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a  b  s  t  r  a  c  t

Large  constructed  wetlands  are  extensively  used  in  south  Florida  for  surface  water  quality  improvement
as  well  as  for  flood  control.  Due  to the  periodic  wet–dry  climate  of  this  region,  it is  likely  that  soils
in  these  large  constructed  wetlands  may  become  dry or partially  dry (experiencing  drawdown),  which
represent  a challenge  to managing  and  optimizing  phosphorus  (P)  reductions  in these  systems.  Therefore,
we designed  an  experiment  to  study  the  interactive  effect  of  hydropattern  (batch  vs. continuous  flow)  and
the  presence  or  absence  of  emergent  vegetation  on P exchange  between  surface  water  and  organic  soil in
two sets  of  12  mesocosms.  These  24  mesocosms  were  filled  with  30-cm  deep  peat  soil,  and  each  set  were
subjected  to either  high  (12.5  g m−2 year−1) or low  (3.4  g m−2 year−1)  P loading  from  surface  water.  All
treatments  performed  similarly  prior  to surface  water  drawdown  with  P reductions  being  relatively  high
for high  P  loading  rates  and  being  low  for low  P loading  rates.  Mesocosms  subject  to wet–dry–wet  cycles
exhibited  a three-  to  four-fold  increase  in surface  water  effluent  P concentrations  immediately  following
soil  re-flooding,  which  lasted 1–3  and  3–10 weeks  for  low  and  high  P loading  rates,  respectively.  The
magnitude  of  P flux  from  sediment  to  surface  water  and  the  time  period  over  which  P release  took  place
were  P loading-dependent  (higher  loading  led to  higher  P  flux compared  to lower  P  loading  rates),  and
season-dependent  (a longer  duration  of higher  P flux  experienced  during  dry-  compared  to wet-season
drawdowns).  Results  indicated  that  hydropattern  was  the  dominant  factor  affecting  P flux  to  overlying
surface  water  for  the  high  P loading  rate,  while  the presence  or  absence  of  emergent  vegetation  was  the
dominant  factor  influencing  P  release  for the  low  P loading  rate.  Treatments  lacking  emergent  vegetation
generated  the  most  particulate  P (PP)  for both  high  and  low  P loading  rates.  All P  fractions  were  correlated
to  either  hydropattern  or inflow  concentrations,  for both  low  and  high  P loading  rates,  and,  with  the

exception  of PP,  correlated  to  vegetation  at low-P  loading  rate.  Our  results  indicated  that  the  presence
or  absence  of emergent  vegetation  is  a critical  factor  in  the management  of  large  constructed  wetlands
receiving  low  P loadings  while  hydropattern  should  be  the  focus  in  managing  treatment  systems  receiving
high  loads  of P.  Regardless  of the  P  loading  rates,  maintaining  moist  soils  in large  constructed  wetlands  is
a good  management  strategy,  particularly  during  dry  climatic  periods,  to minimize  soil  P  oxidation  and  P
flux to  surface  water  after  soil  re-flooding.
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. Introduction

The Everglades is a subtropical wetland that once encompassed
.2 × 104 km2 of southern Florida and extended 160 km from south

f Lake Okeechobee to the mangrove estuaries of Florida Bay and
he Gulf of Mexico. At approximately 1/2 of its original extent, the
emaining system is contained mainly within the boundaries of

∗ Corresponding author. Tel.: +1 561 682 6530; fax: +1 561 682 0100.
E-mail addresses: moustafa@sfwmd.gov, onezaki@gmail.com (M.Z. Moustafa),

rwhite@lsu.edu (J.R. White), krr@ufl.edu (K.R. Reddy).

h
A
i
p
h
F
O
F

925-8574/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.ecoleng.2012.01.028
Published by Elsevier B.V.

he Water Conservation Areas (WCAs) and the Everglades National
ark (ENP). Historically, the Everglades was  an oligotrophic peat-
and system that received most of its water and nutrients via rainfall
Davis, 1994). Much of the Everglades north and west of the WCAs
as been converted to farmland, locally known as the Everglades
gricultural Area (EAA) which is a major source of water that flows

nto the WCAs and ultimately the ENP. Both the introduction of
hosphorus (P)-rich water and alterations to surface hydrology

ave caused shifts in the floral and faunal communities of the
lorida Everglades (Rutchey and Vilchek, 1994; McCormick and
’Dell, 1996). The Everglades Forever Act (EFA; Section 373.4592,
lorida Statutes) was  enacted by the Florida Legislature in 1994
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nd authorized a series of measures including the construction of
tormwater Treatment Areas (STAs), the utilization of Best Man-
gement Practices (BMPs), and the setting of a threshold discharge
imit for phosphorus, to ensure the protection and restoration of
he remaining Everglades. The STAs, with a total area of 180 km2,
re designed to treat runoff from the EAA and reduce total phospho-
us (TP) concentrations to <50 �g L−1 before the water is released
outhward into the Everglades (EFA; Section 373.4592, Florida
tatutes).

