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Abstract Anthropogenic phosphorus (P) inputs to

the Florida Everglades have produced dramatic

changes in the wetland vegetation of this otherwise

oligotrophic system. While the proliferation of unde-

sirable plant species in response to enrichment has

been well documented, nutrient-related changes in the

physiological and morphological attributes of existing

vegetation, prior to any shifts in species composition

or changes in the spatial extent of certain taxa, have

yet to be adequately characterized. In this experiment,

three sawgrass-dominated areas were enriched with P

for 3 years at rates of 0.4 g P/m2/year (HP), 0.1 g

P/m2/year (LP), or 0 g P/m2/year (controls) to assess

potential impacts of P-enriched discharges from

stormwater treatment areas into the Everglades.

Elevated concentrations of TP in rhizomes and leaves

and reduced ratios of leaf N:P were detected in HP

plants within *1 year at most sites. Live leaf

densities, plant heights, and plant densities of the

HP groups were generally higher than LP and control

groups after 2 years, a pattern that was evident even

after major fire events. Total aboveground biomass

was significantly elevated in both HP and LP treat-

ments at two of the three sites after 3 years. No change

in species composition was detected during the study.

Planned hydrologic restoration measures will increase

P loads into parts of the Everglades that have not

previously experienced anthropogenic P enrichment.

Monitoring native vegetation such as sawgrass can be

a sensitive and relatively robust means of detecting

unintended P enrichment in these areas prior to shifts

in vegetation community composition or changes in

area cover of key species.
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Introduction

For more than a century, the Florida Everglades has

experienced a variety of human-related impacts that
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have disrupted the delicate balance of this ecosystem.

Over half of the historic Everglades has been lost to

agricultural and urban use. Much of the remaining

system has been hydrologically altered (Sklar et al.

2002), and areas receiving drainage from surrounding

development have been enriched with phosphorus (P)

and other nutrients (McCormick et al. 2002). Vege-

tation responses to these impacts have diminished

landscape complexity and species diversity.

The replacement of existing vegetation communi-

ties by dense monocultures of cattail (Typha

domingensis, Pers.) in response to long term P

enrichment (Davis 1994) has had numerous ecolog-

ical consequences including reduced productivity of

submerged plants and benthic periphyton, depletion

of dissolved oxygen in the water, and changes in

invertebrate and vertebrate community structure

(Crozier and Gawlik 2001; McCormick et al. 2002).

Subtler changes in individual plant populations in

response to enrichment have not been so widely

studied but also may result in ecosystem-level

changes. For example, sawgrass (Cladium jamai-

cense, Crantz.) stands in areas with elevated water

column and soil TP concentrations, which reflect

many decades of low-level P input, have plant

densities, stand heights, and biomass that are higher

than those in unenriched areas (Urban et al. 1993;

Miao and Sklar 1998). Such changes are important in

that the physical and physiological characteristics of

sawgrass stands, which are a dominant landscape

feature across much of the Everglades, can affect the

functioning of the larger system. For example,

changes in individual plant and stand morphology

can affect hydrology, both directly by impeding

surface water flow and indirectly by increasing

evapotranspiration. Higher levels of combustible

plant material can fuel larger, hotter fires which, if

these events occur when water levels are below

ground, can result in ecologically damaging peat fires

(Smith and Newman 2001; Smith et al. 2001).

A series of treatment wetlands or stormwater

treatment areas (STAs) have been constructed to

reduce anthropogenic P inputs and restore hydrologic

conditions across portions of the Everglades (Chimney

and Goforth 2001). Through natural biogeochemical

processes, the STAs are able to achieve substantial

reductions in total P (TP) concentrations in agricul-

tural runoff before being discharged into the system.

Despite the fact that reductions of *80% in TP have

been attained (Pietro et al. 2006), STA outflow

concentrations are high relative to those routinely

measured in pristine marsh areas. For example, mean

concentrations of TP in STA discharges to the

Everglades commonly fall within the 20–80 lg/l range

(Pietro et al. 2006), which is considerably higher than

the 5–10 lg/l range documented in the Everglades

interior (McCormick et al. 2002). Accordingly, there is

concern about how STA discharges may impact

existing vegetation, which is mostly dominated by

sawgrass, in adjacent receiving areas that have here-

tofore been relatively unaffected by P enrichment.

