal trend over the period of record. Directional arrows show trends that were 

significant for some but not necessarily all of the structures graphed here. See  
Maps #7 and #8 and Table 3 for trend analysis statistics for each structure.  
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Figure 6. Temporal trends in sulfate concentration (top), water flow (middle), and 
sulfate load (bottom) through structures S-5, 6, 7, 8, and 150 on the major canals 

at the EAA/WCA junctions on the south and east sides of the EAA plotted as 
quarterly averages (Source: data from SFWMD). Arrows indicate results of 

Seasonal Kendall analysis of the direction of any temporal trend over the period of 
record. Directional arrows show trends that were significant for some but not 

necessarily all of the structures graphed here. See Maps #7 and #8 and Table 3 
for trend analysis statistics for each structure.  
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Figure 7. Sulfate inputs and outputs to STA-5, Cell 1. Temporal trends in sulfate 
concentration (top), water flow (middle), and sulfate load (bottom) and input 
structures to Cell 1A and output structures from Cell 1B in STA-5 plotted as 

quarterly averages (Source: data from SFWMD).  
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Figure 8. Sulfate concentrations in STA inflow and outflow waters for STA-6 (top), 
STA-2 (middle), and STA-5 Cell 2 (bottom). All graphs show temporal trends in 

sulfate concentration plotted as quarterly averages (Source: data from SFWMD). 
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Figure 9. Temporal trends in sulfate concentration (top), water flow (middle), and 
sulfate load (bottom) to ENP through the S-12 structures and S-333 on the 
southern edge of WCA-3A plotted as quarterly averages (Source: data from 

SFWMD). Arrows indicate results of Seasonal Kendall analysis of the direction of 
any temporal trend over the period of record. Directional arrows show trends that 
were significant for some but not necessarily all of the structures graphed here. 

See Maps #7 and #8 and Table 3 for trend analysis statistics for each structure.  
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Seasonal Kendall analysis for structures. A Seasonal Kendall analysis was used to 
quantitatively examine trends in sulfate concentration, water flow, and sulfate load at roughly 50 
structures within the EPA. These analyses were performed by Tetra Tech, Inc., using the 
averaged quarterly sulfur concentration and flow data and the total quarterly sulfur load. Prior to 
statistical analyses, all of the quarterly data were checked to ensure that only stations with at least 
three data entries were considered, with the flow, concentration, and load data sets reviewed 
separately. All blank entries were eliminated from the data sets.  

A one-sided test for seasonal analysis was performed with a significance level of 5 percent. 
Slope values of sulfur concentration, total load, and flow rate are expressed in units of milligram 
per liter per year (mg/L)/year, million grams per year (mg/year), and cubic feet per second per 
year (cfs/year), respectively. The null hypothesis ( H0 ) assumes that there is no trend in the data 
for any of the seasons as a function of time. However, the program checks for the following two 
alternative hypotheses: 

1. Reject H0  and accept the alternative hypothesis Ha1 for an upward trend over time. 

2. Reject H0  and accept the alternative hypothesis Ha2 of a downward trend over time. 

The Seasonal Kendall tests were performed on the quarterly averaged concentration, 
quarterly averaged flow rate, and total quarterly sulfur load data. There were approximately 50 
stations with at least three valid data values in each of these three data sets. 

Table 1 summarizes the one-sided Seasonal Kendall tests for quarterly averaged sulfur 
concentration, quarterly averaged flow rate, and total quarterly sulfur load data. All tests were 
performed at the 5 percent significance level, and all stations had to have at least three quarterly 
measurements that were valid. The complete list of test results is in Table 3. 

 

Table 1. Summary of the Seasonal Kendall test results that characterize the slope 
for the trend of a measurement over time. 

 Quarterly 
Averaged 

sulfur 
concentration 

Quarterly 
averaged 
flow rate 

Total quarterly 
load of sulfur 

Increasing Slope 8 5 5 
No change in Slope 29 38 39 
Decreasing Slope 10 5 4 

Total Stations 47 50 48 

 

A detailed mathematical description of the Seasonal Kendall test is provided at the end of this 
Appendix. Table 2 lists the number of stations for which the slopes of the trend coincided for 
both quarterly averaged sulfur concentration and quarterly averaged flow rates. As shown in 
Table 2, only two stations had simultaneous increases or decreases in trend. 
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Table 2. Coincidental correlation of slope direction for quarterly sulfur 
concentration and quarterly flow data. 

Type of Matching Slopes Seasonal Analysis 

Conc Matches Flow 
Upward-Upward Slopes 

0 

Conc Matches Flow 
Downward-Downward Slopes 

0 

Conc Matches Flow 
Upward-Downward Slopes 

2 

 

Table 3. Combined listing of the Seasonal Kendall test results that characterize the 
slope in the trends of sulfur concentration, flow rate, and total sulfur load over time. 

SiteID 
Conc 

Seasonal-Trend 
Decision 

Flow 
Seasonal-Trend 

Decision 

Load 
Seasonal-Trend 

Decision 
ACME1 No-trend Downward_trend No-trend 
ACME2 NA Downward_trend No-trend 

FECSR78 No-trend NA NA 
FISHP_O NA No-trend No-trend 
G251_P NA No-trend NA 

G310 No-trend No-trend No-trend 
G328 No-trend No-trend Upward_trend 
G335 Upward_trend No-trend Upward_trend 

G342A Downward_trend Upward_trend Upward_trend 
G342B No-trend Upward_trend Upward_trend 
G342C Downward_trend No-trend No-trend 
G342D Downward_trend No-trend No-trend 
G344A No-trend No-trend No-trend 
G344B No-trend No-trend No-trend 
G344C Downward_trend No-trend No-trend 
G344D Downward_trend No-trend No-trend 

G354_C No-trend No-trend Downward_trend 
G393B No-trend NA Downward_trend 
G600 No-trend No-trend No-trend 

INDUST NA No-trend No-trend 
INDUSCAN Downward_trend NA NA 

L2Bin NA Upward_trend NA 
L28U NA Upward_trend NA 
S10A No-trend No-trend Downward_trend 
S10C Upward_trend No-trend No-trend 
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SiteID 
Conc 

Seasonal-Trend 
Decision 

Flow 
Seasonal-Trend 

Decision 

Load 
Seasonal-Trend 

Decision 
S10D No-trend Downward_trend No-trend 
S11A No-trend No-trend No-trend 
S11B No-trend No-trend No-trend 
S11C Upward_trend No-trend No-trend 
S12A Downward_trend No-trend Downward_trend 
S12B Downward_trend No-trend No-trend 
S12C Downward_trend No-trend No-trend 
S12D No-trend No-trend No-trend 
S140 Upward_trend No-trend No-trend 
S150 No-trend No-trend No-trend 
S18C No-trend Downward_trend No-trend 
S190 No-trend Upward_trend No-trend 
S191 Upward_trend No-trend No-trend 
S2 No-trend No-trend No-trend 
S3 No-trend No-trend No-trend 

S308 No-trend No-trend No-trend 
S332D No-trend No-trend No-trend 
S333 Upward_trend No-trend No-trend 
S4 No-trend No-trend No-trend 

S5A Upward_trend No-trend No-trend 
S6 Upward_trend Downward_trend No-trend 

S65E No-trend No-trend No-trend 
S7 No-trend Downward_trend No-trend 

S71 No-trend No-trend No-trend 
S72 No-trend No-trend No-trend 
S77 No-trend No-trend Upward_trend 
S8 No-trend Downward_trend No-trend 
S9 Downward_trend No-trend No-trend 

NA    Not Available as no data were provided. 

The numerical results of the Seasonal Kendall analysis are shown in Table 4 for quarterly 
averaged sulfur concentration, Table 5 for quarterly averaged flow rate, and Table 6 for total 
quarterly sulfur load. Every station with at least three valid entries of quarterly data was tested. In 
addition to the trend decision, Sen’s estimates of the median slope and the corresponding lower 
and upper confidence limits to the slope were calculated and are listed in Tables 4 through 6. The 
Slope M1 refers to the lower one-sided 95 percent confidence limit estimate of slope and Slope 
M2 refers to the upper one-sided 95 percent confidence limit estimate of slope. (Refer to the 
detailed mathematical description of the Sen Estimate of Slope at the end of this appendix.)  

Table 3. Continued. 
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Table 4. Seasonal Kendall analysis for average quarterly sulfur concentrations 
measured at 47 stations. Trend slopes are expressed as the change in sulfur 

concentration per year [(mg/L)/yr]. 

Site ID Valid 
Entries 

Slope 
Median 

(mg/L)/yr 

Slope M1 
LCL95 

(mg/L)/yr 

Slope M2 
UCL95 

(mg/L)/yr 
Seasonal Decision 

ACME1DS 34 -0.194 -2.042 1.903 No-trend 

FECSR78 46 0.331 -0.044 0.747 No-trend 

G310 22 3.721 -0.274 7.557 No-trend 

G328 19 0.857 -0.345 2.450 No-trend 

G335 19 4.738 1.628 12.161 Upward_trend 

G342A 27 -0.713 -1.117 -0.059 Downward_trend 

G342B 27 -0.779 -1.373 0.050 No-trend 

G342C 27 -1.015 -1.524 -0.024 Downward_trend 

G342D 27 -0.860 -1.667 -0.306 Downward_trend 

G344A 24 0.642 -0.364 1.462 No-trend 

G344B 23 0.410 -0.365 1.451 No-trend 

G344C 23 -1.079 -1.802 -0.281 Downward_trend 

G344D 24 -0.593 -0.988 -0.190 Downward_trend 

G354C 19 -1.850 -4.800 0.649 No-trend 

G393B 21 -1.922 -4.628 0.136 No-trend 

G600 31 -1.166 -2.130 0.152 No-trend 

INDUSCAN 51 -1.106 -2.651 0.002 Downward_trend 

S10A 46 0.392 -0.684 1.803 No-trend 

S10C 45 2.140 0.616 3.486 Upward_trend 

S10D 50 0.727 -0.985 2.185 No-trend 

S11A 43 0.679 -0.585 2.012 No-trend 

S11B 43 0.492 -1.202 2.330 No-trend 

S11C 48 1.425 0.162 2.225 Upward_trend 

S12A 27 -0.053 -0.101 -0.031 Downward_trend 

S12B 29 -0.135 -0.368 -0.012 Downward_trend 

S12C 31 -0.272 -0.772 -0.057 Downward_trend 

S12D 34 -0.097 -0.646 0.332 No-trend 

S140 46 0.357 0.078 0.615 Upward_trend 

S150 47 0.114 -0.739 1.084 No-trend 

S18C 20 -0.549 -1.048 0.375 No-trend 

S190 45 -0.155 -0.426 0.035 No-trend 

S191 50 1.991 0.979 2.661 Upward_trend 

S2 45 -0.298 -2.363 3.043 No-trend 

S3 44 -0.960 -5.306 0.981 No-trend 
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Table D. Continued. 

Site ID Valid 
Entries 

Slope 
Median 

(mg/L)/yr 

Slope M1 
LCL95 

(mg/L)/yr 

Slope M2 
UCL95 

(mg/L)/yr 
Seasonal Decision 

S308C 50 -0.265 -0.942 0.265 No-trend 

S332D 11 -0.080 -1.782 4.944 No-trend 

S333 34 0.667 0.050 1.100 Upward_trend 

S4 51 0.029 -0.871 0.913 No-trend 

S5A 43 2.850 0.991 4.237 Upward_trend 

S6 49 2.739 1.346 3.872 Upward_trend 

S65E 52 0.051 -0.122 0.283 No-trend 

S7 46 0.265 -0.888 1.068 No-trend 

S71 51 -0.332 -1.560 0.600 No-trend 

S72 51 -0.595 -2.252 1.048 No-trend 

S77 51 -0.184 -0.870 0.599 No-trend 

S8 47 0.436 -0.620 1.492 No-trend 

S9 41 -0.171 -0.276 -0.061 Downward_trend 

 

Table 5. Seasonal Kendall analysis for average quarterly flow rates recorded at 
stations. Trend slopes are expressed as the change in flow rate per year or as cubic 

feet per second per year (cfs/yr). 