Management of large constructed wetlands is an emerging sci-
nce. Options currently recommended to increase P reduction in
maller scale systems include the harvesting of vegetation, the
ddition of chemical amendments (Malecki-Brown et al., 2007,
009), soil removal (Wang et al., 2006), and fire (White et al., 2008).
owever, these options are generally not feasible for such large

ystems (STA sizes range from 2257 to 16,543 acres). Hydroperiod
anagement of these large constructed wetlands is critical because

f the periodic wet–dry climate of the region, alternating between
et and dry conditions following the rainfall patterns. During dry

easons, soils of the STAs are likely to dry out (due to less rain or spa-
ially due to changes in topography), which can triggers P release
upon re-flooding) from organic soils (Corstanje and Reddy, 2004;

hite et al., 2006). Optimizing phosphorus reductions through
he use of STAs is a major focus of Everglades Restoration, and
herefore, the overall objective of this study was to determine if

 reduction by large constructed freshwater wetlands could be
mproved by managing hydropattern (e.g., minimizing soil dry out
r soil exposure to the atmosphere, by controlling the hydraulic

oading rates of an STA). We  also sought to determine the rela-
ive importance of presence or absence of emergent vs. submerged
egetation as an alternative strategy to optimize P reduction in
hese STAs. Specifically, our objectives were to: (1) determine the

d
w
e
a

ig. 1. Location of Everglades Agricultural Area (EAA), Stormwater Treatment Areas (STAs),
etup  for both Experiments I and II were located near the inflow and the outflow of STA-1W
er  treatment. T-3-1, Treatment three mesocosm 1: continuously flooded mesocosms wi
ineering 42 (2012) 134– 145 135

mpacts of a wet–dry–wet soil cycle on P-dynamics in a wetland
eceiving a low loading rate (3.4 g P m−2 year−1), (2) determine the
mpacts of the presence or absence of emergent macrophytes on

 dynamics for a wet–dry–wet soil cycle, (3) compare P-dynamics
or a wet–dry–wet soil cycle in wetlands receiving high and low P
oading rates, and (4) develop a management plan to minimize the
mpacts of wet–dry–wet soil cycles on P dynamics in a constructed

etland.
Experiment I, ran from January 1999 through March 2001, while

xperiment II, started on January 2000 and ended in March 2001.
ata presented in this manuscript cover Experiments I and II from

anuary 2000 through March 2001. Water and nutrient balance
ere documented for the high and low P-loading experiment,

espectively, only using first year data (White et al.,  2004, 2006),
hile phosphorus reduction were documented from the first two

ears from the high P-loading experiment (Moustafa et al., 2011).
his paper discusses and reviews management options to minimize
he impacts of wet–dry–wet cycle in large constructed wetlands
nd compares P dynamics and treatment efficiency for wetlands
nder high and low mass loading rates, using available data from
he second year of high P-loading experiment and the first year
ata from low P-loading experiment.

. Methods

This mesocosm study consisted of one experiment design with
iffering P loads: the first with high loading rates, designated
xperiment I (north site); and the second with low loading rates,

esignated as Experiment II (south site). Within each setup there
ere four treatment scenarios: (1) two  plant treatments – one

mergent, with planted Typha domingensis and other emergents,
nd a second, non-emergent treatment that was not planted and

 Water Conservation Areas (WCAs), and Everglades National Park (ENP). Mesocosms
, respectively. Twelve mesocosms representing four treatments, three mesocosms

th emergent macrophytes.
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Table 1
Summary statistics of weekly flow values at high (Experiment I) and low (Experiment II) phosphorus loading rates. Flow values (L day−1) were not statistically different at
˛  = 0.01 considering only one treatment pair at a time (e.g., CWOH vs. CWOL).

Variable CWOHa CWOLa IWOHb IWOLb CWHc CWLc IWHd IWLd

Mean (±std. dev.) 152 (0.72) 154 (0.64) 150 (0.75) 154 (0.95) 152 (0.62) 153 (0.75) 150 (0.73) 155 (0.73)
Minimum 138 145 142 123 142 142 141 141
Maximum 162 165 161 163 162 167 158 167
Count  (n) 53 53 44 45 53 53 44 45

a Continuously flooded mesocosms without emergent macrophytes for low and high P loading rate (CWOL and CWOH).
b Intermittently flooded mesocosms without emergent macrophytes (IWOL and IWOH).
c Continuously flooded mesocosms with emergent macrophytes (CWL and CWH).
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d Intermittently flooded mesocosms with emergent macrophytes (IWL and IWH)

aintained free of all emergents; and (2) two hydropattern treat-
ents – one that was continuously flooded, and a second that was

ntermittently flooded. Each treatment consisted of three replicate
esocosms.
Twenty-four mesocosms (Fig. 1) were utilized to implement this

esign – 12 received the same inflow as Stormwater Treatment
rea 1 West (STA-1W) for Experiment I, and 12 received the out-
ow of STA-1W for Experiment II. The location of Experiment I
esocosms resulted in high P loading rates (∼0.1 mg  TP week−1),

nd the location of Experiment II mesocosms resulted in low P
oading rates (∼0.03 mg  TP week−1). Each mesocosm measured 1 m

ide by 5.9 m long and 1 m deep, and all were filled with 30 cm of
rganic soils harvested from STA-1W.

For each experiment, six mesocosms were planted with cattails
Typha domingensis – emergent treatment) and six were unplanted
non-emergent treatment). The Typha mesocosms contained six
lants per square meter, for a total of 36 plants per mesocosm.
ther emergent plants, including Brachiaria mutica,  Cyperus spp.,
maranthus spp., colonized all mesocosms subsequent to planting
f Typha. However, the emergent tanks were dominated by cattail
t over 98% of the total biomass. The non-emergent mesocosms
ere kept and maintained free of emergent plants and were dom-

nated by two submerged aquatic plants (hydrilla verticillata and
eratllum demersum)  at over 98% of the total biomass with uniden-
ified floating algae comprising the remaining biomass (White et al.,
006).

