FRESHWATER ECOLOGY

Long-term accumulation of macro- and secondary elements in
subtropical treatment wetlands
K. R. REDDY,1, JING HU,2 ODI VILLAPANDO,3 RUPESH K. BHOMIA
LILIT VARDANYAN,1 AND TODD OSBORNE1,5
1

,4

Wetland Biogeochemistry Laboratory, Soil and Water Sciences Department, University of Florida-IFAS, Gainesville, Florida 32611 USA
2
Geosystems Research Institute, Mississippi State University, Mississippi State, Mississippi 39762 USA
3
South Florida Water Management District, West Palm Beach, Florida 33406 USA
4
Center for International Forestry Research (CIFOR), Bogor, Indonesia
5
Whitney Laboratory of Marine Bioscience, University of Florida, St. Augustine, Florida 32080 USA
Citation: Reddy, K. R., J. Hu, O. Villapando, R. K. Bhomia, L. Vardanyan, and T. Osborne. 2021. Long-term accumulation
of macro- and secondary elements in subtropical treatment wetlands. Ecosphere 12(11):e03787. 10.1002/ecs2.3787

Abstract. The Everglades Stormwater Treatment Areas (STAs) are a complex of large constructed wetlands that are an integral component of the State and Federal efforts to restore the Everglades ecosystem.
The overall objective of this study was to determine the accumulation rates of macro-elements including
carbon (C), nitrogen (N), phosphorus (P), sulfur (S), and associated secondary elements including calcium
(Ca), magnesium (Mg), aluminum (Al), and iron (Fe) in two Everglades STAs over their periods of operation. The study was conducted in STA-2 with parallel ﬂow-ways consisting of emergent aquatic vegetation
(EAV) and submerged aquatic vegetation (SAV) and the Western ﬂow-way of STA-3/4 with EAV and SAV
cells operated in series. Elemental accumulation rates were determined in the unconsolidated surﬁcial sediments (ﬂoc) and recently accreted soil (RAS) that have accumulated on top of the antecedent soil over the
14- and 10-yr periods of operation for STA-2 and STA-3/4, respectively. Flow-ways with SAV were more
efﬁcient than EAV in accreting mineral matter, resulting in increased bulk density and higher accumulation
rates of elements. Average C accumulation in the ﬂoc and RAS of SAV ﬂow-ways was 320 gm−2yr−1 with
approximately equal proportions of inorganic and organic C, while in the EAV ﬂow-ways accumulation
rates of C ranged from 116 to 147 gm−2yr−1 with mostly organic C. Phosphorus accumulation rates were
approximately 2–3 times higher in SAV than in EAV ﬂow-ways. Differences in accumulation of elements
between SAV and EAV were largest for Ca with 17–42 times more Ca in SAV than EAV systems. This suggests that in the SAV systems, possible occlusion of macro-elements and metals during CaCO3 precipitation facilitated accretion of material with high mineral content. In EAV, biomass turnover and associated
biotic processes regulated organic matter accumulation rates. The spatial accumulation patterns of P, C,
and N in the EAV areas of STA-2 and STA-3/4 were similar to those observed in the EAV areas of the natural wetlands in Water Conservation Areas, suggesting that constructed wetland systems function similarly
to natural wetlands dominated by EAV areas in retaining and storing macro- and secondary elements.
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INTRODUCTION