Site ID Valid 
Entries 

Slope 
Median 
(cfs)/yr 

Slope M1 
LCL95 
(cfs)/yr 

Slope M2 
UCL95 
(cfs)/yr 

Seasonal 
Decision 

ACME1 52 -1.102 -2.172 -0.329 Downward_trend 

ACME2 52 -0.941 -1.913 -0.231 Downward_trend 

FISHP_O 52 -0.907 -8.533 8.397 No-trend 

G251_P 26 -8.655 -24.298 7.216 No-trend 

G310_P 22 25.137 -73.849 88.093 No-trend 

G328_P 23 1.582 -3.311 5.456 No-trend 

G335_P 18 33.916 -25.003 111.668 No-trend 

G342A_C 24 10.946 6.617 14.602 Upward_trend 

G342B_C 24 8.258 4.912 16.849 Upward_trend 

G342C_C 24 6.029 -0.343 12.141 No-trend 

G342D_C 24 1.848 -3.122 8.084 No-trend 

G344A_C 21 6.754 -4.417 11.857 No-trend 

G344B_C 21 8.575 0.263 20.644 Upward_trend 

G344C_C 22 3.333 -1.562 12.735 No-trend 

G344D_C 22 2.352 -2.047 10.987 No-trend 
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Table 5. Continued. 

Site ID Valid 
Entries 

Slope 
Median 
(cfs)/yr 

Slope M1 
LCL95 
(cfs)/yr 

Slope M2 
UCL95 
(cfs)/yr 

Seasonal 
Decision 

G354_C 18 -3.114 -5.383 0.760 No-trend 

G393_C 19 -1.169 -3.722 3.133 No-trend 

G600_P 36 2.589 -2.071 5.521 No-trend 

INDUST 36 1.189 -1.600 3.706 No-trend 

L28IN_O 25 17.813 2.842 42.620 Upward_trend 

L28U_O 33 8.758 0.724 15.659 Upward_trend 

S10A 36 -13.217 -36.813 0.392 No-trend 

S10C 35 -12.332 -30.763 6.621 No-trend 

S10D 39 -14.267 -35.897 -1.625 Downward_trend 

S11A 47 -10.548 -29.370 1.259 No-trend 

S11B 38 -9.931 -28.652 4.709 No-trend 

S11C 38 -10.292 -30.988 6.847 No-trend 

S12A_S 38 -0.916 -14.116 10.181 No-trend 

S12B_S 39 -2.093 -12.892 13.196 No-trend 

S12C_S 45 -6.414 -29.661 16.292 No-trend 

S12D_S 50 -17.761 -35.505 0.350 No-trend 

S140 51 2.392 -4.396 8.561 No-trend 

S150_C 40 0.859 -3.326 4.720 No-trend 

S18C 52 -12.699 -19.035 -2.736 Downward_trend 

S190_S 25 8.610 0.488 27.220 Upward_trend 

S191_S 51 -0.837 -5.661 5.825 No-trend 

S2_TOTAL_T 45 -5.464 -23.044 5.382 No-trend 

S3 47 -2.357 -9.747 4.355 No-trend 

S308_L 42 19.118 -13.611 48.190 No-trend 

S332D 19 -6.283 -18.573 17.895 No-trend 

S333 51 -0.457 -14.529 12.703 No-trend 

S4_P 46 -0.475 -2.323 1.773 No-trend 

S5A 47 -13.476 -31.983 4.464 No-trend 

S6 45 -17.837 -41.685 -0.495 Downward_trend 

S65E 42 -70.771 -129.149 28.481 No-trend 

S7 39 -19.536 -34.906 -7.902 Downward_trend 

S71_S 38 -4.133 -11.908 13.026 No-trend 

S72_S 36 -2.166 -5.666 0.550 No-trend 

S77_T 32 -26.728 -117.289 54.373 No-trend 

S8 33 -31.628 -80.442 -6.362 Downward_trend 

S9_P 32 -7.494 -23.463 5.232 No-trend 
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Table 6. Seasonal Kendall analysis for total quarterly sulfur load measured at a 
station. Trend slopes are expressed as the change in quarterly sulfur load per year or 

as million grams of sulfur per year (mg/yr). 

Site ID Valid 
Entries 

Slope 
Median 
mg/yr 

Slope M1 
LCL95 
mg/yr 

Slope M2 
UCL95 
mg/yr 

Seasonal Decision 

ACME1 34 -2.830 -12.510 3.840 No-trend 

ACME2 34 -1.420 -11.400 4.610 No-trend 

FISHP_O 51 8.300 -4.590 21.720 No-trend 

G310_P 22 482.530 -663.180 1314.770 No-trend 

G328_P 19 41.230 1.140 94.250 Upward_trend 

G335_P 18 929.390 109.700 2765.010 Upward_trend 

G342A_C 24 18.910 11.070 28.650 Upward_trend 

G342B_C 24 14.120 0.510 27.470 Upward_trend 

G342C_C 24 6.720 -11.180 20.350 No-trend 

G342D_C 24 2.160 -14.630 19.330 No-trend 

G344A_C 20 9.220 -8.440 26.320 No-trend 

G344B_C 20 11.290 -3.460 47.440 No-trend 

G344C_C 20 -3.270 -13.840 5.680 No-trend 

G344D_C 21 -4.630 -10.270 9.010 No-trend 

G354_C 16 -30.830 -61.780 -11.700 Downward_trend 

G393_C 18 -14.630 -38.270 -7.260 Downward_trend 

G600_P 31 -27.060 -65.440 1.520 No-trend 

INDUST 35 8.020 -20.920 41.850 No-trend 

S10A 31 -92.940 -229.940 -4.940 Downward_trend 

S10C 29 -159.360 -371.320 87.510 No-trend 

S10D 37 -146.500 -350.750 52.620 No-trend 

S11A 38 -18.610 -114.380 199.530 No-trend 

S11B 29 -51.660 -221.160 94.030 No-trend 

S11C 34 -50.780 -192.940 152.120 No-trend 

S12A_S 23 -3.560 -7.540 -0.480 Downward_trend 

S12B_S 23 -6.140 -26.930 0.050 No-trend 

S12C_S 28 3.620 -20.190 83.120 No-trend 

S12D_S 34 -15.490 -146.670 19.970 No-trend 

S140 46 6.240 -1.420 24.000 No-trend 

S150_C 36 20.000 -35.190 56.290 No-trend 

S18C 21 -40.010 -139.280 13.140 No-trend 

S190_S 25 1.170 -17.340 18.730 No-trend 

S191_S 49 22.070 -10.800 62.020 No-trend 

S2_TOTAL_T 39 -28.260 -164.770 106.670 No-trend 
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Table 6. Continued. 

Site ID Valid 
Entries 

Slope 
Median 
mg/yr 

Slope M1 
LCL95 
mg/yr 

Slope M2 
UCL95 
mg/yr 

Seasonal Decision 

S3 40 -38.800 -126.150 59.740 No-trend 

S308_L 40 54.740 -137.670 290.190 No-trend 

S332D 9 31.350 -110.450 345.830 No-trend 

S333 35 23.220 -46.270 98.500 No-trend 

S4_P 45 2.840 -11.350 19.080 No-trend 

S5A 43 237.400 -143.610 432.700 No-trend 

S6 49 35.730 -179.580 287.010 No-trend 

S65E 51 108.480 -53.090 319.440 No-trend 

S7 43 -23.510 -130.110 108.300 No-trend 

S71_S 50 49.840 -24.120 194.890 No-trend 

S72_S 51 9.000 -17.310 49.420 No-trend 

S77_T 49 374.710 77.890 617.940 Upward_trend 

S8 49 -17.370 -136.480 122.530 No-trend 

S9_P 44 -8.740 -20.200 0.000 No-trend 

 

The average quarterly measurements recorded by stations with at least three valid data entries 
was also determined and listed in Tables 7 through 9. Results represent the arithmetic mean and 
standard deviation of the station data. 
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Table 7. Average quarterly sulfur concentration recorded by stations with at least 
three valid data entries.  

Site ID Valid 
Entries 

Average 
Sulfur conc 

(mg/L) 

Std Dev 
Sulfur conc 

(mg/L) 

ACME1DS 34 28.84 17.98 

FECSR78 46 9.58 8.93 

G310 22 65.37 16.26 

G328 19 47.65 7.24 

G335 19 57.68 18.83 

G342A 27 10.17 3.69 

G342B 27 10.44 2.98 

G342C 27 10.95 3.45 

G342D 27 11.12 3.83 

G344A 24 10.82 16.00 

G344B 23 8.64 7.58 

G344C 23 7.33 4.67 

G344D 24 6.56 4.70 

G354C 19 20.61 8.67 

G393B 21 22.95 11.12 

G600 31 23.26 7.40 

INDUSCAN 51 54.78 28.10 

S10A 46 35.25 17.33 

S10C 45 50.22 36.40 

S10D 50 55.01 20.99 

S11A 43 33.77 12.86 

S11B 43 36.07 15.51 

S11C 48 36.54 15.54 

S12A 27 0.80 2.02 

S12B 29 2.07 3.06 

S12C 31 5.91 5.87 

S12D 34 11.14 9.43 

S140 46 8.90 5.03 

S150 47 30.30 12.65 

S18C 20 9.23 2.90 

S190 45 9.54 2.63 

S191 50 37.43 29.33 

S2 45 83.32 49.39 

S3 44 84.65 51.72 

S308C 50 33.01 9.39 
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Table 7. Continued. 

Site ID Valid 
Entries 

Average 
Sulfur conc 

(mg/L) 

Std Dev 
Sulfur conc 

(mg/L) 

S332D 11 6.81 8.30 

S333 34 14.80 9.36 

S4 51 48.67 20.76 

S5A 43 67.79 26.29 

S6 49 60.50 37.07 

S65E 52 10.63 3.82 

S7 46 40.47 17.40 

S71 51 45.37 19.18 

S72 51 54.03 28.15 

S77 51 29.13 13.65 

S8 47 32.24 14.71 

S9 41 2.98 1.32 

 

Table 8. Average quarterly flow rate recorded by stations with at least three valid 
data entries.  

Site ID Valid 
Entries 

Average 
flow rate 

(cfs) 

Std Dev 
flow rate 

(cfs) 

ACME1 52 23.49 19.19 

ACME2 52 21.83 17.37 

FISHP_O 52 317.20 363.48 

G251_P 26 87.90 71.02 

G310_P 22 362.75 337.77 

G328_P 23 23.56 25.01 

G335_P 18 459.53 281.92 

G342A_C 24 53.15 50.62 

G342B_C 24 59.11 53.56 

G342C_C 24 47.59 42.58 

G342D_C 24 39.51 36.25 

G344A_C 21 64.06 61.81 

G344B_C 21 65.24 70.23 

G344C_C 22 42.67 47.37 

G344D_C 22 32.52 36.65 

G354_C 18 26.51 18.92 

G393_C 19 20.64 15.26 

G600_P 36 67.20 41.97 
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Table 8. Continued. 