Two five-week drawdown periods were selected to represent
ry and wet periods during the wet and dry climatic seasons (inter-
ittently flooded treatments). Drawdown and reflood cycles were

ynchronized between Experiments I and II, which allowed us to
ompare the results of all treatments. The primary advantage of this
ontrolled study is that it provided an accurate water and nutrient
ass balance, in which the roles of soil, emergent macrophyte and

oating periphyton on P reduction and release can be accurately
uantified.

We evaluated four treatments, including continuously and
ntermittently flooded mesocosms (two five-week drawdown peri-
ds), both with and without emergent macrophytes. The four
reatments, with triplicate mesocosms randomly assigned to each
reatment for low and high P loading rate experiments, are defined
s follow:

1) Continuously flooded mesocosms without emergent macro-
phytes (CWOL and CWOH).

2) Intermittently flooded mesocosms without emergent macro-
phytes (IWOL and IWOH).
3) Continuously flooded mesocosms with emergent macrophytes
(CWL and CWH).

4) Intermittently flooded mesocosms with emergent macro-
phytes (IWL and IWH).

o
a
w
m

Both experiments were operated under steady flow condi-
ions (hydraulic loading rate = 2.6 cm day−1, hydraulic residence
ime = 15 days, and water depth = 40 cm). Therefore, any changes in

ass loads over time were a direct result of changing P concentra-
ions in the inflow water. For the intermittently flooded treatments,

 dry out period of five weeks was  selected to represent dry (win-
er) and wet (summer) season conditions. Outflow concentrations
rom each treatment were averaged, three per treatment and we
sed these means for comparisons among treatments and between
xperiments I and II. Rainfall contributions were not considered
n this experiment and further details pertaining to experimental
rocedure are documented in Moustafa et al. (2011).

.1. Water samples

Weekly surface water samples were analyzed for TP, total dis-
olved phosphorus (TDP), and soluble reactive phosphorus (SRP).
he inflow sample was  collected at the head tank feeding all meso-
osms, while outflow samples were collected at the outflow pipe
or each mesocosm; a total of 13 samples per week were analyzed
or each experiment (Fig. 1). Filtered samples were collected for SRP
nd TDP determinations, and unfiltered samples were collected for
P analysis. SRP levels were determined colorimetrically (Method
65.1; USEPA, 1993), after autoclave digestion. Particulate P (PP)
as determined by subtracting TDP from TP. Values of monitored
arameters that fell below detection limits were set to the detec-
ion limit value (TP = 2 �g L−1 and SRP = 2 �g L−1). Particulate P and
RP presented the majority of TP. Ratios of SRP/TP = 63 (H) and 45
L); PP/TP = 28 (H) and 36 (L); on average SRP and PP contributes
1% (H) and 81% (L) of the total observed TP; these ratios are based
n mean observed constituent concentrations.

.2. Statistical analyses

All statistical analyses were performed using SAS® (SAS
nstitute Inc, 1999). Repeated measures ANOVA was run for each
f these experiments (significance level of P ≤ 0.05). We  applied
NOVA to the response variables (e.g., TP, SRP, and PP) and esti-
ated the main effects of each factor as well as their interactions.

hrough a stepwise selection procedures, and by following the
ffect heredity principle (Wu and Hamada, 2000), which is, in
rder for an interaction to be significant at least one of its parent
actors should be significant. The results of the ANOVA and the
orresponding standard errors are then measured. Two  factors
rom our treatment systems were selected for the ANOVA model,
resence or absence of macrophyte (F1) and hydropattern (wet

r dry, F2). Influent water quality to all treatments was  variable
t different times. Hence, an “inflow concentration” factor (F3)
as added to represent the influence of time. Any week that had
issing data for at least one tank was  removed from the analysis.
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ig. 2. Exceedence probability curves for environmental parameters measured at
ontinuously flooded with no emergent vegetation (solid black line), intermittent
mergent vegetation (solid grey line), and intermittently flooded with emergent ve

. Results

.1. Environmental factors

.1.1. Hydrology
The hydrology of this experiment remained at the targeted

ydraulic loading rate of 2.6 cm day−1 and maintained a sur-
ace water depth of 40 cm.  Mean hydraulic loading rates ranged
etween 2.56 and 2.63 cm day−1 in both experiments and were not
ignificantly different between Experiments I and II and among all
our treatments at  ̨ = 0.01 (Table 1).

.1.2. Temperature
Observed water temperatures were similar across all treat-

ents. However, shading due to the presence of emergent
egetation is evident when one compares water temperatures
n treatments lacking emergent vegetation to treatment with
mergent vegetation. Treatments lacking emergent vegetation
onsistently exhibited higher temperature compared to treatments
ith emergent vegetation (Fig. 2).
.1.3. Dissolved oxygen
Dissolved oxygen concentrations for treatments lacking emer-

ent vegetation were consistently higher, and these high

E
b
c
s

treatments representing high and low mass loading rate (Experiments I and II):
ded with no emergent vegetation (dotted black line), continuously flooded with

on (dotted grey line).

oncentrations lasted longer than treatments with emergent vege-
ation (Fig. 2). Dissolved oxygen concentrations for continuously
ooded treatments lacking emergent vegetation were less than

ntermittently flooded treatments by about 2 mg L−1 in Experiment
 and were almost absent or reversed in Experiment II.

.1.4. pH
Presence or absence of emergent vegetation had a noticeable

mpact in treatments lacking emergent vegetation and resulted
n higher pH values compared to treatments with emergent veg-
tation (Fig. 2). The hydrology regime had a smaller yet more
oticeable impact on pH values compared to presence or absence
f emergent vegetation. For example, pH in Experiment II never
ell below 7, while pH values in Experiment I were less than 7
pproximately 10% of the time (Fig. 2).