new soils may affect the nutrient retention characteristics of wetlands. Depending on watershed
characteristics and hydraulic, nutrient, and sediment loading, wetlands accrete new soils in both
organic and mineral forms, which differ from the
physical and biological characteristics of the
underlying native soils (Reddy and DeLaune
2008, Kadlec and Wallace 2009, Callaway et al.
2012, DeLaune et al. 2013, Bhomia et al. 2015,
Morris et al. 2016, Qualls and Heyvaert 2017).
Plant litter produced by aquatic macrophytes
undergoes breakdown through abiotic and biotic
processes in wetlands (Debusk and Reddy 1998,
2005, Chimney and Pietro 2006, Reddy and
DeLaune 2008, Song et al. 2013, Philben et al.
2014, 2015, Qian et al. 2018). With time this litter
is partially decomposed and becomes unidentiﬁable as it is incorporated into the unconsolidated
surﬁcial sediments (ﬂoc) and ultimately develops
into new soil, which is called recently accreted
soil (RAS) (Debusk and Reddy 2005, Bhomia
et al. 2015). Typically, in wetland ecosystems
accretion of soils with high organic matter exhibits low bulk densities and high elemental concentrations compared with wetlands accreting
soils that are low in organic matter and high in
mineral matter (Neubauer 2008, Morris et al.
2016). Wetland vegetation types, for example,
emergent aquatic vegetation (EAV) or submerged aquatic vegetation (SAV), play essential
roles in element assimilation, transformation,
and accretion (Bhomia and Reddy 2018). In wetlands and aquatic ecosystems dominated by
EAV, organic matter accumulates because input
from litter and detritus exceeds decomposition
rates (Debusk and Reddy 2005, Reddy and
DeLaune 2008). Meanwhile, in SAV systems,
underwater photosynthesis can promote accretion of mineral matter formed during CaCO3 precipitation (Siong and Asaeda 2006, Pedersen
et al. 2013, Bhomia and Reddy 2018, Reddy et al.
2020). In addition to nutrient removal, constructed wetlands may provide positive feedback
with C sequestration and negative feedback due
to potential methane emissions in the context of
global climate change (Bridgham et al. 2006,
2013, Reddy and DeLaune 2008, Huang et al.
2021).
As mandated by the Everglades Forever Act
(EFA) (Section 373.4592, Florida Statutes), a network of constructed wetlands, known as the

Treatment wetlands are used as buffers to
retain nutrients, sediments, and contaminants to
protect downstream water quality (Kadlec and
Wallace 2009, Callaway et al. 2012, DeLaune
et al. 2013, 2018, Bhomia et al. 2015, Morris et al.
2016, Qualls and Heyvaert 2017). Maintaining
long-term and efﬁcient removal of macroelements such as carbon (C), nitrogen (N) phosphorus (P), potassium (K), and sulfur (S) by wetlands depends on both external and internal
drivers (Craft and Richardson 1993, Reddy et al.
1993, Chmura et al. 2003, Anderson and Mitsch
2006, Craft 2007, Adame et al. 2015, Abbott et al.
2019, Lu et al. 2020). External drivers include
hydraulic loading, inﬂow water chemistry, and
nutrient and sediment loading. Internal drivers
include hydrologic ﬂow-path, soil type, vegetation, periphyton, microbial communities, fauna,
and associated biotic and abiotic processes. As a
result, processes controlling retention of one element in wetlands are also linked and closely coupled with other elements that affect vegetation
growth, microbial activity, and other biogeochemical processes (Reddy and DeLaune 2008).
To evaluate the long-term performance of these
wetlands in storing macro-elements, it is critical
to understand fundamental biogeochemical processes and inter-relationships among those processes. For example, types of vegetation
communities and periphyton can inﬂuence the
characteristics and stability of accreted organic
matter and alter water quality, thereby affecting
potential export of dissolved and particulate
organic matter from wetlands (Bhomia and
Reddy 2018, Reddy et al. 2020).
Burial or accretion of organic matter is a major
long-term sink for nutrients and other contaminants and also leads to C sequestration in wetlands. Wetland soils tend to accumulate organic
matter as detritus derived from biota that decomposes slowly under ﬂooded conditions. Soil
accretion rates in wetlands can range from few
millimeters to more than one centimeter per year
(Craft and Richardson 1993, 1998, Reddy et al.
1993, Neubauer 2008, Bhomia et al. 2015, Boyd
et al. 2017, Newman et al. 2017, Fennessy et al.
2018, 2019, Stumpner et al. 2018). The genesis of
this new soil is relatively slow as a result of low
rate of soil forming processes. The formation of
v www.esajournals.org

2

November 2021

v Volume 12(11) v Article e03787

FRESHWATER ECOLOGY

REDDY ET AL.

Everglades Stormwater Treatment Areas (STAs),
was established in strategic locations at the interface of the Everglades Agricultural Area (EAA)
and the Water Conservation Areas (WCAs) to
reduce excess total phosphorus (TP) in surface
waters prior to discharging that water into the
Everglades Protection Area (EPA) (Chimney
2020). Five STAs (STA-1E, STA-1W, STA-2, STA3/4, and STA-5/6) with different sizes and conﬁgurations leading to a combined treatment area of
23,000 ha have operated for different time periods and removed approximately a total of 2783
tons of P between WY1993 (Water Year 1993:
May 1992–April 1993) and WY2019 (Chimney
2020). Although some of this P is in the vegetation and thriving biota (birds, ﬁshes, and alligators), a signiﬁcant proportion of removed P is
accumulated in soils and stored in both organic
and inorganic forms (Reddy et al. 2020).
A central question posed in this study was
how and to what extent the type of vegetation
and nutrient loading inﬂuenced the accretion
rates of soil and macro- and secondary elements
in the STAs. We hypothesized that EAV through
biotic processes promotes accretion of material
high in organic matter and low bulk density,
while SAV supports predominantly abiotic process and accretes material enriched in mineral
matter with high bulk density. The speciﬁc objectives of this study were to (1) determine the accumulation rates of macro- and secondary elements
in ﬂoc and soil of the two STAs; (2) investigate
the effects of vegetation types (EAV vs. SAV) on
elemental accretion; and (3) identify the spatial
pattern of elemental accretion corresponding to
the hydrologic and nutrient loadings in STAs.