Site ID Valid 
Entries 

Average 
flow rate 

(cfs) 

Std Dev 
flow rate 

(cfs) 

INDUST 36 51.61 60.25 

L28IN_O 25 125.36 129.28 

L28U_O 33 116.54 85.32 

S10A 36 242.22 226.49 

S10C 35 260.41 222.34 

S10D 39 271.02 219.39 

S11A 47 370.00 316.68 

S11B 38 309.43 251.16 

S11C 38 322.43 231.06 

S12A_S 38 291.41 292.81 

S12B_S 39 262.46 251.92 

S12C_S 45 456.06 381.70 

S12D_S 50 486.83 430.84 

S140 51 190.50 154.74 

S150_C 40 80.78 77.24 

S18C 52 247.31 162.45 

S190_S 25 134.44 154.54 

S191_S 51 156.26 162.92 

S2_TOTAL_T 45 323.00 291.17 

S3 47 189.84 220.28 

S308_L 42 728.08 856.48 

S332D 19 167.58 152.69 

S333 51 261.25 202.57 

S4_P 46 46.71 56.52 

S5A 47 441.38 286.73 

S6 45 417.70 283.59 

S65E 42 1738.92 1657.28 

S7 39 325.42 261.75 

S71_S 38 200.70 199.22 

S72_S 36 63.55 65.46 

S77_T 32 1126.81 1528.27 

S8 33 485.77 390.95 

S9_P 32 315.11 157.53 
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Table 9. Total quarterly sulfur load recorded by stations with at least three valid 
data entries.  

Site ID Valid 
Entries 

Average 
Total Sulfur 

load 
(mg/quarter) 

Std Dev 
Total Sulfur 

load 
(mg/quarter) 

ACME1 34 127.82 139.79 

ACME2 34 119.04 123.58 

FISHP_O 51 432.16 1103.02 

G310_P 22 5661.86 5772.11 

G328_P 19 215.85 210.37 

G335_P 18 6353.40 4476.49 

G342A_C 24 93.71 74.72 

G342B_C 24 123.28 101.62 

G342C_C 24 111.98 103.73 

G342D_C 24 99.66 102.80 

G344A_C 20 85.57 93.62 

G344B_C 20 87.90 100.75 

G344C_C 20 51.85 57.69 

G344D_C 21 32.75 31.84 

G354_C 16 113.96 100.18 

G393_C 18 96.39 77.17 

G600_P 31 354.83 235.42 

INDUST 35 577.45 664.43 

S10A 31 1780.22 2239.73 

S10C 29 2935.94 4015.77 

S10D 37 3477.95 3438.93 

S11A 38 2603.10 2598.36 

S11B 29 2166.40 1619.18 

S11C 34 2489.90 1795.30 

S12A_S 23 39.86 62.74 

S12B_S 23 115.29 154.90 

S12C_S 28 765.24 842.30 

S12D_S 34 1513.55 1861.60 

S140 46 381.72 348.73 

S150_C 36 652.00 642.99 

S18C 21 455.83 360.16 

S190_S 25 204.34 234.69 
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Table 9. Continued. 

Site ID Valid 
Entries 

Average 
Total Sulfur 

load 
(mg/quarter) 

Std Dev 
Total Sulfur 

load 
(mg/quarter) 

S191_S 49 761.92 703.19 

S2_TOTAL_T 39 3657.91 4346.55 

S3 40 2257.90 3009.45 

S308_L 40 4764.91 5701.62 

S332D 9 218.77 211.04 

S333 35 1004.70 1190.39 

S4_P 45 539.90 824.91 

S5A 43 7629.34 6441.88 

S6 49 5641.78 5481.24 

S65E 51 3821.98 2919.06 

S7 43 3505.06 4287.24 

S71_S 50 2344.34 2035.27 

S72_S 51 848.15 819.28 

S77_T 49 7674.17 8337.94 

S8 49 3615.72 3690.21 

S9_P 44 213.64 174.02 
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TREND MAPPING 

Graphical summaries of the temporal trends in sulfate concentration, water flow, and sulfate 
load at the structures examined are shown in Maps #6 through #8. The trend maps show the 
average magnitude of the concentration, flow or load (dot size), and the trend in each, if any, 
through time (dot color).  

Sulfate concentration trends are shown in Map #6. The concentration map provides a 
visualization of sulfate concentrations at the structures feeding the Everglades marshes, and 
summarizes graphically this evaluation of change in sulfate concentration through time at these 
locations. Similar to the map of sulfate concentration at marsh and canal sites, Map #6 highlights 
the large gradient of declining sulfate concentrations with distance from the EAA and Lake 
Okeechobee area.  

Sulfate concentrations at approximately half of the major flow structures along the southern 
and eastern edge of the EAA and the structures on canals downstream, “trended” significantly up, 
as shown in Figures 4 through 6 above. Because these structures are the major sources of sulfate 
loading to the WCAs (Map #8), the drivers underlying this increase in sulfate concentration 
should be explored. Elsewhere in the ecosystem, sulfate trends were generally neutral, with only a 
limited number of sites trending either up or down during the period of record (generally more 
than 20 years). One site that trended up was the L-67 as it crosses into the ENP.  

Water flows at a number of the major structures entering the northern WCAs declined during 
the period examined. Water flow trended down at approximately half of the major structures on 
the south and east sides of the EAA, including S-6, S-7, S-8, and one of the S-10s (Map #7). 
Water from S-6 was diverted into STA-2 in 2001. Elsewhere in the system, significant long-term 
trends in flow were generally not observed. An exception is some of the lower flow structures on 
the L-28 and L-28 interceptor for which flows have trended up. However, it should be 
emphasized that the statistical analyses were performed to determine general trends over the 
entire period of record; variability of flow over multi-year wet and dry cycles are important; and 
man-made or natural trends on shorter time scales that would not generally be detected.  

Trends in sulfate loads are shown in Map #8. Loads are the product of concentration and 
flow. The load magnitude data shown on this map demonstrates that most of the canal-born 
sulfate load to the WCAs comes from structures on the eastern and southern side of the EAA.  

Overall, the Seasonal Kendall analyses found few structures that showed significant temporal 
trends in sulfate load during the time period examined. Structures with declining sulfate loads 
included S-10A and S-12A. Because concentration and flow tended in opposite directions for 
many of the structures that contributed significantly to sulfate load, there was no trend in sulfate 
load through time for most of the structures examined. Nevertheless, sulfate concentrations 
appear to be dropping at the few interior marsh sites in WCA-2A and 3A for which long-term 
data are available.  

Trends in sulfate concentration at interior marsh sites. Surface water sulfate concentration 
trends at six interior marsh sites were examined to help interpret the sulfate load data from inflow 
structures to the WCAs. These stations are F1, F2, F4, and U3 in WCA-2A, 2BS in WCA-2B, 
and 3A-15 in WCA-3A. The stations F1, U3, 2BS and 3A-15 are long-term study sites for the 
ACME project (Figure 10) for which there are 10 years of data. The SFWMD database, 
DBHYDRO, also contained substantial data for the F transect sites and limited data for site U3. 
Sulfate concentrations at five of these six sites exhibited significant declines over the last decade, 
based on linear regression.  

The four sites in WCA-2A (F1, F2, F4, and U3) were set up along the phosphorus gradient in 
southeastern WCA-2A more than 20 years ago. Currently, all the F sites are vegetated with 
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cattail, while U3, at the end of the transect, remains dominantly sawgrass. It is noteworthy that 
there is only a small decline in surface water sulfate concentration across the F site transect, 
although sulfate is somewhat lower (although still very elevated) at site U3. Downstream from 
sources, sulfate penetrates further into the marsh than phosphate. Phosphate is removed to 
biomass via plant growth, while sulfate is removed via microbial sulfate reduction to reduced 
sulfur pools in soils.  

All of the marsh sites in southeastern WCA-2A showed very significant downward trends in 
sulfate concentration over time (Figures 11 and 12). The data density for all three F sites is 
extremely high. Both SFWMD and ACME data were collected at F1 and show similar 
concentrations and trends. Fewer data are available for site U3, with no SFWMD data after 1998. 
Linear regression of the combined SFWMD and ACME data for each of these sites gave 
extremely significant relationships, with phosphorus values of less than 0.0001 for each site. The 
slope of the regressions was similar for all three F stations, but about half as steep for site U3. 
Data from the USEPA’s REMAP study data also show a decline in surface water sulfate through 
time in the southeast side of WCA-2A where the F1-U3 transect is located. However, the 
REMAP data also show increasing sulfate in the northwest corner of WCA-2A.  

Data were also available from the ACME project for one marsh site in WCA-2B and one in 
central WCA-3A (Figure 13). Data are relatively sparse for site 2BS and showed no trend 
through time. Sulfate concentrations in WCA-2B are moderately elevated. Sulfate concentrations 
at 3A15 declined significantly through time, based on linear regression. This site appears to have 
been impacted by sulfate loads during the mid 1990s, but sulfate concentrations have dropped to 
the very low levels found in least impacted Everglades marshes in the time since. The most likely 
source of sulfate to this site is L-67 canal water, but loads to WCA-3A from the L-67 are difficult 
to assess because of the lack of discrete structures along the canal that release water to the marsh. 
There are several breaks in both the L-67 and Miami canal levees. Airboat trails that cross these 
breaks act as conduits for canal waters into the marsh. However, sulfate concentrations at 
structure S-151 (at the L-67 intersection with the Miami Canal) show insignificant declines 
through time, based on linear regression. 

Connections between sulfate trends and Hg levels in fish. Previous reports and presentations 
have stated the hypothesis that decreases in fish mercury concentrations observed in central  
WCA-3A may be at least in part due to declines in sulfate concentrations in that area. The sulfate-
addition mesocosm studies show that net MeHg production and bioaccumulation at this site is 
highly sensitive to sulfate concentration (see Appendix 3B-2). The observed drop in sulfate 
concentration at 3A15 coincides with a drop in MeHg levels in soils, water, and Gambusia since 
the late 1990s.  

Recent data suggest that levels of MeHg in biota (fish and wading birds) have declined 
broadly in many parts of the Everglades since the late 1990s (2006 SFER – Volume I, Chapter 3) 
and this decline has been attributed to a decrease in mercury emissions from South Florida urban 
areas (Atkeson et al., 2005). Sites where age-standardized mean mercury concentrations in 
largemouth bass have been declining include site U3 in WCA-2A, the L-35B canal on the edge of 
WCA-2, the L-67 canal in WCA-3A, and both a marsh and canal site in the Refuge. In this 
appendix, the hypothesis proposed is that these newly observed broad declines in surface water 
sulfate across WCA-2A may be contributing to declines in fish mercury in that area as well as in 
central WCA-3A.  
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Figure 10. ACME long-term study sites.  
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Figure 11. Surface water sulfate concentrations for sites F1 and F2 in WCA-2A. Blue 
dots = SFWMD data; pink dots = ACME data. Lines represent linear regression fits 

for each data set.  

F1

0

20

40

60

80

100

120

140

160

Jan-93 Jan-95 Jan-97 Jan-99 Jan-01 Jan-03 Jan-05 Jan-07

Su
rf

ac
e 

w
at

er
 s

ul
fa

te
, m

g/
L

SFWMD
ACME
Linear (SFWMD)
Linear (ACME)

F2

0

20

40

60

80

100

120

140

Jan-93 Jan-95 Jan-97 Jan-99 Jan-01 Jan-03 Jan-05 Jan-07

Su
rf

ac
e 

w
at

er
 s

ul
fa

te
, m

g/
L

SFWMD
Linear (SFWMD)



Appendix 3B-3  Volume I: The South Florida Environment 

 App. 3B-3-54 

 

Figure 12. Surface water sulfate concentrations for sites F4 and U3 in WCA-2A. 
Blue dots = SFWMD data; pink dots = ACME data. Lines represent linear regression 

fits for each data set.  
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Figure 13. Surface water sulfate concentrations for site 2BS in southern WCA-2B 
and site 3A15 in central WCA-3A. All data from the ACME project. Lines represent 

linear regression fits for each data set.  
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Figure 14. Surface water sulfate concentrations at two sites in the ENP  
(Source: data from SFWMD).  
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  A large sulfate-addition mesocosm study done during 2003–2004 at site 3A15 showed a 
significant positive correlation between surface water sulfate concentrations and net MeHg 
production and MeHg bioaccumulation in fish for sulfate levels ranged between < 1 and 20 mg/L 
(see Appendix 3B-2). Sulfate concentrations above that level were not tested, although it is 
expected that MeHg production is inhibition by sulfide at some higher sulfate level, based on 
field data across the ecosystem (Gilmour et al., 1998; Benoit et al., 1999 and 2003) and previous 
mesocosm experiments. The mesocosm data suggest that the optimum sulfate concentration for 
net MeHg production at 3A15 is above 20 mg/L. Because MeHg production is controlled by the 
balance between sulfate and sulfide, the optimum sulfate concentration for methylation may 
change across the Everglades ecosystem with changes in overall microbial activity and in 
chemistry that affect sulfide complexation.  