.1.5. Soil/sediment/redox potential
Redox values for continuously flooded-soil treatments were

table at 5 and 10 cm depths for Experiments I and II (Table 2).

xperiment II redox was  consistently higher than Experiment I for
oth 5 and 10 cm depths (except IWH  at 10 cm). Mean redox for
ontinuously flooded treatments (CWOH and CWH) during dry sea-
on drawdown was higher than its counterpart in Experiment II at
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oth soil depths. This trend was  reversed for intermittently flooded
reatments, in which redox means in Experiment I were lower
han its counterpart in Experiment II. Sediment redox potential
ncreased significantly for intermittently flooded treatments dur-
ng drawdown periods and these values were significantly higher
uring dry, compared to wet, period drawdown in both experi-
ents.
Soils were characterized by low dry weight bulk densities and

igh dry weight percent moisture contents in both Experiments
Table 3). No statistically significant differences were detected in
ulk density or moisture content across treatments and experi-
ents. All soil bulk density means in Experiment I were lower than

xperiment II. Mean total soil P, C, and N values in Experiment II
ere less than values observed at Experiment I (Table 3).

.2. Phosphorus dynamics

.2.1. Total phosphorus (TP)
Effluent TP concentration means for high and low P inflow

reatments were significantly different at  ̨ = 0.05 and there were
o seasonal trends observed in Experiment I or II (Table 4). In
eneral all effluent TP concentrations for continuously and inter-
ittently flooded treatments in Experiment II were similar to

ne another regardless of the hydrology and presence or absence
f emergent vegetation (Fig. 3). However, immediately after soil
e-flooding, high rate of TP flux to surface water was evident
or all intermittently flooded treatments (Fig. 3). The high flux
eriod lasted 1–2 and 4–6 weeks for low and high P loading rate,
espectively. This high TP flux to surface water lasted a shorter
ime for wet-season, compared to dry-season drawdowns and the

agnitudes of this high flux were also season-dependent (i.e.,
igher TP flux to surface water upon reflooding during dry- com-
ared to wet-season drawdowns; Fig. 3). All effluent treatment
ean, minimum, and maximum concentrations for Experiment

I were consistently lower, by as much as 40–60%, than Exper-
ment I results. Also, all effluent TP mean concentrations were
ignificantly different comparing results from Experiments I and
I (Table 4). Percent TP reduction means were high and low for
igh- and low-TP inflow loading rate, respectively (CWOH > CWOL,

WOH > IWOL, etc.). Continuously flooded TP percent reductions
emained positive throughout in Experiment I. However, intermit-
ently flooded treatments in Experiment I (IWOH and IWH) and
ll four treatments in Experiment II exported TP (Table 4). Inter-
ittently flooded treatments lacking emergent vegetation (IWOL

nd IWOH) performed better, in terms of TP percent reduction,
ompared to treatments with emergent vegetation (IWH and IWL).

.2.2. Soluble reactive phosphorus (SRP)
Effluent SRP concentrations for all treatments in Experiment II

Fig. 4) were low compared to inflow values and their means were
lmost identical regardless of treatments (Table 5). We  observed
rief periods where effluent SRP concentrations were compara-
le to inflow values, immediately after drawdown periods and the
agnitudes of those peaks were higher after dry compared to wet-

limate season drawdown (Fig. 4).
Little variability was evident in SRP influent concentrations

n Experiment II compared to Experiment I, as indicated by
he observed range, yet their means were significantly different
Table 5). All effluent SRP concentration means for Experiment I
ere significantly higher than their counterparts in Experiment II

Table 5).

Higher percent SRP reductions were observed for Experiment

 compared to Experiment II for all four treatments (Table 5).
ith the exception of the continuously flooded treatments with no

mergent vegetation (IWH) in Experiment I, SRP reductions were
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ignificantly different and almost twice that of their counterparts in
xperiment II (Table 5). Percent SRP reductions for all continuously
ooded treatments remained positive except for CWH  (Table 5).

.2.3. Particulate phosphorus (PP)
The maximum influent PP concentrations for Experiment I

eached 115 �g L−1, while the maximum PP concentrations in
xperiment II reached only 39 �g L−1 (Table 6). The overall means
or Experiment I and Experiment II were significantly different
nd effluent PP did not seem to respond to spikes of high inflow
alues (Fig. 5). Aside from the time periods immediately after

he re-wetting of IWL, effluent PP concentrations remained below
0 �g L−1 for all treatments regardless of inflow values (Fig. 5).
eriods of high effluent PP concentrations were evident, occurring
mmediately after soil drawdown periods (Fig. 5).
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Effluent concentrations for continuously flooded treatments
n Experiments I and II were as expected (effluent concentra-
ions were reduced after passing through the mesocosm) and PP

eans within an experiment were also similar. However, all efflu-
nt PP mean concentrations were significantly different between
xperiment I and Experiment II, and effluent PP mean concen-
rations for IWOH and IWH  were twice that of IWOL and IWL
Table 6).

Percent PP reduction varied considerably among treatments
Table 6). Mean percent reductions for continuously flooded treat-

ents lacking emergent vegetation (CWOH  and CWOL) were
imilar (9% vs. 9%), while different for CWH  (37% reduction

n Experiment I vs. 9% export in Experiment II). The observed
uctuations in PP reduction efficiencies were also reflected in
he calculated performance range. Performances for intermit-
ently flooded treatments (IWOH and IWH) in Experiment I were
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CWOL  and CWL); Panel B = Effluent time series for intermittently flooded treatmen

ositive, while negative for their counterparts in Experiment II
Table 6).

