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TABLE 2. Parameter Estimates Based Upon Marsh Water-Column Data. 

Variable TP TP TP TP* TP* CI CI CI 

Sampling Dates (Year-Month) 

First 7606 B103 7606 B103 7606 7606 B103 7606 
Last B102 910B 910B 910B 910B B102 910B 910B 

S10 Inflows and Atmospheric Fluxes 

Qo :184.6 337.9 :152.4 :137.9 352.4 384.6 337.9 352.4 
Co 90.7 136.7 121.1 1:16.7 121.1 176.5 136.6 150.1 
Fw l.000 0.B40 0.B90 l.000 1.000 1.000 0.840 0.B90 
P l.14 l.19 1.17 1.19 1.17 1.14 1.19 l.17 
e l.37 1.40 l.39 1.40 1.39 l.37 1.40 l.39 
Cp 37 37 37 37 37 1.7 1.7 1.7 

Parameter Estimates for 0-10 km Zone 

Stations 19 24 25 13 22 19 14 19 
Samples 201 :16:1 564 B1 29a 214 107 321 
R2 0.82:1 0.54:1 0.641 0.B31 0.8:15 --0.071 0.04:1 --0.087 
SE 0.471 0.821 0.665 0.410 0.412 0.106 0.:135 0.247 
Ke 13.0 9.5 9.9 10.6 12.2 0.2 0.8 0.1 
Ke - 5 percent 11.3 7.0 7.9 9.2 11.0 -0.1 --0.4 --0.7 
Ke -95% 14.B 12.1 12.0 12.1 13.5 0.5 2.0 O.B 

Parameter Estimates for 0-5 km Zone 

Stations 13 17 18 8 15 la 9 13 
Samples 14:1 229 372 49 201 158 73 231 
R2 0.648 -0.007 0.176 0.617 0.698 --0.027 0.040 --0.020 
SE O.4n 0.545 0.500 0.497 0.362 0.OB7 0.30B 0.205 
Ke 12.1 1.2 4.1 10.6 11.6 -O.:{ --0.8 -1.3 
Ke-5% B.8 -2.0 1.2 7.1 9.6 -0.9 -3.4 -2.7 
K e-95% 15.5 4.4 7.0 14.1 13.7 0.:1 1.9 0.1 

SE = Standard Error of Estimate, In (Marsh TP Concentration). 
Ke = 5%, 95% = lower and upper end of 90% confidence interval for Ke (m/yr). 
Co, Cp units ppb for phosphorus and ppm for chloride. 
*Wet periods only; samples collected on days when water depth exceeded 7.6 em for at least 120 days prior to sampling. 

relatively little east-to-west transport within the 
marsh. Transect differences are also evident in the 
phosphorus data at stations close to the S10's, but not 
at southern marsh stations, where concentrations are 
reduced - lO-fold relative to the S10 inflows. Random 
variations in phosphorus uptake rates and mecha­
nisms along the southerly flow path from the S10's 
may explain the disappearance of east-west phospho­
rus gradients despite the persistence of chloride gra­
dients at the south end of the model zone. 

Chloride concentrations at marsh stations south of 
S10A and S10C are slightly higher than the inflow 
concentrations at S10A and S10C. This may reflect 
initial diversion of high-chloride S10D inflows 
towards the east prior to entering the marsh, an 
observed phenomenon caused by topographic varia­
tions in the vicinity of L-39. Data from marsh stations 
closer to the inflows are more sensitive to the particu­
lar spatial distribution of inflows. These stations have 
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little impact on the calibrated settling rates, since the 
left end of the model prediction is anchored at the 
average inflow concentration for the combined S10's. 