However, if results from the 3A15 sulfate-addition study can be applied broadly across the 
ecosystem, most of the Everglades marsh area would be expected to show declines in MeHg 
production if sulfate loadings were lowered and vice versa. Almost all of WCA-3A, Refuge, and 
the ENP have historical average sulfate concentrations in the zero to 20 mg/L range (Map #3). 
Further, sulfate concentrations in WCA-2A, although historically approaching 100 mg/L, have 
dropped down to the tens of mg/L, especially in the areas farther from the S-10 structures 
(Figures 11 and 12).  

The drop in sulfate levels in certain areas may be linked to changes in water distribution 
patterns accompanying Everglades’ restoration, but this needs further investigation. Declines in 
flow to parts of the WCAs may be leading to declines in sulfur loading to the northern marshes, 
and, hence, to declines in net MeHg production and bioaccumulation. Movement of sulfur-
contaminated water may be increasing sulfate concentrations and also mercury levels in fish in 
other areas. For example, the L-67 canal moves water quickly from north to south, delivering 
sulfate-bearing water to Shark Slough in the northern ENP. This is an area of where mercury 
levels in largemouth bass in northern Shark Slough have risen over the last few years (2006 SFER 
– Volume I, Chapter 3). A comparison of two sites in Shark Slough showed the influence of the  
L-67 on surface water sulfate concentrations, with the higher overall sulfate concentrations at site 
P33 (in Chapter 3, Figure 14), relative to site P34, which is more distant from the canal terminus.  

Another negative complicating factor is the rising sulfate concentrations in some of the major 
canals flowing out of the EAA. Declining water flows into the WCA-2A and 3A may be 
mitigating this potential problem there, but in areas where flows are neutral or increasing, this 
could lead to rising mercury in fish. For example, fish mercury levels appear to be increasing 
progressively over time in bass at the Holey Land Water Management Area (2006 SFER  
– Volume I, Chapter 3).  

The concomitant declines in sulfate and mercury in fish in both WCA-2 and WCA-3A 
suggest that reductions in sulfate loads to the Everglades would be effective in reducing mercury 
concentrations in fish across a broad area of the Everglades marshes. However, (1) sulfate 
concentrations in waters leaving the EAA appear to be rising, at least in some canals, and (2) 
there is potential for sulfate-contaminated waters to be transported further into the ecosystem as a 
result of restoration activities. 
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IV. INTERIM ASSESSMENT OF THE SOURCES OF 
SULFUR TO THE EVERGLADES 

A key objective of the current ACME sulfur assessment project is to synthesize and evaluate 
existing information on ultimate sources of sulfur to the Everglades [e.g., sulfur and sulfate soil 
amendments, peat soil oxidation, deep groundwater (connate water or relict seawater), 
atmospheric deposition], and assess this information in view of temporal and spatial trends 
described in the previous section. This section provides an interim assessment of sources using 
the distributional data newly collated plus information from sulfur stable isotope studies.  

PRELIMINARY CONCLUSIONS 

• Sulfate concentrations in the northern Everglades canals and marsh surface waters are highly 
enriched above concentrations found in pristine marshes away from canals. Average surface 
water sulfate concentrations in contaminated marsh areas sometimes exceeded 60 mg/L. The 
highest surface water sulfate concentrations (excluding estuarine and marine sites) were 
observed in canal water of the EAA. Average sulfate concentrations from USGS sampling in 
EAA canals during the period of 1995–2000 were 72.8 mg/L in the Hillsborough Canal  
(n = 28), 55.8 mg/L in the North New River Canal (n = 23), and 65.6 mg/L in the Miami 
Canal (n = 12), compared to concentrations of < 1 mg/L at sites in the ENP considered 
pristine, and representative of sulfate concentrations in the historical Everglades  
(Maps #2 and #3). Concentrations of sulfate approaching 200 mg/L were intermittently 
observed in canal water within the EAA. 

• The following evaluation of sulfate sources at a marsh site with elevated sulfate levels 
(WCA-2, site F1) indicated that EAA canal water was the source of the sulfate to this site 
(Orem, 2004): 

1. Rainwater had sulfate concentrations too low to account for the levels in the marsh 
surface water, and sulfur isotopic composition is different from that of the marsh surface 
water (Waller and Earl, 1975; Bates et al., 2001). 

2. Shallow groundwater (< 9 m depth) had sulfate concentrations too low to account for the 
sulfate concentrations observed in the marsh surface water (Bates et al., 2001 and 2002). 

3. Deep groundwater (> 9 m depth) at this site had high sulfate concentrations, but a sulfur 
isotopic composition and a sulfate/chloride ratio different from that in the marsh surface 
water (Bates et al., 2001 and 2002). 

4. Nearby canal discharge water had a sulfate concentration and sulfur isotopic composition 
nearly identical to that of the marsh surface water (Bates et al., 2001 and 2002).  

• There are several possible sources for the high sulfate levels in EAA canal water; however, 
the following data are consistent with agricultural sulfur application in the EAA, and, to a 
lesser extent, Lake Okeechobee, as being major sources:  

1. Isotopic composition of EAA canal water sulfate was similar to that for agricultural 
sulfur as used in the EAA (Bates et al., 2002). 

2. Sulfur released from mineralization of EAA soils (Schueneman, 2000) plausibly was 
sourced from previously applied agricultural sulfur; EAA soil had sulfur isotopic 
composition similar to that of agricultural sulfur, but different from the isotopic 



2007 South Florida Environmental Report  Appendix 3B-3 

 App. 3B-3-59 

composition of Everglades soil (Bates et al., 1998 and 2002). Likewise, EAA soils have a  
three to five times higher sulfur content than expected for organic soil deposits 
(Schueneman, 2000), suggesting sulfur supplementation.  

3. Groundwater, another possible source of sulfate to EAA canals, has a different sulfur 
isotopic composition and/or a different ionic composition (sulfate/chloride ratio) than 
canal water (Bates et al., 2002);  

4. Lake Okeechobee has elevated sulfate concentrations and contributes sulfate to EAA 
canals. Sources of sulfate to Lake Okeechobee include rivers entering the lake from the 
north that drain urban and agricultural lands, current and historical backpumping from the 
EAA, and leakage from the Rim Canal (Zielinski et al., 2006). During the rainy season 
when runoff from the EAA supplies the majority of the flow to EAA canals, sulfate 
concentrations are higher in EAA canals than in Lake Okeechobee, indicating that the 
lake is probably not the dominant sulfate source to EAA canals (Bates et al., 2002). 
However, during the 1998 drought, sulfate concentrations in EAA canal water dropped 
dramatically, to concentrations only slightly higher than concentrations in the Lake 
(Bates et al., 2002). It is probable that during a drought, the preponderance of the water 
and sulfate in the EAA canals comes from Lake Okeechobee (Bottcher and Izuno, 1994).  

While the data currently available support the hypothesis that sulfur used in agriculture (new 
sulfur and legacy sulfur from EAA soil mineralization) and sulfate from Lake Okeechobee 
are major sources of sulfate to EAA canals and then to the EPA, further investigation of the 
source(s) of sulfate to EAA canals is necessary to confirm these findings.  

APPROACHES TO ASSESSING SULFUR SOURCES TO THE 
EVERGLADES 

Surface water sulfate concentration gradients. Surface water sulfate concentrations along 
the major flow pathways into WCA-2A and 3A demonstrate the increase in sulfate concentrations 
as water passes through the EAA. Sulfate concentrations in surface water along a transect 
proceeding from sites in the Everglades marshes northwest to Lake Okeechobee are shown in  
Figure 15. The results suggest that (1) a gradual increase in sulfate concentration from remote 
marsh sites to marsh sites near canal discharge, (2) a continuing increase in average sulfate 
concentration proceeding upstream along the canals, and (3) a significant decrease in average 
sulfate concentration from the canals to Lake Okeechobee. Thus, the surface water sulfate 
concentration data suggest that the canals are the major source of sulfate to the ecosystem.  

Tracing the source(s) of sulfate using sulfur stable isotopes. Sulfur isotopes (δ34S) were 
used to trace the source of the excess sulfur entering the Everglades. The use of sulfur isotope 
geochemistry for source studies is complicated by fractionation during sulfate reduction. 
However, sulfur isotopes have been used successfully in a number of studies over many years to 
examine the source(s) of sulfate (Stam et al., 1992; Sacks et al., 1995; Sacks, 1996; Sacks and 
Tihansky, 1996; Adar and Natic, 2003; Pichler, 2005). Fractionation changes the isotopic 
signature of sulfate in a systematic and predictable way; lighter sulfate is preferentially reduced to 
sulfide by SRB, which leaves the remaining sulfate isotopically heavier (Thode et al., 1961). The 
degree of fractionation depends on the availability of sulfate; the higher the sulfate concentration, 
the greater the degree of fractionation. Sulfate entering a wetland in surface water from a point 
source with elevated concentration relative to the wetland (e.g., canal discharge) will tend to 
show a trend of decreasing concentration and increasing δ34S values as a result of microbial 
sulfate reduction. Both of these trends were observed in surface water in the Everglades  
(Figure 16). Surface waters collected from the upstream portions of canals in the EAA had the 
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highest sulfate concentrations and the lowest δ34S values. Sulfate concentration decreased and 
δ34S values increased moving downstream along the canals and out into the Everglades due to (1) 
progressive microbial sulfate reduction in canal bottoms and marsh sediments, and (2) dilution by 
rainwater and/or groundwater. 

Figure 15. Sulfate concentrations in surface water in the greater Everglades along 
two transects: a northern rivers-Lake Okeechobee/EAA Canals/WCA-2 marsh transect 

(top), and the northern rivers/Lake Okeechobee/Miami Canal/WCA-3 marsh/ENP 
transect (bottom). Data for the period 1994 through 2000. 
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  Oxidation of sulfide remobilized from sediments is another factor that can influence both 
sulfate concentration and δ34S value in surface water. As discussed, the typical trend observed in 
surface water moving down the canals and into the marsh is a decrease in sulfate concentration 
and an increase in δ34S, due to fractionation during sulfate reduction and dilution from rainfall. 
This trend often reverses at the far ends of the sampling transects approaching the center of 
WCA-2A, where a slight increase in sulfate concentration and decrease in δ34S is observed. This 
reversal likely reflects the reoxidation of sediment-derived sulfide to sulfate. Evidence for this 
comes from the analysis of the stable oxygen isotopic composition (δ18O) of sulfate. The δ18O of 
sulfate shifts slightly toward the δ18O of oxygen in the water molecules at sites farthest from the 
canal along the transects in WCA-2A. This suggests that a fraction (10 to 20 percent) of the 
sulfate at the interior sites is derived from the oxidation of sulfide (oxygen derived from water 
molecules) diffusing or advecting out of the sediments into surface water.  