.3. ANOVA model results

Our results indicated that effluent TP concentrations in Experi-
ent I were correlated to a single factor: hydropattern (main effect)

r inflow concentrations (within subject effect representing time
nfluence), and the combined effects of two factors: hydrology and
nflow concentration, which indicate that hydrology and influent
oncentrations had the greatest influence on effluent TP at high

 loading rates (Table 7). However, effluent TP concentrations in
xperiment II were correlated to a single factor: either vegetation
r inflow concentration, and their interactions, which indicate that
egetation and inflow concentrations had the greatest influence on
ffluent TP in Experiment II (Table 7).

Effluent concentrations for all P fractions were significantly
nfluenced by hydrology or inflow concentration, and the interac-
ion between the two factors in both experiments (Table 7). Effluent
P concentrations were significantly impacted by a single factor,
ither vegetation or hydrology and the interaction between the two
actors, which meant that vegetation and hydrology had the great-
st influence on PP effluent concentrations for Experiment I. This
rend was opposite for Experiment II (i.e., PP results has no correla-
ion to vegetation or hydrology), where only inflow concentrations,

 single factor, had the greatest impact on effluent PP (Table 7).
Percent reductions for all P-fractions in both experiments were

nfluenced by a single factor: inflow concentration and the interac-
ion of two factors: inflow concentrations and hydrology. Percent
eductions for SRP, TP, and PP were highly correlated to vegetation
s a single source of variation in Experiment II, which was  exactly
he opposite of Experiment I results (Table 8). With the exception
f PP, the percent reductions for SRP and TP were highly influenced
y hydrology in Experiment I.
. Discussion

Several studies have documented increased nutrient release
ates for carbon (DeBusk and Reddy, 1998), nitrogen (White and

i
D
t
s

 four treatments. Panel A = Effluent time series for continuously flooded treatments
OL and IWL).

eddy, 2001), and phosphorus (McLatchey and Reddy, 1998; White
nd Reddy, 2001) in batch experiments with increased oxygen
enetration in wetland soils. The aerobic and facultative micro-
ial communities utilized oxygen, not readily available during flood
onditions, as the terminal respiratory electron acceptor; and con-
equently the mineralization rate of the organic matter increased
White and Reddy, 2003). Therefore, the first drawdown during the
ry period led to a greater flux of P into the overlying water col-
mn, which continued for two weeks after reflooding. This result
orroborated with other research which found an increased flux of

 under aerobic conditions compared to an anaerobic water column
Grace et al., 2008) as well as correlations of higher measured P flux
elated to decreases in moisture content from organic soils (Pant
nd Reddy, 2001). This relationship is generally due to the oxida-
ion of these highly organic soils. For those systems with significant
e, there can be higher P release under anaerobic conditions due to
he reduction of ferric iron to soluble ferrous iron and concomitant
elease of P (White et al., 2004; Reddy et al., 2011).

The selected hydraulic loading rate in both experiments pro-
uced a hydraulic retention time of 15 days. This residence time
as equal to the high end of the optimum recommended val-
es of 1–15 days for wastewater treatment wetlands (USEPA,
985) and twice the reported values for small constructed wet-

ands treating agricultural drainage water (Reinhardt et al., 2005).
his hydrologic regime significantly affected TP reduction in both
xperiments, as indicated by our ANOVA model results, and
articularly for Experiment I. Inflow loading rates for all P frac-
ions were significantly different between the two  experiments at

 = 0.01. Mean TP loading rates for Experiments I and II (12.49 and
.40 g P m−2 year−1, respectively) were two orders of magnitude

ess than the USEPA recommended values (USEPA, 1985). However,
PA’s recommended values are intended for small-size wetlands
ompared to the size of these STAs.

The relationship between P percent reductions, or effluent
oncentrations, as a function of mass loading rates with vary-

ng plant communities has been recently investigated (Gu and
reschel, 2008). The major objectives of that study were to assess

reatment performance by varying plant communities under con-
tant hydraulic loading rate and various inflow TP concentrations.
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Table 3
Soil total carbon, nitrogen, and phosphorus, bulk density, and moisture content collected from the four treatments at Experiment I (high mass loading rate) and II (Low mass loading rate) sites after one year. Listed values are
mean  and ±one standard deviation.

Treatment Total carbon (mg  kg−1) Total nitrogen (mg kg−1) Total phosphorus (mg  kg−1) Bulk density Moisture content

Hydrology Vegetation High Low High Low High Low High Low High Low

Continuously flooded No emergent 343 219 18.4 8.3 404.3 214 0.17 0.39 75.6 66.8
(±11.0) (±40.4) (±0.83) (±3.5) (±39.6) (±59.3) (±0.03) (±0.03) (±0.5) (±2.3)

Intermittently floodeda No emergent 345 260 18.6 11.7 375.7 219.8 0.24 0.34 75.7 69.7
(±16.0) (±25.4) (±1.32) (±1.7) (±44.88) (±8.1) (±0.02) (±0.03) (±3.6) (±2.6)

Continuously flooded Emergent 351 255 19.2 13.6 365.7 217.1 0.22 0.38 75.2 68.2
(±10.8) (±59.5) (±0.87) (±7.8) (±55.2) (±24.2) (±0.03) (±0.07) (±1.7) (±6.2)

Intermittently floodeda Emergent 368 279 20.1 13.6 367 253 0.22 0.34 71.8 71.0
(±15.1) (±20.9) (±1.1) (±2.3) (±108.8) (±16.6) (±0.05) (±0.04) (±0.6) (±2.4)