While considerable attention has focused on the P

levels required to cause shifts in Everglades plant

communities towards dominance by undesirable

species such as cattail, the capacity of native

vegetation to assimilate excess P without showing a

measurable change in morphology or physiology is

not well understood. Furthermore, the utility of such

measures as early indicators of P enrichment has not

been assessed. We conducted a 3-year field study to

evaluate the short-term effects of P enrichment on

sawgrass—the most widespread native species in the

Everglades. Our objectives were to document the

effect of different P loads on various plant and soil

characteristics and to identify those most sensitive to

P enrichment. This information provides a basis for

predicting wetland responses to STA-based restora-

tion and selecting sensitive indicators of P

enrichment in this oligotrophic wetland.

Methods

Study area

The experiment was conducted in western Water

Conservation Area 2A (WCA-2A), which is the

receiving area for STA-2 discharges (Fig. 1). In April

1998, three sites were selected for the study, each

located approximately 4 km away (designated N4, C4,

S4) from the northwest levee (L-6) across which

STA-2 discharges occur. Sawgrass stands are the

dominant vegetation throughout this region and are

broken only occasionally by wet prairies or sloughs.

Nutrient conditions at all sites were typical for the

oligotrophic Everglades, with water and soil TP

concentrations of \10 lg/l and 300–500 mg/kg,

respectively. From a hydrologic perspective, the N4
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and C4 sites were similar to each other compared to

the wetter S4 site as indicated by monthly water level

measurements taken manually at each site during the

experiment (Fig. 2). At each site, the experimental

area was chosen to encompass an area of relatively

homogeneous sawgrass cover and height.

Experimental design

At each site, eighteen 1.25 9 2.4 m (*3 m2) plots

were established by enclosing an area of the marsh

with transparent 0.6-m high Palruff� walls. The plots

were set up as three rows of six plots each, spaced 2.4

m apart to minimize the possibility of P exchange

between plots (Fig. 1). The walls were pushed a little

way into the ground (*3–5 cm) in a way that would

not sever any large plant roots. The walls were then

held in place by tying them to aluminum poles at the

corners of each plot. The plots were rectangular

rather than square, so we were able to lean over the

side and effectively sample away from the edges.

Because the walls did not fit together perfectly, there

was some water exchange with the surrounding

marsh through corner openings *3–4 cm wide. In

this way, the plots were not completely sealed off

from the outside environment.

Plots were randomly assigned to three different

treatment groups (n = 6), which included high P (0.4

g/m2/year) and low P (0.1 g/m2/year) additions and

controls, which received no P additions. Dosing was

done 6 times (October 1998, June and October of

1999 and 2000, and June 2001). Phosphorus was

added as slow-release, granular Triple Super Phos-

phate (P2O5; TSP) coated with a Polyon� polymer

(Pursell Industries, Inc., Sylacauga, AL, USA). The

thickness of the polymer coating allowed for gradual

and complete release over a *3 mo. period.

Soil and plant tissue nutrient analysis

All plant and soil data were collected from the inner

portion (at least 30-cm away from the walls) of the

plots at random locations. Soil and plant tissue

Fig. 1 Map of South

Florida and the northern

Everglades (enlarged)

showing stormwater

treatment area locations

(shaded regions), Water

Conservation Areas

(WCAs), Rotenberger

Wildlife Management Area

(RWMA), and Holeyland

Wildlife Management Area

(HWMA). Small black

triangles along the NW

border of WCA-2A

represent STA-2 discharge

locations

Fig. 2 Hydrographs of N4, C4, and S4 sites during the study

period of October 1998 to December 2001
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nutrients were sampled at the beginning of the

experiment in October 1998 and then semi-annually

until December 2001, although some plant data were

not collected due to fires. Soils were sampled by

extracting cores from randomly selected locations in

each plot using a 3-cm diameter T-handle corer

inserted to a depth of 10 cm. Three samples of living

leaves and rhizomes were collected from three

randomly selected plants within each plot and

combined into a single sample. All soil and plant

nutrient samples were stored at approximately 4�C

before being processed for total nitrogen (TN) using a

Carlo-Erba (Milan, Italy) Model NA 1500 Series 2

elemental analyzer and for TP using standard meth-

ods (EPA Method no. 365.4).