Plotting sulfate concentration versus the sulfur isotopic composition (δ34S) of sulfate also can 
provide insight into the sources of sulfate in the Everglades. Figure 16 shows such a plot for 
surface water from northern Everglades’ marshes, and canals that traverse the EAA and northern 
Everglades. The plot shows a relatively wide spread of δ34S values at low sulfate concentrations, 
reflecting the wide range of sulfur sources (e.g., rainfall, sulfide from sediments oxidized to 
sulfate, groundwater, and canal discharge) that can contribute to the sulfate pool at pristine sites 
(e.g., WCA-1, southern WCA-3, and the ENP). As sulfate concentration increases, the spread of 
δ34S values decreases, and a distinct trend line is apparent in the plot. This indicates that a single 
source of sulfate begins to dominate as sulfate concentrations increase. The highest sulfate 
concentrations approach a δ34S value of about +16 per mil (‰). Also, the highest surface water 
sulfate concentrations observed in this study were from canals within the EAA. Thus, some 
source of sulfur within the EAA with a δ34S value of about +16 ‰ appears to dominate sulfate 
loads to the EAA canals and the sulfur-contaminated areas of the northern Everglades. However, 
the question remains on the actual source of this sulfate. 

Sulfur is used extensively in agriculture. In the EAA, agricultural sulfur (a form of elemental 
sulfur that is 98 percent So), has been used as a soil amendment (Bottcher and Izuno, 1994). The 
oxidation of this elemental sulfur to sulfate in the nominally oxidizing soils of the EAA produces 
acidity in the soil that helps in mobilizing applied phosphorus fertilizer for more effective uptake 
by crops, especially sugarcane. As part of the sulfur isotope (δ34S) analysis of total sulfur, 
samples of agricultural sulfur were purchased from farm stores and agricultural chemical 
distributors within the EAA. Results for δ34S from three separate batches of elemental sulfur 
fertilizer were 15.7, 20.3, and 15.9 ‰ for fertilizer purchased in 1996, 1997, and 1999, 
respectively. Sulfate extracted from the upper 10 cm of soil in an active sugarcane field in the 
EAA had a δ34S value of 15.6 ‰ (Bates et al., 2001 and 2002). Thus, sulfur isotope (δ34S) results 
are consistent with agricultural sulfur applications (new and legacy) being a major contributor to 
sulfate content of EAA agricultural soils, and the high sulfate concentrations of surface water in 
EAA canals. It is suggested that the agricultural sulfur applied in the EAA is (1) oxidized to 
sulfate in the largely aerobic soils; (2) remobilized from the soils by rainfall and/or irrigation; (3) 
transported as sulfate in runoff to the canals in the EAA, mixing with Lake Okeechobee water 
(itself contaminated with sulfate by backpumping from the EAA and leakage from the heavily 
sulfate-contaminated Rim Canal); and (4) then discharged to the Everglades in canal water. 
Current isotopic results do not indicate whether the sulfate entering the canals in the EAA is 
derived from recently applied agricultural sulfur, or whether historical applications are slowly 
released during soil oxidation. It is also worth noting that sulfur is also added to agricultural fields 
in the EAA in other forms, including as counterions in soil amendments and fertilizers, and in 
fungicides, pesticides, and herbicides. 
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Rainwater as a potential sulfate source. In addition to agricultural sulfur from the EAA, the 
question is whether other sources of sulfate (e.g., rainwater, groundwater) are important to sulfate 
contamination in the Everglades. It is doubtful that a diffuse source such as rainfall could account 
for the observed north-south gradient in sulfate concentrations in the Everglades. Also, the sulfate 
concentration of rainwater is far too low to account for the levels of sulfate found in the canals in 
the EAA and contaminated areas of the Everglades. Furthermore, sulfate from rainwater in 
Central and South Florida has δ34S values that generally fall in the range of +2 to  
+6 ‰ (Katz et al., 1995; Bates et al., 2001 and 2002). These values are much lower than δ34S 
values of sulfate in surface water from EAA canals or the northern Everglades. Thus, rainwater 
cannot account for most of the sulfate contamination observed in the EAA canals or contaminated 
marsh areas of the northern Everglades. Dilution of sulfate by rainwater probably contributes to 
trends in surface water sulfate concentration, but certainly not the trend of an increase in δ34S 
values observed moving from the EAA canals into the Everglades (Figure 16). As noted earlier, 
however, rainwater may be the dominant source of sulfate to pristine areas of the current 
ecosystem and to the historical Everglades. 

 

Figure 16. Plot of sulfate concentration [in milliequivalents per liter (meq/L)] versus 
sulfur isotopic composition of sulfate [δ34S in per mil (‰)] for surface water in the 

Everglades. The trend line points toward a sulfate source with and isotopic 
composition of about 16 to 20‰. 
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Groundwater as a potential sulfate source. Groundwater is another possible source of sulfate 
in surface water. Groundwater samples collected from beneath WCA-2A and STA-1W were 
examined for sulfate concentration and stable isotope composition (δ34S), salinity, and other 
chemical parameters. In WCA-2A, shallow groundwater [< 9 meters (m)] had consistently lower 
(ten fold or more) sulfate concentrations compared to surface water (Bates et al., 2000 and 2001). 
Most of the deep groundwater samples (> 9 m) underlying WCA-2A were also too low to account 
for the high sulfate concentrations in the surface water. However, deep groundwater from 30.5 m 
depth at the S-10C structure (located along the Hillsboro Canal that discharges into WCA-2A) 
and from 9 m depth at marsh site F1 in WCA-2A had sulfate concentrations as high as or higher 
than surface water. The δ34S values of high concentration sulfate in deep groundwater at these 
sites (a range of +9 to +14 ‰ at S-10C, and +12 ‰ at F1) were considerably lower than those of 
surface water (δ34S +18 to +24 ‰). All groundwater from WCA-2A below 9 m had δ34S values 
distinctly lower than those in the surface water. Thus, the stable isotope data (δ34S) suggest that 
deep groundwater is not a major source of sulfate to the surface water. The salinities of the deep 
groundwater underlying WCA-2A were also much higher than those measured in surface water, 
which can be further evidence that deep groundwater has little influence on the chemistry of 
surface water in WCA-2A. Figure 17 shows the concentrations and δ34S values of sulfate in the 
different reservoirs of interest at site F1 in WCA-2A. The data presented in Figure 17 
demonstrate that surface water discharge from EAA canals is clearly the major control on surface 
water sulfate at this site, and that rainwater and groundwater are not major sources of sulfate to 
surface water in WCA-2A. There is some potential for shallow groundwater influence in  
WCA-2A at sites near the Hillsboro Canal (Harvey et al., 2000), but it appears to have little 
impact on sulfate concentrations in surface water.  

A second site where data may be examined to determine the dominant sources of sulfate to 
EAA canal waters is STA-1W (former agricultural land, now part of the ENR), where 
groundwater hydrology is more complex than in WCA-2A. Concentrations of sulfate from deep 
groundwater (> 9 m) beneath STA-1W are as high as sulfate in the canals in the EAA. Some of 
the δ34S values for sulfate in this deep groundwater of the ENR are close to the values for sulfate 
in the EAA canals (+15 to +22 ‰). However, the salinities and chloride concentrations of deep 
groundwater beneath STA-1W are much higher than those in the EAA canals; evidence that deep 
groundwater is not a major control on surface water chemistry (including sulfate levels). For 
example, groundwater typically has sulfate/chloride ratios ranging from < 0.01 to 0.1, while 
surface water in canals has sulfate/chloride ratios that are generally greater than 0.3 (Figure 17). 
Of course, sulfate in groundwater under STA-1W and the EAA may be affected by contamination 
from sulfur used in agriculture in the EAA. 

Overall, sulfate concentration and δ34S results, as well as other evidence previously noted, 
indicate that the sulfate contaminating large portions of the northern Everglades originated from 
the EAA by way of the canals that drain the agricultural lands. The sulfur isotope results are also 
consistent with agricultural sulfur used in the EAA (current applications and legacy) as one of the 
principal sources of the sulfate contamination. Currently, available data do not support 
groundwater as a major contributor. 
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Figure 17. Sulfur balance at a heavily contaminated site (F1) in WCA-2A. Sulfate 
concentration and sulfur isotope (δ34S) data show that canal water discharge is the 

major source of excess sulfur to the Everglades. 

Future Needs. Some attention has been devoted to identifying the sources of sulfur 
contamination to the Everglades, but quantitative budgets have not been constructed. Additional 
field data must be collected to construct a robust, quantitative understanding of the sources of 
sulfur to the freshwater Everglades. This work would revolve around a field sampling effort in the 
EAA soils and canals, Lake Okeechobee, underlying groundwater, precipitation, and surface 
water from the Everglades’ marshes. In addition to concentration data, sulfur and oxygen stable 
isotopes, and major ions would be examined as tracers. Sampling should be intensive in space 
and time to capture key events such as storms, hydrologic, and agricultural cycles. A field study 
of sulfur sources would provide critically needed field data to identify specific sulfur source types 
within the EPA and provide significantly improved information for EPA sulfur budgets. 

 An improved understanding of reduced sulfur storage and retention in soils is also needed. 
Initial research and modeling in this area is underway by the ACME team. Critical aspects not 
being addressed include the fate of sulfur stored in agricultural soils; how much of the sulfur used 
in agriculture is initially retained in soils; how much sulfur is released over time during 
cultivation, burning, flooding and drying cycles; and how long (and how much) agricultural soils 
will release sulfate if current sulfur use is reduced. A numerical, biogeochemical model for sulfur 
cycling in Everglades soils will help address these issues.  
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V. STUDIES OF THE IMPACTS OF SULFUR LOADING ON 
THE ECOSYSTEM: EFFECTS OF SULFATE LOADING ON 
GROWTH RESPONSE OF TYPHA DOMINGENSIS AND 

CLADIUM JAMAICENSE IN THE EVERGLADES  

A major environmental impact to the Everglades has been the expansion of cattail [Typha 
domingensis (hereafter Typha)] into areas historically dominated by sawgrass [Cladium 
jamaicense (hereafter Cladium)]. Although a number of factors may have contributed to this 
change in species composition, an alteration in hydrology resulting in prolonged hydroperiods 
and increased phosphorus input have received the most attention. Considerable experimental 
evidence supports the role of these factors in the expansion of Typha. However, sulfate 
concentrations are also elevated in many areas exhibiting high phosphorus, and it is well 
documented that microbial sulfate reduction in anaerobic wetland soils can result in the 
accumulation of hydrogen sulfide, a know plant toxin. Yet, the importance of sulfate-generated 
hydrogen sulfide in the conversion of Cladium marshes to ones dominated by Typha has received 
little attention. The research presented in this section addresses this information gap. Specifically, 
there are two questions addressed: (1) whether Cladium is more sensitive to sulfide than Typha, 
and (2) whether species-differences in sulfide tolerance help to explain the expansion of Typha 
into areas previously dominated by Cladium. 

BACKGROUND INFORMATION 

The ability of wetland plants to tolerate free sulfide in the environment is often dependent on 
the generation of an oxidized root rhizosphere, resulting from radial loss of oxygen from roots. 
This oxygen originates from the atmosphere and moves through the plant and out the root into the 
surrounding reduced soil. The oxidized rhizosphere is often visible as a reddish color (iron oxy-
hydroxides) on and/or around the root. This oxidized rhizosphere precipitates ferrous (soluble) 
iron as insoluble ferric iron, thus, preventing this potentially toxic element from entering the plant 
in excess amounts. In a similar way, the oxidized rhizosphere can oxidize potentially toxic sulfur 
species (HS- and H2S) to non-toxic sulfate, which can be taken up by the plant to fulfill its sulfur 
requirement. The following lines of evidence support the hypothesis that Cladium and Typha 
differ in their ability to generate an oxidized rhizosphere and, hence, to detoxify sulfide:  

1. The development of air space tissue (aerenchyma) within a plant is necessary for the transport 
of oxygen through the plant and into the soil. Experimental evidence has demonstrated that, 
upon flooding, Typha generates greater root porosity (air space) than Cladium  
(Figure 18; Chabbi et al., 2000).  