CWOL  and CWL  No emergent 344 240 18.5 10 390 217 0.20 0.36 75.6 68.3
(±12.3) (±37.6) (±1.0) (±3.1) (±41.0) (±38.0) (±0.04) (±0.04) (±2.3) (±2.7)

IWO  and IW Emergent 359 267 19.6 13.6 366.3 235.0 0.22 0.36 73.5 69.6
(±14.9) (±41.9) (±1.0) (±5.1) (±77.1) (±27.0) (±0.04) (±0.1) (±2.2) (±4.5)

All  treatments 351 267 19.1 13.6 378.2 235.0 0.21 0.36 74.6 69.6
(±15.4) (±41.9) (±1.1) (±5.1) (±60.2) (±27.0) (±0.04) (±0.1) (±2.4) (±4.5)

a Two one-month long drawdown periods during wet  and dry season.

Table 4
Summary statistics of Experiment I (H) and II (L) for total phosphorus (TP). Different letter superscripts indicate that the means are significantly different at ˛ = 0.01 or 0.05 considering only one treatment pair at a time (e.g.,
CWOL  vs. CWOL).

Treatment
Total phosphorus concentration (�g L−1)

Inflow (high) Inflow (low) CWOHc CWOLd CWH  CWL  IWOH IWOL IWH  IWL

Mean 86a 23 27a 13 26a 16 45a 15 54a 17
Standard  error 6.1 1.1 0.9 0.5 1.8 0.5 6.4 0.  9 6.3 1.1
Median  69 21 28 12 22 16 22 13 37 16
Minimum 26 12 16 7 14 10 11 8 16 8
Maximum 230 58 56 23 78 27 171 43 176 49
#  of observations 60 60 60 60 60 60 50 50 50 50

Treatment
Total  phosphorus percent reduction

CWOH CWOL CWH  CWL  IWOH IWOL IWH  IWL

Mean 61a 44 65a 27 46a 28 30b 19
Standard  error 2.3 2.2 1.9 2.2 6.5 4.0 7.4 5.0
Median  66 43 66 23 66 35 53 26
Minimum 6 −7 27 −2 −73 −73 −147 −97
Maximum 86 100 90 72 88 67 77 67
#  of observations 60 60 60 60 50 50 50 50

Different superscripts (a, b) signify that inflow and effluent concentration means for high P loading (H) are significantly from their counterparts (L) at ˛ = 0.01 and 0.05, respectively and (c, d) signify continuously flooded
mesocosms without emergent macrophytes in high and low P-loading rates (CWOH and CWOL), respectively.
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Table 5
Summary statistics of Experiment I (H) and II (L) for soluble reactive phosphorus (SRP). Different letter superscripts indicate that the means are significantly different at ˛ = 0.01 or 0.05 considering only one Treatment pair at
a  time (e.g., CWOL vs. CWOL).

Treatment
Soluble reactive phosphorus (SRP)
concentration (�g L−1)

Inflow SRP (high) Inflow SRP (low) CWOHc CWOLd CWH  CWL  IWOH IWOL  IWH  IWL

Mean 57a 10 7a 5 10a 6 16a 6 32a 6
Standard  error 5.4 0.4 0.3 0.2 0.6 0.2 3.5 0.3 5.1 0.3
Median  42 10 6 5 9 6 7 5 16 5
Minimum 9 5 4 4 4 4 4 4 5 4
Maximum 207 18 18 10 29 11 103 12 142 14
#  of observations 60 60 60 60 60 60 50 50 50 50

Treatment
Soluble  reactive phosphorus percent
reduction

CWOH CWOL CWH  CWL  IWOH IWOL IWH  IWL

Mean 83a 44 77a 34 70a 40 34 36
Standard  error 1.42 2.1 1.9 2.0 4.7 2.6 11.3 2.7
Median  85 46 79 32 81 37 68 33
Minimum 30 0 −11 4 −46 3 −254 −10
Maximum 96 73 96 69 94 72 85 67
#  of observations 60 60 60 60 50 50 50 50

Different superscripts (a, b) signify that inflow and effluent concentration means for high P loading (H) are significantly different from their counterparts (L) at ˛ = 0.01 and 0.05, respectively and (c, d) signify continuously
flooded  mesocosms without emergent macrophytes in high and low P-loading rates (CWOH and CWOL), respectively.

Table 6
Summary statistics of Experiment I (H) and II (L) for particulate phosphorus (PP). Different letter superscripts indicate that the means are significantly different at ˛ = 0.01 or 0.05 considering only one treatment pair at a time
(e.g.,  CWOL vs. CWOL).

Treatment
Particulate phosphorus concentration (PP)
(�g L−1)

Inflow PP (high) Inflow PP (low) CWOHc CWOLd CWH  CWL  IWOH  IWOL IWH  IWL

Mean 22a 8 14a 5 11a 6 20a 6 11a 6
Standard  error 2.4 1.0 0.8 0.3 1.3 0.24 3.2 0.6 1.5 0.8
Median  19 6 13 4 8 5 8 5 6 5
Minimum 2 0 4 1 2 2 2 1 2 2
Maximum 115 39 40 11 60 10 74 30 50 35
#  of observations 60 60 59 59 59 59 50 50 50 50

Treatment
Particulate phosphorus percent reduction

CWOH CWOL CWH  CWL  IWOH IWOL IWH  IWL

Mean 9 9 37a −9 7 −12 34 −35a

Standard error 5.8 10.8 7.1 11.5 11.7 12.6 3.8 16.4
Median  10 31 47 6 44 17 45 0
Minimum −150 −400 −174 −400 −258 −271 −55 −333
Maximum 82 89 93 100 92 87 73 83
#  of observations 58 58 58 58 48 48 48 48

Different superscripts (a, b) signify that inflow and effluent concentration means for high P loading (H) are significantly different from their counterparts (L) at ˛ = 0.01 and 0.05, respectively and (c, d) signify continuously
flooded  mesocosms without emergent macrophytes in high and low P-loading rates (CWOH and CWOL), respectively.
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Table 7
Repeated measures ANOVA comparing the effects of presence or absence of emergent macrophytes and hydropattern (continuous or intermittently flooded soils) on effluent P-concentration for 12 mesocosms surveyed
weekly  (P-values are listed) for Experiments I and II, receiving high (H) and low (L) P loading rates, respectively.