Figure 7 shows observed and predicted concentra­
tion profiles for the February 1981 through August 
1991 period, when several droughts were experienced 
(Figure 5). Consistent with results from 1976-1981, 
chloride setting rates are not significantly different 
from zero. Confidence intervals for phosphorus set­
tling rate are 7.0 to 12.0 m/yr for the 0-10 km zone 
and -2.0 to 4.4 m/yr in the 0-5 km zone. Very little 
phosphorus retention is indicated in the first 5 km, 
where concentrations exceed model predictions for Ke 
= 10.2 m/yr at 16 out of 17 marsh stations. Essentially 
no retention is indicated along the western (D) tran­
sect. Phosphorus concentrations along the central 
transect (C) drop sharply from - 80 ppb at 5 km to 
- 20 ppb at 7 km. The calibrated settling rate for the 
entire 0-10 km zone is determined primarily by 
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stations between 6 and 10 km and does not reflect a 
much lower apparent settling rate in the northern 
5 km during this period. 
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Figure 6. Observed and Predicted Concentrations, June 
1976-February 1981. Symbols depict flow-weighted-mean 
concentrations of TP and chloride at marsh stations for the 
June 1976-Feb 1981 period of high stage. Symbols at 
Distance = 0 km indicate flow-weighted-mean concentrations 
in discharges from each S10 structure. Dotted lines depict 
model predictions for phosphorus settling rate of 10.2 rnlyr 
(calibrated to sediment P accretion rates) and chloride 
settling rate of 0.0 m/yr. Shaded areas depict model predic­
tions for 90 percent confidence intervals of settling rates 
calibrated to water-column data from this period. 
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Figure 7. Observed & Predicted Concentrations, March 1981-
August 1991 (see Figure 6 legend for explanation). 

VARIATIONS IN SETTLING RATE 

10 

10 

Figure 8 compares 90 percent confidence intervals 
for settling rates estimated from peat-accretion and 
water-column data from various distance intervals 
and periods. Compared with the 8.9-11.2 m/yr esti­
mate derived from peat accretion data, water-column 
data suggest a higher Ke (11.3 to 14.8 m/yr) during 
the earlier period of continuous inundation and a 
lower Ke (-2.0 to 4.4 mlyr) in the northern 5 km dur­
ing the later period with intermittent droughts. Set­
tling rates inferred from water-column data reflect 
the combined effects of peat accretion and transient 
phosphorus fluxes to and from biomass, litter, and 
peat compartments. Two possible mechanisms 
accounting for these differences in settling rates, 
drought-induced recycling, and vegetation changes 
are discussed below. 
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Figure 8. Settling Rates vs. Time and Distance Intervals. 
Shaded bars depict 90 percent confidence intervals for 

setting rates calibrated to peat-accretion and water column 
measurements from various periods and distance intervals. 
Asterisks (*) indicate calibrations to water-column samples 

collected under wet conditions (water depth >=7.6 cm 
for a period >=120 days prior to sampling). 

Drought-induced oxidation of peat and subsequent 
dissolution are important phenomena promoting 
phosphorus recycling from Everglades peats enriched 
by anthropogenic phosphorus inputs (Davis, 1994; 
Urban et al., 1993). Examination of time-series data 
from individual marsh stations in the northern model 
zone reveals a tendency for water-column phosphorus 
concentrations to increase shortly after reflooding of 
the marsh following droughts. To test the hypothesis 
that the low settling average rate in the northern 
region between 1981 and 1991 was related to 
drought-induced recycling, phosphorus concentration 
data from all marsh stations have been classified 
based upon antecedent hydrologic conditions, defined 
by minimum depth and duration of water level at the 
2A-217 gauge prior to sampling. Calibration of the 
model to all water-column data collected between 
1981 and 1991 yields a Ke estimate of -2.0 to 4.4 m/yr 
for the 0-5 km zone. For this same time period and 
distance interval, calibration to samples collected on 
dates when water depth exceeded 7.6 cm (3 inches) for 
at least 120 days prior to sampling yields a Ke esti­
mate of 7.1 to 14.1 mlyr (Table 2). This screening pro­
cedure eliminates samples collected during and 
immediately following periods of low stage, when 
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phosphorus recycling attributed to peat oxidation 
and/or plant die-off would be most apparent. 