2. The internal movement of oxygen through many wetland plants is by simple diffusion, which 
is a slow process. However, some wetland plants, usually the most flood tolerant, exhibit a 
pressurized mass movement of air known as convective flow, which is much more efficient in 
transporting oxygen to roots than diffusion. Sorrell et al. (2000) have demonstrated that 
Typha possesses such pressured gas transport while Cladium does not (Figure 19;  
Sorrell et al., 2000).  

3. The development of an oxidized rhizosphere is ultimately dependent on the loss of oxygen 
from root tissue into the surrounding soil. Experimental evidence has clearly shown that 
Typha has greater radial oxygen loss rates than Cladium (Figure 19; Chabbi et al., 2000), 
hence, a greater ability to generate an oxidized rhizosphere.  

4. Visualization of the oxidized rhizosphere with the redox dye, methylene blue, demonstrates a 
more extensive oxidized rhizosphere around the roots of Typha than Cladium  
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(Figure 20; Chabbi et al., 2000). In Cladium, oxygen loss occurs almost exclusively around 
the root tip, while for Typha, oxygen release occurs along much of the root length (Chabbi  
et al., 2000). Hence, Typha has a more extensive oxidized rhizosphere than Cladium. 
Therefore, it is hypothesized that Cladium is more sensitive to sulfide accumulation than 
Typha, and sulfate loading to the Everglades will more likely affect Cladium than Typha.  

 

Figure 18. Root porosity visible in photomicrographs of the flooded roots of 
Typha (FT) (top left) and Cladium (bottom left), showing the more extensive 
aerenchyma (as) in Typha. Graph (right) showing the species differences in 

root air-space volume when drained and when flooded. 
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Figure 20. Oxidized methylene blue halos surrounding roots of (A) Typha and 
(B) Cladium. The oxidized rhizosphere of Cladium is restricted to the root tips, 
whereas the oxidized rhizosphere of Typha is continuous along the root axis.   
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Development of oxidized haloes around roots of Typha (A) and
Cladium (B) immersed in a reduced methylene blue-agar medium.

(Chabbi, McKee, Mendelssohn 2000)

Figure 19.  Rates of internal air movement (mL/min/shoot) in three wetland 
species, Cladium, Typha, and Phragmites (left); Cladium has low internal flow due 

to an absence of internal pressurization. Graph showing the radial oxygen loss 
rates from the roots of Cladium and Typha (right) (Chabbi et al., 2000).   

(From Sorrell, Mendelssohn, Mckee and Woods 2000)
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Methods 

Both laboratory and field approaches were used to address the preceding hypotheses. A short-
term hydroponic experiment assessed potential differences in sulfide tolerance between the two 
plant species, and a field dosing experiment tested the effects of sulfate loading on the growth 
responses of Cladium and Typha. 

Sulfide Tolerance Experiment 

To determine if Cladium is potentially more sensitive to sulfide than Typha, a short-term 
(seven days) hydroponic experiment was conducted in which both species were treated with a 
range of sulfide concentrations from zero to 1 millimoles (mM) [(0 to 33 mg/L)]. Cladium 
response was negatively affected at sulfide concentrations from 0.25 to 0.5 mM (8 to 16 mg/L) 
(Figure 21). After standardization of the sulfide-stock standards, these growth-limiting values are 
0.23 to 0.46 mM. The growth response of Typha was impacted at higher sulfide concentrations, 
from 0.75 to 1.0 mM (0.69 to 0.92 mM after standardization). Thus, Cladium is more likely to be 
negatively affected by sulfide accumulation resulting from sulfate reduction than Typha. The 
specific sulfide concentration that limits growth in these species would depend on a number of 
factors including co-occurring abiotic stressors, biotic stressors, the general growth environment 
(temperature, fertility, etc.), and the growth stage of the plant. Nonetheless, these results 
demonstrate the relatively greater sulfide sensitivity of Cladium compared to Typha. 

Figure 21. Rates of photosynthesis (Pn) and leaf elongation of Cladium and Typha 
under aeration and four sulfide concentrations [0, 0.25, 0.50, 0.75, and  

1.0 millimoles (mM)]. Standardized sulfide levels are 7.8% lower than target levels. 

P n
(

lC
O

2
)

0

2

4

6

8

10

12

14

ab

a

ab
b

c
c

Cladium

Sulfide Concentration (mM)
Aerated 0 0.25 0.5 0.75 1

P n
(

lC
O

2
)

0

5

10

15

20

25

ab
a

ab

a

ab

b

Typha

Pn
 (µ

m
ol

 C
O

2 
m

-2
 s

-1
)

0.0

0.2

0.4

0.6

0.8

1.0

Sulfide Concentration (mM)
Aerated 0 0.25 0.5 0.75 1

LeafElong
)

0

1

2

3

4

Cladium

Typha

a
a

b b

b

b

ab

a

ab ab
bc

c

Le
af

 E
lo

ng
at

io
n 

R
at

e 
(c

m
 d

-1
)



2007 South Florida Environmental Report  Appendix 3B-3 

 App. 3B-3-69 

SULFATE LOADING EXPERIMENT 

The effects of sulfate loading on growth and photosynthesis of Typha and Cladium were 
quantified in a field manipulative experiment conducted in WCA-3A, site 15, in the central 
Everglades. While this experiment is on going, the hypothesis was that sulfate higher loading 
would result in greater sulfate reduction and consequently higher interstitial concentrations of 
sulfide, which would limit plant growth. Both Typha and Cladium were exposed in field 
mesocosms (1.5 m diameter plastic rings) to four sulfate treatment-levels: (1) control (0 mg/L), 
(2) low (20 mg/L), (3) medium (50 mg/L), and (4) high (100 mg/L). An ambient treatment level 
without added sulfate or mesocosm served as a control for any potential effect of the mesocosm. 
These treatment levels were also doubled to promote sulfide accumulation.  

Various growth parameters (including photosynthetic capacity, maximum quantum efficiency 
of photosystem II, shoot elongation rate, total plant height, and shoot turnover rate) were 
measured as response variables for Typha and Cladium. Although the growth variables for Typha 
was consistently greater than that for Cladium (Figure 22), the sulfate dosing treatment had no 
significant effect on the growth of either species (Figure 23).  

Preliminary water chemistry results from the sulfur toxicity mesocosm experiment show that 
high levels of sulfate entering the ecosystem stimulates microbial sulfate reduction and buildup of 
sulfide in porewater, changing redox conditions in the underlying soil and remobilizing nutrient 
elements. Ammonium concentrations of up to 20 times higher than in controls were observed in 
porewater of sulfate-dosed mesocosms. Sulfate addition and buildup of sulfide from microbial 
sulfate reduction appears to have also remobilize phosphorus from organic peats, relative to 
control mesocosms. Phosphate levels up to 50 times higher were observed in porewater of 
sulfate-dosed mesocosms. However, porewater levels of ammonium and phosphate are very high 
throughout sulfur-contaminated WCA-2A (relative to areas with no sulfur contamination), even 
in parts of the area not receiving high inputs of nitrogen and phosphorus-contaminated canal 
water (Orem et al., 1997). This could reflect remobilization of ammonium and phosphate as a 
result of increased sulfate reduction and buildup of sulfide in porewater. Sulfate impacts on 
nutrient remobilization and microbial activity in freshwater marshes is termed “sulfate 
eutrophication” by scientists studying the effect in Europe (Lamars et al., 1998; Smolders et al., 
2006).  
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Figure 22. Rates of photosynthesis (Pn) and leaf elongation for Typha and 
Cladium during six sampling events from November 2003 through March 2006.  

These growth parameters were generally greater for Typha than Cladium. 
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Figure 23.  Rates of photosynthesis (Pn) and leaf elongation for Typha and 
Cladium exposed to sulfate doing in field mesocosms.  Although these growth 

parameters are greater for Typha than Cladium, sulfate dosing had no significant 
effect on either variable. 
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CONCLUSIONS 

The field mesocosm experiment did not reveal an effect of sulfate-dosing on plants.  
Although this experiment is continuing, in March 2006, the highest porewater sulfide 
concentrations attained in the sulfate-dosed mesocosms was 0.176 mM (approximately 6 mg/L) 
(W. Orem/USGS, personal communication). In fact, average porewater concentrations were 
considerably lower.  

Based on the hydroponic, short-term experiment, Cladium is more sensitive to sulfide than 
Typha. Table 10 presents growth limiting sulfide concentrations for a diverse number of plant 
species, including Cladium and Typha from this study. It is clear that porewater sulfide 
concentrations in the mesocosms never reach a growth limiting level for either Cladium or Typha. 
However, porewater sulfide concentrations between 0.25 and 0.375 mM (8 and 12 mg/L) have 
been measured in eutrophic areas of WCA-2A (W. Orem/USGS, personal communication). These 
concentrations could negatively impact the growth of Cladium while leaving Typha unaffected.  

Species differences in sulfide tolerance have helped to explain the expansion of Typha into 
areas previously dominated by Cladium, but whether sulfide actually contributes to such a role 
has not been answered. Considerable more research is needed to conclusively determine the role 
of sulfide in impacting Cladium and other plant species within the Everglades, especially with 
respect to the interactive effects of sulfide and other known stressors like excess phosphorus and 
prolonged hydroperiods. 
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Table 10.  Comparison of species-specific tolerance to sulfide. 

This research0.69 - 0.92 mMFreshTypha domingensis

This research0.23 - 0.46 mMFreshCladium jamaicense

McKee 1993> 1.0 mMMangroveRhizophora  mangle

Carlson et al. 2002

Mckee 1993

Koch & Mendelssohn 1989

Lamers et al. 1998

Koch & Mendelssohn 1989

Tanaka et al. 1968

Reference

2 mM (acute)SeagrassThallasia testundinum

0.5 - 1.0 mMMangroveAvecinnia marina

1.13 mMSaltSpartina alterniflora

0.2 mMFreshCarex wetland meadow

0.63 mMFreshPanicum hemitomon

0.16 - 0.31 mMFreshOryza sativa (rice)

Growth Limiting [S-2]Marsh TypeSpecies



Appendix 3B-3  Volume I: The South Florida Environment 

 App. 3B-3-74 

LITERATURE CITED 

Adar, E. and R. Natic. 2003. Isotopes as Tracers in a Contaminated Fractured Chalk Aquitard.  
J. Contaminant Hydrology, 65: 19-35.  

Atkeson, T.D., C.D. Pollman and D.M. Axelrad. 2005. Recent Trends in Hg Emissions, Deposition, 
and Biota in the Florida Everglades: A Monitoring and Modeling Analysis. In: Dynamics of 
Mercury Pollution on Regional and Global Scales: Atmospheric Processes, Human Exposure 
Around the World (Pirrone, N. and Mahaffey, K., eds.), Springer Publisher, Norwell, MA. 
Chapter 26, pp. 637-656.  

Bates, A.L., W.H. Orem, J.W. Harvey and E.C. Spiker. 2002. Tracing Sources of Sulfur in the 
Florida Everglades. Journal of Environmental Quality, 31: 287-299. 

Bates, A.L., W.H. Orem, J.W. Harvey and E.C. Spiker. 2001. Geochemistry of Sulfur in the Florida 
Everglades; 1994 through 1999. U.S. Geological Survey, Open File Report 01-0007, 54 p. 

Bates, A.L., E.C. Spiker and C.W. Holmes. 1998. Speciation and Isotopic Composition of 
Sedimentary Sulfur in the Everglades, Florida, USA. Chemical Geology, 146: 155-170. 

Bates, A.L., W.H. Orem, J.W. Harvey and E.C. Spiker. 2001. Sulfur Geochemistry of the Florida 
Everglades. U.S. Geological Survey, Open File Report 01-34, 47 p. 