Source of variation Total phosphorus Particulate phosphorus Soluble Reactive Phosphorus

df F P-values df F P values df F P values

Vegetation Ha 1 2.0 0.2 1 5.7 0.1 1 6.7 0.04
(Lb) 1 14.3 0.02 1 4.9 0.09 1 25.2 <0.01
Hydrology H 1 17.2 <0.01 1 0.4 0.6 1 19.7 <0.01
(L)  1 6.9 0.06 1 7.1 0.06 1 1.5 0.26
Vegetation × hydrology H 1 1.3 0.3 1 1.9 0.2 1 2.9 0.14
(L) 1 1.3  0.31 1 0.3 0.6 1 4.9 0.06
Inflow  concentrations H 46 14.8 <0.01 46 4.6 <0.01 45 15.0 <0.01
(L)  47 33.4 <0.01 47 11.6 <0.01 47 29.1 <0.01
Inflow  concentrations × vegetation H 46 0.74 0.9 46 1.5 0.02 45 1.4 0.05
(L)  47 1.6 <0.02 47 0.9 0.60 47 1.8 <0.01
Inflow  concentrations × hydrology H 46 9.8 <0.01 46 2.8 <0.01 45 12.9 <0.01
(L)  47 11.6 <0.01 47 7.2 <0.01 47 4.7 <0.01
Inflow  concentrations × vegetation × hydrology H 46 0.6 1.0 46 1.1 0.4 45 1.4 0.04
(L)  47 1.7 <0.01 47 1.5 0.04 47 0.2 0.3

a High phosphorus loading rate (Experiment I).
b Low phosphorus loading rate (Experiment II).

Table 8
Repeated measures ANOVA comparing the effects of presence or absence of emergent macrophytes and hydropattern (continuous or intermittently flooded soils) on P-percent reduction for 12 mesocosms surveyed weekly
(P-values are listed) for Experiment I and II, receiving high (H) and low (L) P loading rates, respectively.

Source of variation Total phosphorus Particulate phosphorus Soluble reactive phosphorus

df F Percent reduction Percent reduction Percent reduction P values df F P  values

Vegetation Ha 1 1.2 0.32 1 5.7 0.05 1 6.0 0.05
(Lb) 1 11.0 0.03a 1 16.6 <0.01a 1 19.3 <0.01a

Hydrology H 1 8.2 <0.04a 1 0.01 0.94 1 12.0 <0.01
(L) 1 6.2  0.07 1 3.7 0.09 1 0.6 0.45
Vegetation × hydrology H 1 1.5 0.27 1 0.08 0.79 1 3.0 0.13
(L) 1 1.5  0.29 1 0.0 0.98 1 4.4 0.07
Inflow  concentration H 46 8.2 <0.01 45 4.1 0.01 45 7.3 <0.01a

(L) 47 26.8 <0.01 45 34.2 <0.01 47 24.7 <0.01a

Inflow concentration × vegetation H 46 0.4 0.99 45 2.1 <0.01 45 2.2 <0.01a

(L) 47 1.4 0.06 45 1.6 0.01 47 1.7 <0.01a

Inflow concentration × hydrology H 46 5.0 <0.01 45 2.5 <0.01 45 6.3 <0.01
(L)  47 10.9 <0.01 45 4.0 <0.01 47 4.4 <0.01
Inflow  concentration × vegetation × hydrology H 46 0.4 0.99 45 0.5 0.89 45 2.1 <0.01
(L)  47 2.3 <0.01 45 2.0 <0.01 47 1.0 0.54

a High phosphorus loading rate (Experiment I).
b Low phosphorus loading rate (Experiment II).
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hey reported that average effluent P concentrations were 25
nd 30 �g L−1, or TP percent reductions of 64 and 55, yielding
ass reduction rates of 0.63 and 0.57 g m−2 year−1 for cattail and

ubmerged aquatic vegetation (SAV) cells, respectively. Results
Table 4) for continuously flooded treatments (CWOH and CWH)
rom Experiment I, compared to the results of Gu and Dreschel
2008), for TP percent reductions (61 and 65% vs. 64 and 55% for
attail and SAV, respectively), and outflow TP concentrations (27
nd 26 vs. 25 and 30 for cattail and SAV, respectively), are in
trong agreement. Influent TP concentration means were 86 and
3 �g L−1, for Experiment I and II compared to the previous study
hich were 72 and 43 �g L−1 for cattail and SAV, respectively. The
ifference in TP inflow concentrations between our study and theirs

s attributed to the location of the inflow pipe for both experiments.
ur experiment site was located near the inflow and the outflow

ites of STA-1W, which resulted a direct receiving of EAA runoff
t Experiment I and of reduced EAA runoff concentrations after
assing through the entire length of STA-1W. On the other hand,
he Gu and Dreschel (2008) study utilized sites that were located

id-way between inflow and outflow sites in STA-1W. Both exper-
ment hydrologic regimes were very similar (water depth = 30 vs.
0 cm), and the hydraulic loading rates were almost identical (9.3
s. 9.5 m year−1). Hydraulic residence times for both of our exper-
ments were almost twice as long (15 vs. 8 days) as those reported
y Gu and Dreschel (2008).