Plant measurements

Sawgrass measurements were taken initially on

October 1998 and then semi-annually until December

2001. Numbers of live and dead leaves per plant,

maximum leaf heights (cm), and leaf diameters at

mid-leaf height (mm) were recorded on three ran-

domly chosen plants from the west, central, and east

portions of each plot. Live and dead leaf densities

were recorded less frequently (annually) due to the

amount of time and labor required to collect those

data. To estimate plant densities, a 1-m2 quadrat was

placed in the middle of each plot and the number of

individual ramets counted. In addition, general veg-

etation surveys were conducted annually to document

species composition. In January 2002, aboveground

biomass (live and dead leaves) was estimated by

digital photography where the vegetation is photo-

graphed against a black background. The images are

reduced to three colors representing live (green), dead

(red) and no (black) vegetation and the number of

pixels of each are counted and converted to biomass

units based on regression formulae developed by

Smith et al. (2000).

Data analysis

Data from individual sites were subjected to normality

and homogeneity of variance tests and subsequently

analyzed by repeated-measures ANOVA. Plant bio-

mass, a parameter that was only measured at the end of

the study, was log-transformed and tested by one-way

ANOVA. When a significant treatment effect was

detected (a = 0.05), comparisons among specific

groups for each sample date were then conducted

using Tukey’s Honest Significant Difference tests

(Statistica ver. 4.5).

Preliminary statistical analyses

Initial statistical tests showed that virtually all data,

with the exception of a few parameters on just a

handful of sampling dates, were found to be normally

distributed and have statistically equal variances. As

such, the data were not subjected to any transforma-

tions given that the F test is remarkably robust to both

deviations from normality and heterogeneity of

variances (Hsu 1938; Box 1954a, b; Box and

Anderson 1955; Lindman 1974). ANOVA F and P

values are listed in Table 1.

Results

Considerable variation in environmental conditions

occurred during the course of the experiment. A fire

passed through the N4 and C4 plots in June 1999

while the S4 plots burned in June 2001. As a result, no

dead leaves were present to enumerate in the fall of

1999 for the N4 and C4 sites and although short live

leaves were present (the plants had grown new shoots

by the sampling date), they were not counted at this

time. Both live and dead leaves were absent in June

2001 at the S4 site. Plant tissue and soil nutrient

samples were collected, and leaf diameter and plant

densities recorded, at S4 just prior to the fire.

However, we missed collecting data on plant heights

and leaf densities at this time since the site burned

before the next sampling trip that was to occur a few

days later. Following the 1999 fire, the plot walls

were immediately replaced. In 2001, they were not

since the experiment ended shortly thereafter. In

addition to these fires, two tropical storms occurred in

October of 1999 and 2000 and a severe drought

occurred during the winter–spring of 2001.

Soil nutrients

Baseline (October 1998) soil TP concentrations

averaged 365 ± 13, 281 ± 13, and 305 ± 10 mg/

kg (0–10 cm layer, average of all 18 plots) at N4, C4,

and S4, respectively. During the dosing period,
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concentrations were consistently highest in the HP

plots and lowest in control plots (Fig. 3a), but

exhibited considerable temporal variation among

sites. As a result, significant differences only

occurred between the HP and C plots in December

2001 at C4. Treatments did not differ with respect to

soil TN and TC throughout the study (data not

shown).

Tissue nutrient concentrations

Baseline rhizome TP concentrations at all three sites

were initially similar among all treatment groups and

\ 250 mg/kg at all sites. After 7 months, TP

concentrations in the rhizomes of HP plants at C4

and S4 were significantly higher than in those of the

LP or control plants (Fig. 3b). This trend generally

was maintained throughout the study period although

variability within the treatment groups grew larger

after fire and drought events. At N4 the HP treatments

were significantly different from the controls but not

the LP treatment on most dates, except the last.