Sensitivity of calibrated settling rates to minimum 
depth and minimum duration of inundation criteria is 
shown in Figure 9. In the 0-5 km zone, Ke increases 
with duration of inundation between 0 and 120 days 
and stabilizes thereafter. For wet durations exceeding 
120 days, results stabilize at values ranging from 10 
to 14 m/yr. The 0-10 km settling rates are less sensi­
tive to water depth and duration. Spatial variations 
in Ke are not significant when drought/reflood periods 
are excluded. 

Figure 10 shows the predicted concentration profile 
for Ke = 10.2 m/yr in relation to marsh water-column 
concentrations classified according to antecedent 
water depth and duration. Results suggest that phos­
phorus uptake and recycling mechanisms are more 
sensitive to water levels and drought in the northern 
zone, as compared with the southern zone. This 
greater sensitivity may reflect higher concentrations 
of phosphorus in surface peats. Koch and Reddy 
(1992) measured 0-10 cm peat phosphorus concentra­
tions ranging from 1200-1600 mg/kg in the northern 
model zone to 400 mg/kg in the southern model zone 
(Figure 2). 

The observed spatial and temporal variations in Kc 
may also be related to changes in vegetation. Cattails 
have dominated the northern end of model zone since 
the late 1970s but have expanded in surface area. 
Relatively rapid growth rates give cattails a competi­
tive advantage over native sawgrass in enriched areas 
with long hydroperiod (Reeder and Davis, 1983; 
Davis, 1984, 1994). Fluctuations in cattail density and 
area have been observed in response to nutrient 
regime, drought, and fire (Urban et al., 1993). 

Based upon leaf biomass and composition measure­
ments reported by Reeder and Davis (1983) and by 
Davis (1984, 1991), phosphorus stored in live leaf tis­
sue ranges from about 600-800 mg P/m2 in the north­
ern portion of the model zone to about 90-120 mg 
P/m2 in the southern portion. These ranges corre· 
spond to about one year of phosphorus storage ir 
peat, based upon the accretion profile (Figure 4). Th~ 
slightly higher Ke values inferred from the water 
column data during the 1976-1981 period (vs. 1981 
1991) may reflect net growth of the cattail communit) 
and net increase in phosphorus storage in biomas! 
and litter compartments. Such an increase would bl 
reflected in the water-column phosphorus balance bu· 
not in the peat-accretion measurements. 

Urban et al. (1993), reported that sawgrass is morl 
stable than cattail under stress induced by drought 01 

fire. Sawgrass plants normally survive drought an( 
burning (Gunderson, 1994). Both peat oxidation an( 
cattail die-off may have contributed to the low settlin! 
rate in the 0-5 km zone between 1981 and 1991. Th. 
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Figure 9. Settling Rate vs. Minimum Water Depth & Duration. Shaded area depicts 90 percent confidence interval for P settling rates 
calibrated to peat accretion data. Solid lines depict settling rates calibrated to water-column data from the entire model zone 
(0-10 km) as a function of minimum water depth and minimum duration of inundation. Dotted lines depict same information 

for the northern half of the model zone (0-5 km). Samples were collected between June 1976 and August 1991. 
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Figure 10. Observed and Predicted Phosphorus Concentrations for Wet and Dry Conditions. Symbols depict observed 
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wet duration >= 120 days) and dry conditions (open symbols, wet duration < 120 days), 
Solid line depicts model prediction for Ke calibrated to peat accretion data. 
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relative stability of the settling rate in the southern 
model zone during this period is consistent with 
resilience of sawgrass communities subjected to fire 
or drought. Studies of leaf decomposition indicate that 
retention of phosphorus in dead sawgrass leaves is on 
the order of 50 percent, as compared with 25 percent 
for cattail (Davis, 1984; Toth, 1987). These factors 
suggest that higher rates of phosphorus recycling 
from plant tissue associated with drought or fire in 
the northern zone may have contributed to the 
observed spatial variations in settling rate during the 
1981-1991 period. 