Benoit, J., C. Gilmour, A. Heyes, R.P. Mason, C. Miller. 2003. Geochemical and Biological Controls 
Over Methylmercury Production and Degradation in Aquatic Ecosystems. In: Biogeochemistry 
of Environmentally Important Trace Elements, ACS Symposium Series #835, Y. Chai and O.C. 
Braids, Eds. American Chemical Society, Washington, DC. pp. 262-297.  

Benoit, J.M., C.C. Gilmour and R.P. Mason. 2001. Aspects of the Bioavailability of Mercury for 
Methylation in Pure Cultures of Desulfobulbous propionicus (1pr3). Appl. Environ. Microbiol., 
67: 51-58. 

Benoit, J.M., C.C. Gilmour and R.P. Mason. 2001. The Influence of Sulfide on Solid-Phase Mercury 
Bioavailability for Methylation by Pure Cultures of Desulfobulbous propionicus (1pr3). Environ. 
Sci. Technol., 35: 127-132.  

Benoit, J.M., C.C. Gilmour, R. P. Mason, and A. Heyes. 1999a. Sulfide Controls on Mercury 
Speciation and Bioavailability in Sediment Pore Waters. Environ. Sci. Technol., 33: 951-957.  

Benoit, J.M., R. P. Mason and C.C. Gilmour. 1999b. Estimation of Mercury-Sulfide Speciation in 
Sediment Pore Waters using Octanol-Water Partitioning and Implications for Availability to 
Methylating Bacteria. Environ. Toxicol. Chem., 18: 2138-2141.  

Berner, R.A. 1980. Early Diagenesis, A Theoretical Approach. Princeton University Press, 
Princeton, NJ, 241 pp.  

Bottcher, A.B. and Izuno, F.T. 1994. Everglades Agricultural Area (EAA) – Water, Soil, Crop, and 
Environmental Management. University Press of Florida, Gainesville, FL, 318 pp. 

Bouton, S.N., P.C. Frederick, M.G. Spalding and H. McGill. 1999. Effects of Chronic, Low 
Concentrations of Dietary Methylmercury on the Behavior of Juvenile Great Egrets. 
Environmental Toxicology and Chemistry, 18(9): 1934-1939. 



2007 South Florida Environmental Report  Appendix 3B-3 

 App. 3B-3-75 

Branfireun, B.A., K. Bishop, N.T. Roulet, G. Granberg and M. Nilsson. 2001. Mercury Cycling in 
Boreal Ecosystems: The Long-Term Effect of Acid Rain Consituents on Peatland Pore Water 
Methylmercury Concentrations. Geophys. Res. Let., 28: 1227-1230.  

Branfireun, B.A., N.T. Roulet, C.A. Kelly and J.W.M. Rudd. 1999. In Situ Sulphate Stimulation of 
Mercury Methylation in a Boreal Peatland: Toward a Link Between Acid Rain and 
Methylmercury Contamination in Remote Environments. Global Biogeochemical Cycles, 13: 
743-750. 

Busch, D.E., W.F. Loftus and O.L. Bass, Jr. 1998. Long-term Hydrological Effects on Marsh Plant 
Community Structure in the Southern Everglades. Wetlands, 18: 230-241. 

Carlson, P., L. Yarbro, T. Barber, B. Peterson, H. Arnold and A. Ketron. 2002. The Influence of 
Sediment Sulfide in the Structure of South Florida Seagrass Communities. Seagrass Proceedings 
of the Tampa Bay Estuary Program. 

Chabbi, A., K.L. McKee and I.A. Mendelssohn. 2000. Fate of Oxygen Losses from Typha 
domingensis (Typhaceae) and Cladium jamaicense (Cyperaceae) and Consequences for Root 
Metabolism. American Journal of Botany, 87: 1081-1090.  

Compeau, G.C. and R. Bartha. 1985. Sulfate-Reducing Bacteria: Principal Methylators of Mercury 
in Anoxic Estuarine Sediment. Applied and Environmental Microbiology, 50: 498-502. 

Craft, C.B. and C.J. Richardson. 1993. Peat Accretion and Phosphorus Accumulation along an 
Eutrophication Gradient in the Northern Everglades. Biogeochemistry, 22: 133-156. 

Davis, S.M. and J.C. Ogden. 1994. Everglades: the Ecosystem and its restoration. St. Lucie Press, 
Delray Beach, FL. 

DeBusk, W.F., K.R. Reddy, M.S. Roch and Y. Want. 1994. Spatial Distribution of Soil Nutrients in 
a Northern Everglades marsh: Water Conservation Area 2A. Soil Sci., 58(2): 543-552.  

Fink, L. 2003. Appendix 2B-1: The Effect of Dryout and Burn on the Everglades Mercury Cycle. In: 
2003 Everglades Consolidated Report, South Florida Water Management District, West Palm 
Beach, FL.  

Gilbert, R.O. 1987. Statistical Methods for Environmental Pollution Monitoring. Van Nostrand 
Reinhold Company, New York. 320 pages. 

Gilmour, C.C., D.P. Krabbenhoft, W. Orem and G. Aiken. 2004. Appendix 2B-1: Influence of 
Drying and Rewetting on Mercury and Sulfur Cycling in Everglades and STA soils. In: 2004 
Everglades Consolidated Report, South Florida Water Management District, West Palm Beach, 
FL. 

Gilmour, C.C., A. Heyes, J.M. Benoit, J.T. Bell, G.S. Riedel, D.P. Krabbenhoft and W.H Orem. 
Distribution of Mercury and Methylmercury in Sediments and the Importance of Sulfur 
Chemistry along a Transect of the Florida Everglades. Final Report submitted to the South 
Florida Water Management District, West Palm Beach, FL.  Contract # C-7690-A1, April 2000.  

Gilmour, C.C., E.A. Henry and R. Mitchell. 1992. Sulfate Stimulation of Mercury Methylation in 
Freshwater Sediments. Environ. Sci. Technol., 26: 2287-2294. 

Gilmour, C.C., G.S. Riedel, M.C. Ederington, J.T. Bell, J.M. Benoit, G.A. Gill and M.C. Stordal. 
1998. Methylmercury Concentrations and Production Rates across a Trophic Gradient in the 
Northern Everglades. Biogeochemistry, 40: 327-345. 



Appendix 3B-3  Volume I: The South Florida Environment 

 App. 3B-3-76 

Hammerschmidt, C.R. and W.F. Fitzgerald. 2006. Methylmercury Cycling in Sediments on the 
Continental Shelf of Southern New England. Geochim. Cosmochim. Acta, 70: 918-930. 

Harmon S.M., King J.K., Gladden J.B., and et al., 2004. Methylmercury Formation in a Wetland 
Mesocosm Amended with Sulfate. Environ. Sci. Technol., 38: 650-656 . 

Harvey, J.W., S.L. Krupa, C.G. Gefvert, J. Choi, R.H. Mooney and J.B. Giddings. 2000. Interaction 
Between Ground Water and Surface Water in the Northern Everglades and Relation to Water 
Budget and Mercury Cycling: Study Methods and Appendixes. U.S. Geological Survey, Open 
File Report 00-168, 411 pp.  

Hollweg, T.A., R.P. Mason, C. Gilmour, G. Riedel and J.T. Bell. 2006. Mercury Methylation in the 
Chesapeake Bay and Mid-Atlantic continental shelf. Presentation at the 8th International 
Conference on Mercury as a Global Pollutant, Madison, WI, August 2006. 

Jeremiason, J.D., D.R. Engstrom, E.B. Swain, E.A. Nater, B.M. Johnson, J.E. Almendinger, B.A. 
Monson and R.K. Kolka. 2006. Sulfate Addition Increases Methylmercury Production in an 
Experimental Wetland. Environ. Sci. Technol., 40(12): 3800-3806.  

Katz, B.G., L.N. Plummer, E. Busenberg, K.M. Revesz, B.F. Jones and T.M. Lee. 1995. Chemical 
Evolution of Groundwater near a Sinkhole Lake, Northern Florida, 2. Chemical Patterns, Mass-
Transfer Modeling, and Rates of Chemical Reactions. Water Resources Research, 31: 1564-
1584. 

King, J.K., J.E. Kostka, M.E. Frischer, and F.M. Saunders. 2000. Sulfate-Reducing Bacteria 
Methylate Mercury at Variable Rates in Pure Culture and in Marine Sediments. Appl. Environ. 
Microbiol., 66: 2430-2437. 

King, J.K., J.E. Kostka, M.E. Frischer, F.M. Saunders and R.A. Jahnke. 2001. A Quantitative 
Relationship that Demonstrates Mercury Methylation Rates in Marine Sediments Are Based on 
the Community Composition and Activity of Sulfate-Reducing Bacteria. Environ. Sci. Technol., 
35(12): 2491-2496.  

Koch, M.S. and K.R. Reddy. 1992. Distribution of Soil and Plant Nutrients along a Trophic Gradient 
in the Florida Everglades. Soil Sci. Soc. Am. J., 56: 1492-1499. 

Koch, M.S. and I.A. Mendelssohn. 1989. Sulphide as a Soil Phytotoxin: Differential Responses in 
Two Marsh Species. J. Ecol., 77: 565-578. 

Krabbenhoft, D.P. and L. Fink. The Effect of Dry Down and Natural Fires on Mercury Methylation 
in the Florida Everglades. In: 2001 Everglades Consolidated Report, Appendix 7-8. South 
Florida Water Management District, West Palm Beach, FL.  

Krabbenhoft, D., J. Hurley, G. Aiken, C. Gilmour, M. Marvin-DiPasquale, W. Orem and R. Harris. 
2000. Mercury Cycling in the Florida Everglades: A Mechanistic Study. Verh. Internat. Verein. 
Limnol., 27: 1657-1660.  

Lamers, L.P.M., M. Hilde, M. Tomassen and J.G.M. Roelofs. 1998. Sulfate-Induced Eutrophication 
and Phytotoxicity in Freshwater wetlands. Environ. Sci. Technol., 32: 199-205. 

Marvin-DiPasquale, J. Agee, C. McGowan, R.S. Oremland, M.. Thomas, D. Krabbenhoft and C.C. 
Gilmour. 2000. Methylmercury Degradation Pathways: A Comparison Among Three Mercury-
Impacted Ecosystems. Environ. Sci. Technol., 34: 4908-4916.  



2007 South Florida Environmental Report  Appendix 3B-3 

 App. 3B-3-77 

Marvin-DiPasquale, M.C. and R.S. Oremland. 1998. Bacterial Methylmercury Degradation in 
Florida Everglades Peat Sediment. Environ. Sci. Technol., 32: 2556-2563. 

McKee, K.L. 1993. Soil Physiochemical Patterns and Mangrove Species Distribution - Reciprocal 
Effects? Journal of Ecology, 81: 477-487. 

Marvin-DiPasquale, M.C. and J.L. Agge. 2003. Microbial Mercury Cycling in Sediments of the San 
Francisco Bay-Delta. Estuaries, 26: 1517-1528. 

Miao, S.L. and W.F. DeBusk. 1999. Effects of Phosphorus Enrichment on Structure and Function of 
Sawgrass and Cattail Communities in the Everglades. In: Phosphorus biogeochemistry in 
subtropical ecosystems. Reddy, K.R., O’Connor, G.A., Schelske, C.L. (Eds.). CRC Press LLC, 
Boca Raton, London, New York, Washington D.C., pp. 275-299. 

Munthe, J., A. Iverfeldt, I. Renberg, H. Hultberg, Y.H. Lee and H. Parkman. 1995. Trends of 
Mercury and Methylmercury in Deposition, Run-off Water and Sediments in Relation to 
Experimental Manipulations and Acidification. Water, Air, and Soil Pollution, 85(2): 743-748. 

Munthe, J., R.A. Bodaly, B. Branfireun, C.T. Driscoll, C.C. Gilmour, R. Harris, M. Horvat, M. 
Lucotte and O. Malm. 2006. Recovery of Mercury-Contaminated Fisheries. (In Press), Ambio.  