Similar patterns were observed for live leaf TP

concentrations, although the response was slower.

The HP treatments had significantly higher TP

concentrations than the LP or control groups, which

were similar to each other, on most dates after 5-99

(Fig. 3c). In contrast, no treatment effects on leaf or

root TN concentrations were detected (data not

shown).

Leaf TN:TP ratios were significantly lower in HP

compared to LP or control plants by 11-99 at N4,

11-01 at C4, and 6-00 at S4. The magnitude of

difference between these two groups generally

increased throughout the study period at N4 and C4

(Fig. 3d). The LP and control groups were more often

similar than not and there was only one significant

difference between the two (S4, 6-01). Rhizome

TN:TP concentrations also reflected the increasing

concentrations of TP. TN:TP was significantly lower

for HP plants compared to the controls between 1 and

2 years into dosing (Fig. 3e). However, because of

increased variability in rhizome TP (discussed

above), differences in TN:TP ratios, although gener-

ally maintaining a similar pattern among the

treatment groups, lost statistical significance toward

the end of the study period.

Table 1
Parameter Site F P Parameter Site F P

Soil TP N4 1.28 0.29 Plant heights N4 1.33 0.22

C4 2.31 0.05 C4 10.37 0.00

S4 1.69 0.17 S4 4.60 0.00

Rhizome TP N4 3.41 0.01 Leaf diameters N4 2.73 0.00

C4 2.96 0.02 C4 5.04 0.00

S4 5.54 0.00 S4 2.50 0.01

Live leaf TP N4 5.60 0.00 Live leaf densities N4 2.38 0.04

C4 2.37 0.04 C4 5.09 0.00

S4 2.42 0.04 S4 1.44 0.24

Rhizome N:P N4 3.07 0.01 Plant densities N4 2.42 0.04

C4 3.47 0.01 C4 11.11 0.00

S4 3.78 0.01 S4 10.13 0.00

Live leaf N:P N4 3.24 0.01 Dead biomass N4 1.53 0.29

C4 3.47 0.01 C4 5.90 0.04

S4 3.78 0.01 S4 3.70 0.09

Live biomass N4 16.24 0.00

C4 0.00 0.96

S4 5.11 0.05

Total biomass N4 5.32 0.04

C4 7.35 0.02

S4 10.04 0.01
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Plant height

At the N4 site, plant heights were statistically similar

among treatments throughout the study, even though

values for the HP group were higher than both the LP

and control groups after 6-00 (Fig. 4a). At the C4 and

S4 sites, heights of HP plants were significantly

greater than those of LP or control plants after 20 mo.

(6-00) and 25 mo. (11-00), respectively. This treat-

ment effect was lost at the S4 site on the last sampling

date (12-01), presumably because S4 plants were still

recovering from the June 2001 fire.

Leaf diameter

Enrichment effects on mid-height leaf diameter were

not observed at the N4 site until 12-01 (Fig. 4b) when

HP plants had larger values than both LP or control

plants. At the C4 site, significant differences among

all three treatments emerged in 11-00, with HP plants

having the largest leaf diameters and control plants

having the lowest. Treatment effects at S4 also

appeared in 11-00, at which point HP plants were

taller than those of the other two groups. Similar to

the trend in plant height, his difference was lost at S4

Fig. 3 Soil and plant tissue TP concentrations over time (dark-

shaded bars = HP treatment, light-shaded bars = LP treatment,

open bars = control; means with the same or a shared letter are

statistically equal; error bars represent standard error of the

mean; dashed vertical line separates pre- versus post-fire

sampling, gray block represents sampling during drought

period; n.s. = not sampled)
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by 12-01—a time when the plants were still recov-

ering from fire.