Higher settling rates in the southern model zone in 
1981-1991 may also reflect greater importance of cal­
cium phosphate precipitation induced by periphyton 
as a phosphorus removal mechanism (Koch and 
Reddy, 1992). Phosphorus stored in the peat as inor­
ganic calcium phosphate may be less susceptible to 
recycling, as compared with phosphorus stored in 
organic forms which can be oxidized and mobilized by 
drought or fire. 

Calibration of the model to water-column data from 
the most recent period of continuous inundation 
(November 1990 through August 1991) yields a set­
tling rate of 10.2 to 17.7 m/yr, similar to the 11.3 to 
14.8 m/yr estimate developed from the 1976-1981 
period of continuous inundation. Spatial variations in 
settling rate are not detectable in either of these peri­
ods, when depth regimes closely approximated STA 
design conditions. Observed regrowth of cattail com­
munities following the 1989-1990 drought (Urban et 
al., 1993) may account for the fact that the settling 
rate in 1990-1991 was higher than the 10.2 m/yr long­
term average. 

Results do not suggest a long-term decline in phos­
phorus retention capacity associated with vegetative 
changes. Variations in settling rate appear to be asso­
ciated primarily with drought/flood cycles and consis­
tent with observed spatial and temporal variations in 
plant communities. Drought-induced recycling of 
phosphorus is not expected to occur in the Stormwa­
ter Treatment Areas, which have been designed to 
maintain water depths exceeding 15 cm for the 1979-
1988 hydrologic record used as a basis for design 
(Burns and McDonnell, 1994). 

MODEL APPLICATION 

In a design mode, Equation (7) can be solved for 
the surface area required to achieve the target out­
flow concentration (50 ppb), given an assumed value 
for the settling rate and independent estimates of the 
other model input variables. Burns & McDonnell 
(1994) have applied the model in sizing six regional 
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STA's to accomplish treatment objectives; footprints 
are shown in Figure 1. For design purposes, STA 
inflows have been characterized using historical mon­
itoring data for a 1O-year period (1979-1988), adjusted 
to account for future implementation of BMP's. Treat­
ment areas range from 330 to 3370 hectares (total = 
16,300 hectares). Hydraulic loads range from 6 to 11 
m/yr and inflow phosphorus concentrations, from 120 
to 260 ppb. 

The 10.2 m/yr settling rate derived from peat accre­
tion data has been selected as a design basis. This is 
preferred to estimates derived from water-column 
data for the following reasons: 

1. Peat data provide integrated measures of long­
term-average accretion rates, whereas water-column 
data reflect transient conditions for specific sampling 
periods and are more variable. 

2. Given sufficient hydroperiod, peat accretion is a 
sustainable mechanism for phosphorus removal, 
whereas water-column data also reflect transient 
fluxes to/from vegetation and litter compartments. 
The slightly higher settling rates calibrated to marsh 
water-column data during periods of continuous flood­
ing may reflect net storage of phosphorus in vegeta­
tion and litter. Conversely, lower settling rates 
observed in the northern enriched zone during 
drought/reflood periods may reflect net release of 
phosphorus from peat and other storage compart­
ments induced by oxidation and plant die-off. 

3. The spatial array of peat sampling stations is 
more uniform than the array of water-quality stations 
(Figure 5) and is thus more likely to reflect the aver­
age fluxes simulated by the model. 

Uncertainty in STA performance primarily reflects 
uncertainty in settling rate; other model inputs are 
directly measured or reflect insensitive model terms. 

Consequences of uncertainty in the settling rate 
can be assessed by predicting STA outflow concentra­
tions for a range of settling rates corresponding to the 
90 percent confidence interval derived from peat­
accretion data (8.9 to 11.6 m/yr). 