Odum, E.P, J.T. Finn and E.H. Franz. 1979. Perturbation Theory and the Subsidy-Stress Gradient. 
BioScience, 29: 349-352. 

Orem, W.H. 2004. Impacts of sulfate contamination on the Florida Everglades ecosystem. U.S. 
Geological Survey, Fact Sheet FS 109-03, 4 pp. 

Orem, W.H., H.E. Lerch and P. Rawlik. 1997a. Geochemistry of Surface and Pore Water at USGS 
692 Coring Sites in Wetlands of South Florida: 1994 and 1995. U.S. Geological Survey, Open 
693 File Report 97-454, pp. 36-39.  

Orem, W.H., H.E. Lerch and P. Rawlik. 1997b. Geochemistry of Surface and Pore Water at USGS 
Coring Sites in Wetlands of South Florida: 1994 and 1995. U.S. Geological Survey, Open File 
Report 97-454, pp. 36-39. 

Pichler T. 2005. d 34S Isotope Values of Dissolved Sulfate (SO 4 2-) as a Tracer for Battery Acid 
(H2SO4) Contamination in Groundwater. Environmental Geology, 47: 215-224.  

Sacks, L.A. 1996. Geochemical and Isotopic Composition of Ground Water with Emphasis on 
Sources of Sulfate in the Upper Floridan Aquifer in Parts of Marion Sumter and Citrus Counties, 
Florida. Water-Resources Investigations Report 95-4251, U.S. Geological Survey, Tallahassee, 
FL.  

Sacks, L.A. and A.B. Tihansky. 1996. Geochemical and Isotopic Composition of Ground Water with 
Emphasis on Sources of Sulfate in the Upper Floridan Aquifer and Intermediate Aquifer System 
in Southwest Florida. Water-Resources Investigations Report 96-4146, U.S. Geological Survey, 
Tallahassee, FL.  

Sacks, L.A., J.S. Herman and S.J. Kauffman. 1995. Controls on High Sulfate Concentrations in the 
Upper Floridan Aquifer in Southwest Florida. Water Resour Res., 31(10): 2541-2551.  

Scheuhammer, A.M. and P.J. and Blancher. 1994. Potential Risk to Common Loons (Gavia immer) 
from Methylmercury Exposure in Acidified Lakes. Hydrobiologia, 279-280: 445-455. 



Appendix 3B-3  Volume I: The South Florida Environment 

 App. 3B-3-78 

Schueneman T.J. 2000. Characterization of Sulfur Sources in the EAA. Soil and Crop Sciences 
Society of Florida Proceedings, 60: 20-22.  

Smolders, A.J.P., L.P.M. Lamers, Lucassen Echet, G. Van Der Velde, and J.G.M. Roelofs. 2006. 
Internal Eutrophication: How It Works and What to Do About It - a Review. Chemistry and 
Ecology, 22: 93-111. 

Sorrell B.K, I.A. Mendelssohn, K.L. McKee and R.A. Woods. 2000. Ecophysiology of Wetland 
Plant Roots: A Modelling Comparison of Aeration in Relation to Species Distribution. Annals of 
Botany, 86: 675-685. 

Stam, A.C., M.J. Mitchell, H.R. Krouse and J.S. Kahl. 1992. Stable Sulfur Isotopes of Sulfate in 
Precipitation and Stream Solutions in a Northern Hardwood Watershed, Water Resour. Res., 28: 
231-236.  

Stober, Q.J., D. Scheidt, R. Jones, K. Thornton, R. Ambrose and D. France. 1996. South Florida 
Ecosystem Assessment Interim Report, USEPA Report # 904-R-96-008, 27 pp. 

Stober, Q.J., K. Thornton, R. Jones, J. Richards, C. Ivey, R. Welch, M. Madden, J. Trexler, E. 
Gaiser, D. Scheidt and S. Rathbun. 2001. South Florida Ecosystem Assessment: Phase I/II – 
Everglades Stressor Interactions: Hydropatterns, Eutrophication, Habitat Alteration, and 
Mercury Contamination. USEPA Report # 904-R-01-002, 63 pp.  

Tanaka, A., R.P. Mulleriyawa and T. Yasu. 1968. Possibility of Hydrogen Sulfide Induced Iron 
Toxicity of the Rice Plant. Soil Science and Plant Nutrition, 14: 1-6. 

Thode, H.G., J. Monster and H.B. Dunford. 1961. Sulfur Isotope Geochemistry. Geochim. 
Cosmochim. Acta., 25: 159-174. 

Waller, B.G. and J.E. Earle. 1975. Chemical and Biological Quality of Water in Part of the 
Everglades, Southeastern Florida. USGS Water-Resources Investigations Report 56-75, 
Tallahassee, FL. p. 156 

Watras, C. J., K.A. Morrison, R.J.M. Hudson, T.M. Frost and T.K. Kratz. 2000. Decreasing Mercury 
in Northern Wisconsin: Temporal Patterns in Bulk Precipitation and a Precipitation-Dominated 
Lake. Environ. Sci. Technol., 34(19): 4051-4057.  

Watras, C.J., N.S. Bloom, R.J.M. Hudson, S.Gherini, R. Munson, S.A. Class, K.A. Morrison, J. 
Hurley, J.G. Wiener, W.F. Fitzgerald, R. Mason, G. Vandel, D. Powell, R. Rada, L. Rislov, M. 
Winfrey, J. Elder, D. Krabbenhoft, A. W. Andren, C. Babiarz, D.B. Porcella, and J.W. 
Huckabee. 1994. Sources and fates of mercury and methylmercury in Wisconsin Lakes. In: 
Mercury Pollution: Intergration and Synthesis. C.J. Watras and J.W. Huckabee, eds. Lewis 
Publishers, Boca Raton, FL. pp. 153-177.  

Wiener, J.G., B.C. Knights, M.B. Sandheinrich, J.D. Jeremiason, M.E. Brigham, D.R. Engstrom, 
L.G. Woodruff, W.F. Cannon and S.J. Balogh. 2006. Mercury in Soils, Lakes, and Fish in 
Voyageurs National Park (Minnesota): Importance of Atmospheric Deposition and Ecosystem 
Factors. Environ. Sci. Technol., 40(20): 6261-6268.  

Zielinski, R.A., W.H. Orem, K.R. Simmons and P.J. Bohlen. 2006. Fertilizer-Derived Uranium and 
Sulfur in Rangeland Soil and Runoff: A Case Study in Central Florida. Water, Air, and Soil 
Poll., 176: 163-183. 



2007 South Florida Environmental Report  Appendix 3B-3 

 App. 3B-3-79 

ATTACHMENT 1: DETAILS OF SEASONAL KENDALL 
TREND ANALYSES 

SEN ESTIMATE OF SLOPE 

The Sen estimate of slope is the median of all slopes between all possible unique pairs of 
individual data points in the time period being analyzed (Gilbert, 1987). The slopes represent the rate 
of change of the measured parameter, with the y-axis being the parameter value and the  
x-axis being calendar days. Sen’s estimate of slope is a nonparametric estimator of trend. The 
method is robust, and fairly insensitive to the presence of a small fraction of outliers and  
non-detect data values. In contrast, linear regression and other least squares estimators of slope are 
significantly more sensitive and more likely to give erroneous slope indications, even when only a 
few outlier values are present. 

The approximate lower 1M  and upper 2M  95 percent confidence limits for the Sen slope can 
also be calculated using normal theory (Gilbert, 1987). Confidence limits for the Sen slope are not 
necessarily symmetrical about the estimated slope median since ranked values of slope are used in 
the calculation. 

 

Sen’s Estimate of Slope calculates the trend of a single data series. It is less sensitive to outliers 
and non-detect values than linear regression (Gilbert, 1987; p. 217). 

Slope: Q  

i i' 
x 'x ii

−
− =Q  

 
where xi’ and xi are data values at times i’ and i, 
respectively, and where i’>i. Typically, i’ and i are 
expressed in units of either days for trend analysis or 
years for seasonal analysis but it is trivial to change to any 
other time unit. 

N ′  

Number of unique data point pairs that can be made for 
the observations in the data set, for i’>i. For n monitoring 
events, N ′  is given as:  ( ) 21−=′ nnN . 

 

Sen’s Slope Estimate: 
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where the Q  values have first been ranked from smallest 
to largest. 

Z1 2−α /  Statistic for the cumulative normal distribution (Gilbert, 
1987; p. 254) for the two-sided, α  significance level. 
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Variance estimate of the Mann-Kendall S  
Statistic: 
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where g is the number of tied groups, t p  is the number of 

data in the p-th group, and n is the number of data values. 

αC  )(2/1 SVARZC αα −=  

Sen’s slope limits 21 & MM  are each 
calculated by a one-sided test at the α  
significance level. 
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Lower one-sided ( )%1100 α−  confidence limit is the 

1M -th largest slope, and the upper one-sided 

( )%1100 α−  confidence limit is the ( )12 +M -th largest 

of the N ′  ordered slope estimates. 
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SIGNIFICANCE AND THE SEASONAL KENDALL TEST 

The Seasonal Kendall test for trend is insensitive to the presence or absence of seasonality in a 
data set. The algorithm is a nonparametric test since it does not assume any type of data distribution 
and it can be used even though there are missing, tied or non-detect data values present. The null 
hypothesis ( H0 ) assumes that the trend is zero, and the alternate hypothesis, Ha , is that the trend is 
non-zero. Mathematical details of the Seasonal Kendall trend test are shown below. 

In the Seasonal Kendall analysis, the “Sen” slope is first calculated and then it is determined 
whether the slope is statistically significant. Slope is statistically significant if it is non-zero. The 
median value of the Sen slope is calculated with and without seasonality. Since slopes are calculated 
over all possible time intervals within each season, it is possible that the test indicates a “non-zero” 
trend, yet the median slope value equal zero. 

 

Seasonal Kendall Test for number of data as small as 10, unless there are many tied (e.g., equal, non-
directs are treated as tied) values (Gilbert, 1987; p. 225). 

Indicator Function 
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where x x xi i in1 2, ,...,  are the time ordered data (ni  is total of data in 
the i-th season). 
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Variance of Si : 
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where gi  is the number of tied groups (equal-valued) data in the i-th 

season,  ipt  is the number of  tied data in the p-th group for the i-th 

season, hi is the number of sampling times (or time periods) in the i-th 
season that contain multiple data, uiq  is the number of multiple data in 

the q-th time period in the i-th season, and ni  is the number of data 
values in the i-th season. 

Test Statistic: 
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where a positive sT  value means an upward trend and a negative sT  
value means a negative trend. 
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Hypothesis Test:  
 

H0  = no trend 

 

1aH  = upward trend present 

 

2aH  = downward trend present 

 
This is a one-sided test at the 
α  significance level. 
 

The null hypothesis H0  assumes that there is no trend in the data as a 
function of time after seasonal effects have been removed. However, we 
will check for two alternative hypotheses. These are determined as 
follows: 

A1) Reject the null hypothesis H0  and accept the alternative 
hypothesis Ha1 for an upward trend 
 

α−>> 10 ZTandTif ss ; 

 

A2) Reject the null hypothesis H0  and accept the alternative 
hypothesis Ha2 of a downward trend 
 

α−>< 10 ZTandTif ss . 

 

The term α−1Z
 is the cumulative normal distribution function, which can 

be obtained from Table A1 in Gilbert (1987; p. 254). 

Sen’s Slope Estimator: Qilk 

Slopes are initially calculated for the ith season of the lth and kth years: 
 

kl
tt
XXQ
ikil

ikil
ilk >

−
−

= ;  

 
where Xil and Xik are the concentrations measured in the ith season of 
years tl and tk. These Qilk individual slopes are ranked, and the median 
value is used to represent the seasonal slope estimate (Gilbert, 1987; p. 
227). 
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