Live and dead leaf numbers

By June 2000, HP plants at N4 and C4 had greater

numbers of live leaves than either LP or control plants,

which were similar to each other (Fig. 4c). This trend

continued throughout the study period, although sta-

tistical significance was lost on two dates at N4 (11-00,

6-01). At S4, the treatment groups showed a similar

pattern, but the differences were not statistically

significant. Dead leaf densities did not exhibit any

consistent or significant patterns among the different

treatment groups at any site (data not shown).

Plant density

Although initially similar at all three sites, plant

densities showed obvious and consistent treatment

Fig. 4 Plant and stand attributes over time (dark-shaded bars =

HP treatment, light-shaded bars = LP treatment, open bars =

control; means with the same or a shared letter are statistically

equal; error bars represent standard error of the mean; dashed

vertical line separates pre- versus post-fire sampling, gray

block represents sampling during drought period)

Wetlands Ecol Manage (2009) 17:291–302 297

123



effects over time with HP plots quickly attaining

higher plant densities than either LP or control plots,

which were similar to each other (Fig. 4e). The effect

was significant at the S4 site after 8 months (6-99) and

at N4 and C4 after 20 months (6-00). Because of

increased within-group variability, these differences

were not statistically significant on 6-01 or 12-01 at

N4 and on 6-01 at S4. At C4, the trend was significant

throughout the study period.

Biomass

At the N4 site, dead biomass was highest in the HP

plots, lower in the LP plots, and lowest in the control

plots; however, these differences were not statisti-

cally significant (Fig. 4e). At C4, the HP plots were

statistically higher than the LP or control groups and

no significant treatment effects were observed at S4.

Live biomass was significantly higher in the HP and

LP treatments compared to the control at N4. At C4

no significant effects were observed. At S4, the HP

treatment yielded significantly higher live biomass

than the control. The LP group fell midway between

the HP and control groups and was statistically

similar to both. Total biomass showed the strongest

response to P dosing. Total biomass was significantly

greater in HP plots than in LP and control plots at all

three sites. At C4, the LP group was significantly

higher than the control group.

Species composition

Species survey data (not shown) showed that all plots

remained virtually 100% sawgrass throughout the

study, with only occasional occurrences of other

species such as Sagittaria lancifolia L., Nymphaea

odorata Soland, Peltandra virginica (L.) Kunth,

Cephalanthus occidentalis L., Psylocaria nitens

(Vahl.) A. Wood, and Polygonum hydropiperoides

Michx. in very small numbers.

Although data were not collected from outside the

enclosures (i.e., unwalled control areas), there was no

noticeable effect of the walls on plants growth. In other

words, plant heights, densities, etc. inside the control

treatments were visually indistinguishable from those

outside. Other experiments in the Everglades have

quantitatively demonstrated no significant effects of

enclosing marsh vegetation (Newman et al. 2001,

2004).

Discussion

The spatial distribution of key species and changes in

community composition are perhaps the most widely

used vegetation indicators of anthropogenic impacts

in wetlands and the basis for adaptive management

(Galatowitsch and van der Valk 1996; Weieher et al.

1996; Posey et al. 1997; Weinstein et al. 1997; Stein

and Ambrose 1998; Detenbeck et al. 1999; Visser

et al. 1999; Mushet et al. 2002; Hinkle and Mitsch

2005; Teal and Weishar 2005). Research on the

effects of eutrophication on Everglades vegetation

also has focused on community change, in particular

the conversion of sawgrass and slough communities

to monotypic cattail stands (e.g., Davis 1994; Craft

et al. 1995; Rutchey and Vilchek 1999). These

community shifts typically occur over many years in

locations where soil P concentrations already have

been elevated. We found that changes in the stand

characteristics of sawgrass, a species adapted to

extremely low P levels, can occur before soil

enrichment and long before any shift towards more

aggressive, nutrient-loving species is observed.

Our findings support the idea that monitoring

specific characteristics of native vegetation can

provide an early warning of enrichment and allow

for action before additional P accumulation and the

onset of more pronounced community-level impacts.