Figure 11 shows predicted long-term-average out­
flow phosphorus concentrations from a typical STA 
with specifications derived from conceptual design 
efforts (Burns and McDonnell, 1994). In this example, 
an STA of 2625 hectares is sized to meet the 50-ppb 
outflow concentration objective, given an inflow vol­
ume of 206 hm3/yr and inflow phosphorus concentra­
tion of 168 ppb. 

For settling rates ranging from 8.9 to 11.6 m/yr, 
predicted outflow concentrations range from 59 ppb to 
42 ppb, as compared with the average inflow concen­
tration of 168 ppb. Predicted load reductions for the 
entire control program (25 percent attributed to 
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BMP's and the remainder to STA's) range from 75 per­
cent to 82 percent relative to the loads experienced in 
the 1979-1988 period. For an optimistic settling rate 
of 13.0 m/yr (~ derived from marsh water-column 
data between 1976 and 1981, when marsh water lev­
els were within the STA design range), the predicted 
outflow concentration is 36 ppb and the overall load 
reduction is 85 percent. 
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Figure 11. STA Performance vs. Settling Rate. Shaded areas depict 
predicted STA performance with Kc calibrated to WCA-2A peat­

accretion data. Dashed lines depict performance with Ke 
calibrated to WCA-2A water-column data from 

1976-1981, when water column depths were 
consistently within the STA operating range. 

Confidence ranges for Ke do not account for uncer­
tainty associated with translating results from WCA-
2A to the STA's. This type of uncertainty would be 
diminished by geographic proximity and similarities 
in water chemistry. Settling rates derived from WCA-
2A are consistent with settling rates derived from 
observed performance data from emergent wetland 
treatment systems in Florida and elsewhere operat­
ing over a wide range of concentrations and hydraulic 
loading rates (Kadlec and Newman, 1992; Kadlec, 
1993, 1994; Kadlec and Knight, 1995). 

Consequences of performance uncertainty can be 
assessed considering that 50 ppb is an interim tech­
nology-based target; a second phase of the control pro­
gram is anticipated. For scenarios considered above, 
the predicted range of STA outflow concentration con­
sistently exceeds marsh background levels «10 ppb) 
and the 10-30 ppb range at which phosphorus impacts 
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on native Everglades communities have been indicat­
ed (Nearhoof, 1992; Grimshaw et ai., 1993). Risk of 
overinvestment in this first phase of the control pro­
gram resulting from underestimation of the settling 
rate (producing cleaner water than is necessary to 
protect the ecosystem) is minimal. Performance devia­
tions of the above magnitudes attributed to uncertain­
ty in the settling rate are not expected to detract 
significantly from the overall benefits of the program, 
as derived from substantial phosphorus load reduc­
tions and hydrologic improvements. Future steps will 
be driven by research to define threshold phosphorus 
concentrations necessary for protection of native 
Everglades communities (Lean et ai., 1992) and by 
observed performance of controls implemented in this 
first phase. 

CONCLUSION 

The mass-balance model developed above predicts 
long-term-average phosphorus removal in a wetland 
segment based upon inflow volumes, phosphorus load, 
atmospheric fluxes, and a regionally-calibrated, first­
order settling rate. A settling rate of 8.9 to 11.6 m/yr 
is supported by peat-accretion and water-column data 
from WCA-2A and by performance data from wetland 
treatment systems in Florida and elsewhere. Spatial 
and temporal variations in settling rate inferred from 
water-column data appear to be related primarily 
drought-induced recycling. These variations are con­
sistent with mechanisms previously identified and 
evaluated in field studies. Refinements in model 
structure are needed to account for these phenomena 
if predictions of performance over annual or shorter 
time steps are desired. Maintaining wet conditions in 
the STA's will be important for promoting phosphorus 
removal. Uncertainty in STA performance derived 
from uncertainty in the settling rate derived from 
WCA-2A data does not pose a significant risk to 
achieving substantial phosphorus load reductions 
under the planned control program. 
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