coontail (Ceratophyllum demersum), with approximately 20% area covered by EAV (primarily cattail with patches of sawgrass) in the southeastern
region of the FW. These FWs are conﬁgured parallel to each other and receive inﬂows originating
from the same source/watershed. The ﬂow-paths
of STA-2 FWs 1 and 3 are 5.3 and 4.5 km long,
respectively. Elemental accumulation rates measured in this study represent the 14-yr period of
operation, spanning from WY2002 to WY2016
(Water Year = WY runs from 1 May through 30
April of the following calendar year). During this
operation period, there was minimum intervention and management in these two STAs.
Cells 3A and 3B of the WFW of STA-3/4 are
operated in series, with outﬂow from Cell 3A
serving as inﬂow to Cell 3B; hence, the inﬂow TP
concentrations and loads into Cell 3A are considerably higher than Cell 3B (Fig. 1c). The two cells
are separated by an internal levee that was built
in WY2006 and became fully operational in that
year. Cell 3A has a treatment area of 976 ha and is
designated as an EAV cell with cattail (Typha
domingensis) as the predominant vegetation. The
ﬂoating aquatic vegetation (i.e., water lettuce, Pistia stratiotes) that inhabit open areas was particularly prevalent near the front end of this cell at the
time of sampling. The physical and chemical characteristics of ﬂoc and soil at the front end areas of
Cell 3A (Fig. 1c, Station A8) were markedly different from those observed in the downstream stations; hence, data from this location were not
included in the analysis (Reddy et al. 2019c). Cell
3B has a treatment area of 844 ha and is categorized as a SAV cell, but approximately 40% of the
cell is covered with EAV (primarily Typha domingensis). Total length of the ﬂow-path in the WFW
is 3.3 km (Cell 3A:1.7 km; Cell 3B: 1.6 km). Elemental accumulation rates measured in this study
represent the 10-yr operational period, spanning
from WY2006 to WY2016.

MATERIALS AND METHODS
Study site

This study was conducted in STA-2 ﬂow-ways
(FWs) 1 and 3 and STA-3/4 Cells 3A and 3B, Western FW (WFW) (Fig. 1a, Table 1). STA-2 FW 1
with a treatment area of 743 ha (Fig. 1b) has predominantly EAV consisting primarily of cattail
(Typha domingensis) with patches of sawgrass
(Cladium jamaicense) and water lily (Nymphaea
odorata). STA-2 FW 3 with a treatment area of
928 ha has predominantly SAV, a mix of southern naiad (Najas guadalupensis), musk grass
(Chara sp.), hydrilla (Hydrilla verticillate), and
v www.esajournals.org

Soil sampling
Soil sampling in STA-2 FWs 1 and 3 and WFW
of STA-3/4 Cells 3A and 3B occurred during the
months of September to December 2016 (see
Appendix S1: Table S1). Each transect in FWs 1
and 3 of STA-2 consisted of 11 stations (Fig. 1b).
Three stations near inﬂow, midﬂow, and outﬂow
along each transect were designated as benchmark stations. In STA-3/4 Cell 3A (EAV), four
3
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Fig. 1. Study sites. (a) Everglades stormwater treatment areas (STAs) in south Florida; (b) STA-2 and sampling
stations along transects in FW 1 and FW 3; (c) STA-3/4 and sampling stations along transects in Cell 3A and Cell
3B. Benchmark stations are shown as stars and others as circles. Sampling stations with emergent aquatic vegetation (EAV) and submerged aquatic vegetation (SAV) are marked by red and blue, respectively. Lines with arrows
indicate water ﬂow direction.