While vegetation monitoring is commonly used

within the context of adaptive management, species

area cover and community composition may not be as

useful in systems where plant phenology or tissue

nutrient status of extant monotypic stands are the first

variables to exhibit change. This ‘‘within-species’’

approach has, in fact, been used with other freshwater

taxa (Craft et al. 2007), as well as salt marsh

macrophytes (Wigand et al. 2007), macroalgae (Fong

et al. 1998), and seagrasses (KunSeop et al. 2004).

Sawgrass stands in our experimental plots exhib-

ited several responses that might serve as rapid and

sensitive indicators of low-level P enrichment. Ele-

vated concentrations of TP in the rhizomes of

sawgrass receiving doses of 0.4 g/m2/year were

detected within a year or less at all three sites. Thus,

sawgrass tissue TP content and TN:TP ratios appear

to be good indicators of enrichment and precursors to

visible, structural change. Plant heights, densities,

and leaf thickness also showed enrichment effects,

but took longer to respond (*1.5–2 year). We cannot
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speculate on when enrichment effects on above-

ground biomass may have appeared because we

estimated this parameter only once at the end of the

treatment period. However, it is noteworthy that total

biomass was the only measure to show a significant

effect of the 0.1 g/m2/year dosing rate.

Treatment differences for some of the above

variables were lost at certain sites on two different

sampling dates—June 2001 and Dec 2001. In some of

these cases, the general patterns among treatments

(i.e., HP [ LP or C) were maintained but statistical

significance was lost. To a certain extent, this finding

depends upon the statistical methods used. In our

analysis, Tukey’s test was used to compare specific

means, which yields conservative results. More

sample replication may have reduced the within-

group variance that led to this outcome. In other

cases, the patterns themselves were lost. While the

reasons for this are unclear, the June 2001 sampling

date followed a fairly severe drought period that may

have altered the expression of enrichment effects.

Results of the December 2001 sampling may be

related to the P-dosing having ended well before

(6 months) to this last sampling date. In addition,

December may be a less desirable time to sample

since plant growth and vigor are diminished at this

time of year. Finally, it is not known to what extent

the fires affected these variables. Certainly, the

translocation of carbohydrates and nutrients from

roots and rhizomes to re-growing shoots could

influence variables like rhizome P and N:P. Despite

these confounding factors, however, live leaf TP,

plant density, leaf diameter, and total biomass still

exhibited significant differences at the end of the

study.

Similar responses of sawgrass to P enrichment

were observed in another northern Everglades loca-

tion within a comparable time-frame but at much

higher loading rates (4.8 g/m2) by Chiang et al.

(2000) and in the southern Everglades at loading rates

as low as 0.04 g/m2 by Daoust and Childers (2004).

As in our study, these other investigators documented

no detectable change in the species composition of

sawgrass-dominated plots during their enrichment

experiments. Inter-study differences in the loading

rate at which responses were detected could be

related to the particular dosing and measurement

methods used by different investigators or to back-

ground differences in P levels among experimental

locations. For example, among our 3 studies, the

lowest background soil P occurred at the site used by

Daoust (1998) and the highest at the site used by

Chiang et al. (2000). Similarly, plant variables at our

S4 and C4 sites appeared more sensitive than those at

the N4 site where soil P was higher. These patterns

suggest that sawgrass in different areas receiving

STA discharges may vary in their sensitivity to P

loading rates based on antecedent soil P levels.

Despite such differences, all variables in the different

treatment groups within each site were statistically

equal at the beginning of the study but exhibited

significant separation thereafter. Thus, the results

collectively show that predictable and measurable

changes in sawgrass occur relatively quickly in

response to P enrichment and prior to any shifts in

species composition.

In contrast to these vegetation changes, evidence

of soil enrichment was weak or absent based on the

soil nutrient data that we collected. These findings are

consistent with those of Newman et al. (2004), who

found that tissue P concentrations in Everglades

slough vegetation responded more quickly to P

enrichment than either soil or porewater P levels. In

addition to removing P from the porewater, plants

may have assimilated P directly from the surface

water via adventitious roots as it was slowly released

from the pellets at the soil surface. The responsive-

ness of soil measures to P enrichment might be

improved by sampling only the surface layer (e.g.,

Noe et al. 2002) instead of the larger (0–10 cm) depth

fraction we analyzed. However, because of their

unconsolidated and heterogeneous nature, surface

soils in the Everglades are difficult to sample in a

consistent manner, yield more variable estimates of

soil properties (Corstanje et al. 2006) and, therefore,

still may not be as sensitive as biological measures of

P enrichment from a statistical standpoint.