The major difference between Experiment I and Experiment II
s the P loading rate. All other environmental factors were equal
hydrology, sediments, number of emergent macrophyte plants
er square meter, etc.) or controlled to maintain equality (keep-

ng SAV mesocosms free of emergent macrophytes). Soil used in
hese experiments was obtained from the same source and all
rawdown periods lasted for five weeks to ensure an equal time of
oil exposure to the atmosphere, which resulted in almost identi-
al surface water temperatures in all the mesocosms (temperature
nd dissolved oxygen data not shown). Soil bulk densities in these
xperiments are typical for organic soils found in the northern
verglades (White and Reddy, 2001) and the total C and N con-
ents from these experiments are typical of south Florida peat
oils and those found in un-impacted areas of the northern Ever-
lades (Reddy et al., 1993; White and Reddy, 2000, 2003). Other
nvironmental variables that were not controlled were similar in
alue and we assume that their impacts on observed effluent con-
entrations and calculated percent reductions were negligible. For
xample, water temperature remained above 10 ◦C for the entire
eriod of record, while pH and O2 values were slightly different for
xperiment I and Experiment II. However, the slight differences
n temperature, pH, or dissolved oxygen did not lead to higher TP
eduction in Experiment II. On the contrary, TP reduction was sig-
ificantly higher in Experiment I when compared to Experiment

I. Even though the solubility of oxygen in surface water decreases
s temperature increases (USGS, 1981), we do not believe that the
mall increase in temperature (CWO and IWO  treatments in both
xperiments) is responsible for the observed low O2 concentra-
ion in treatments with emergent vegetation (CW and IW). Rather,
he dominance of submerged aquatic vegetation is responsible for
igher O2 observed in these treatments (Gu et al., 2006; Chimney
t al., 2006).

The greatest observed change between inflow and outflow in all
 fractions was noted in effluent SRP concentrations in both exper-
ments with only slight differences for PP. Therefore, we  attribute
he observed decrease in effluent TP concentration to be driven

rimarily by removal of SRP and to a far lesser extent, PP. Our
esults also suggest that PP reduction is related to the presence
r absence of emergent vegetation. Emergent vegetation tends to
low down water flow, thus reducing the transport of particulates

o
t

ineering 42 (2012) 134– 145

n the water column (Kadlec and Knight, 1996), which would lead
o lower effluent PP values as observed in our study (Fig. 5).

It is likely that a large constructed wetland would go dry, or par-
ially dry, during a dry season or during drought periods in regions
ominated by wet–dry weather cycles such as in south Florida.
hus, it is critical to manage these wetlands during dry climatic
eriods to minimize P releases to surface water and the subsequent
ischarges of high nutrient-laden water downstream. A minimal P
elease was  related to the wet season drawdown when compared to
ry period drawdown. This suggests that maintaining a wet soil, not
ecessarily flooded, could minimize soil dry out, and consequently
educe the P flux to the overlying surface water upon reflooding.
herefore, we recommend the maintenance of wet soils during dry
onths to prevent the associated release of P to the water column.
Constructed wetlands in subtropical areas are likely to be col-

nized by both emergent and non-emergent macrophytes (Kadlec
nd Knight, 1996). This mixture of emergent and non-emergent
lants creates an optimum environment for nutrient reduction in
eneral, as evidenced by the increase in constructed wetland use
uring the last two decades. The mixture of both emergent and non-
mergent plants in a constructed wetland results in water quality
mprovements for different P fractions. For example, continuously
nd intermittently flooded treatments with emergent macrophyte
reatments (CW and IW)  performed best in retaining PP, while
reatments with non-emergent plants (CWO and IWO) performed
est for SRP reductions (Tables 5 and 6); SRP and PP make up, on
verage, 91% and 81% of the high and low TP inflow concentrations.
ombining emergent and non-emergent vegetation in constructed
etlands would lead to a greater TP reduction compared to a mono-

ulture. It is also evident from the results of our ANOVA model, that
egetation was  the dominant factor for the removal of TP and PP, in
xperiment II (Tables 7 and 8). This result is opposite to our ANOVA
odel results for Experiment I, and further suggests that emergent

egetation is not only necessary for water quality improvement,
ut a critical factor for wetlands receiving low phosphorus loading
ates.

. Conclusions

In summary, there were no substantial differences in P assimi-
ation among hydrologic treatments for mesocosms receiving low

 loadings as observed among all outflows. However, treatments
ith emergent macrophytes outperformed treatments lacking

mergent vegetation at low P loadings (Experiment II). Both the
agnitude and duration of the high TP concentrations in the surface
ater after rewetting were season-dependent for both experi-
ents. However, the impacts of the P flux to the surface water

re not as important in magnitude or as long lasting for the low
- compared to high P-loading experiment. The percentages of TP
eduction rates were higher at high P loading rates and low at low

 loading rates. Our results indicate that the presence of emergent
egetation is the most critical for managing large wetland treat-
ent systems receiving low P loadings, while hydrology should be

he focus in managing treatment systems receiving high P loadings.
herefore, for these large treatment systems, the upstream section
f the wetland, receiving the higher P load may  need to be managed
ifferently with respect to the downstream end of the treatment
etland.
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