The lack of changes in species composition during

this 3-year experiment is noteworthy given that fire

created opportunities for plant establishment by

eliminating light attenuation as a factor inhibiting

germination. Only a very small number of species

other than sawgrass were present at various times

throughout the study and cattail was never docu-

mented in any of the plots. While cattail has been

shown to respond aggressively to P enrichment and

to be competitively superior to sawgrass under

P-enriched conditions (Newman et al. 1996; Miao
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and Sklar 1998), the probability and timing of a

species shift likely is dependent on numerous factors.

The low levels and relatively short duration of P

enrichment may have been insufficient to promote

cattail germination and seedling survival. The study

location was far from any large areas of cattail, and,

while cattail has wind-dispersed seeds, this species

does not appear to have persistent seed banks in the

Everglades (van der Valk and Rosburg 1997, Leeds

et al. 2002). Finally, the surface fires that occurred

during the experiment temporarily removed most of

the above-ground biomass from the plots, but may

not have been severe enough to create gaps in the

sawgrass canopy for a sufficient period of time to

allow other species to establish. Even at sites where

nutrient conditions are suitable for cattail expansion,

this dependence on the timing of seed dispersal,

disturbance, and the convergence of other environ-

mental conditions may result in a lag time between P

enrichment and cattail establishment as predicted by

Wu et al. (1997). Thus, a reliance on species shifts

alone to detect P impacts may not be suited to the

adaptive management framework currently being

developed for Everglades restoration, which empha-

sizes the need for early detection of ecosystem

responses to allow for proactive management actions.

Current restoration efforts require ‘‘population-

level measures’’ whereby scientists and managers can

gauge the success and any unintended consequences

of restoration actions. While changes in vegetation

community and landscape patterns provide the ulti-

mate measures of restoration success (RECOVER

2004) as well as downstream nutrient impacts from

STA operation (USACOE 1994), population mea-

sures such as nutrient content and stand

characteristics may provide sensitive and relatively

rapid indications of the effects of changes in nutrient

loading caused by hydrologic restoration measures.

The Everglades is a dynamic, disturbance-prone

ecosystem; therefore, indicators also need to be

sufficiently robust to reliably detect changes in

wetland nutrient status. In this study, we documented

that sawgrass responded predictably to low-level P

loading despite natural fluctuations in hydrology

(flooding, drought), fire, and the natural seasonality

of plant vigor. The metrics we used are fairly easily

measured without specialized equipment and, there-

fore, are suitable for routine, rapid assessment. Live

leaf TP, live leaf densities, plant densities, and total

biomass showed significant treatment effects that

were largely maintained through the kinds of distur-

bances mentioned above. And, while it is not clear

that significant changes in sawgrass stand character-

istics portend future undesirable community-level

shifts (e.g., conversion of sawgrass to cattail), these

changes have their own ecological consequences. As

described in the introduction, increased sawgrass

stature, density, and production can alter habitat

quality for other native species, fire intensity, and

possibly landscape patterns related to the mainte-

nance and recovery of the historic ridge and slough

landscape.

Conclusion

Restoration of the Everglades includes the construc-

tion and operation of STAs that in the process of

improving hydrology and water quality will still

deliver a certain amount of excess P to this wetland.

Many of the areas receiving STA discharges have not

been previously exposed to excess P loading and

contain various mixtures of native vegetation includ-

ing sawgrass as a dominant species. Monitoring a

suite of simple sawgrass metrics including tissue P,

plant density and height, leaf diameter, and stand

biomass should provide a sensitive and robust means

of detecting unintended P enrichment as a conse-

quence of hydrologic restoration measures.
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