stations were identiﬁed including two benchmark
stations, and in Cell 3B (SAV/EAV), eight stations
(four each for SAV and EAV) including six
v www.esajournals.org

benchmark stations (three each for SAV and EAV)
were identiﬁed for the study (Fig. 1c). Three intact
soil cores from each benchmark station and a
4
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Table 1. Hydraulic and nutrient loading characteristics of FW 1 and FW 3 of STA-2 during operational period of
WY2002-WY2019 and Western ﬂow-way (WFW) of STA-3/4 during WY2006-WY2019.
STA-2
Parameter
Vegetation
Area (ha)
Hydraulic loading rate (cm d−1 )†
Water depth (m)†
Hydraulic retention time (d)†
Phosphorus loading rate (gm−2yr−1)

STA-3/4

FW 1

FW 3

WFW

Cell 3A

Cell 3B

EAV
743
2.6  1.2
0.38  0.12
16  4
0.93  0.11

SAV
928
3.9  1.2
0.55  0.08
15  5
1.34  0.14

EAV/SAV
1,820
3.0  1.0
0.49  0.09
18  4
0.74  0.08

EAV
976
6.3  1.5
0.55  0.07
10  2
1.34  0.50

SAV/EAV
844
6.9  1.7
0.46  0.03
71
0.66  0.24

Notes: Data for WFW cells 3A and 3B represent WY2009-WY2017 (Zhao and Piccone 2020). Data presented as mean  standard error.
† Data obtained from Zhao and Piccone (2020).

single core from the remaining transect stations
were collected using 10 cm diameter polycarbonate core tubes to capture the spatial nutrient gradient along the ﬂow-path. For the analyzed
parameters in this study, the mean value of triplicates was used for each benchmark station. All
soil cores were sectioned into ﬂoc, RAS, and preSTA soils according to the visible differences in
color, texture, and consistency. Floc depth was
measured by allowing ﬂocculent material settle in
core tube for 4 h. The thickness of the settled ﬂoc
material was measured before it was transferred
to storage containers. Pre-STA soils were further
sectioned into two layers by depth, named preSTA1 (0–5 cm) and pre-STA 2 (5 to maximum
15 cm depth). Sectioned ﬂoc and soil samples were
placed in heavy-duty air-tight plastic bags and
transported on ice to the SFWMD Analytical Services Laboratory. All samples were stored at 4°C
until used for further analysis.

of sample ignition at 550°C and acid digestion to
convert organic P into inorganic P, followed by
analysis for inorganic P in digestates by the
ascorbic acid technique using a UV-visible spectrophotometer (USEPA 1993, Method 365.1; Shimadzu, Norcross, Georgia, USA). Total S and K
were analyzed on digested samples using EPA
3050B and analyzed using EPA 6010C (ICP).
Total Ca, Mg, Fe, and Al were analyzed using
inductively coupled argon plasma spectrometry
(USEPA 1994, Method 200.7).
Total C (TC) was partitioned into total inorganic
C (TIC) and total organic C (TOC) by assuming
that TIC in the ﬂoc and soils is primarily contributed by CaCO3. Inorganic C association with
Mg represents <5% of the total (Ca+Mg)-CO3;
hence, Mg was not included in the estimate of
TIC. Total Ca and TC in ﬂoc and soil samples
were determined as described previously. Concentration of Ca can therefore be used to estimate
total inorganic and organic carbon content in the
sample as described in the following equations:

Physico-chemical characterization
The bulk density of the different soil core sections (i.e., ﬂoc, RAS, and pre-STA soils) was
determined by taking the dry weight of each
material divided by the volume of the material
(volume = section depth or thickness × area of
the core) (Reddy et al. 2015). Soil organic matter
content was measured by the loss-on-ignition
(LOI) method, where dry soils were combusted
at 550°C in a mufﬂe furnace for 4 h (Wright et al.
2008). Total C and N were determined on dried,
ground samples using a Flash Elemental Analyzer (CE Instruments, Saddlebrook, New Jersey,
USA). Total P was determined by a combination

v www.esajournals.org

TIC ¼ Ca 

12
40

TOC ¼ TC  TIC

(1)
(2)

where TIC = total inorganic C (g/kg); Ca = calcium (g/kg); 12/40 is atomic mass ratio of C/Ca;
TOC = total organic C (g/kg); and TC = Total C
(g/kg). Total organic C estimated using Eq. 2 was
highly correlated with the LOI as shown in the
following empirical equation:

TOC ¼ 0:566½LOI  16 R2 ¼ 0:984; N ¼ 317
(3)

5

November 2021

v Volume 12(11) v Article e03787

FRESHWATER ECOLOGY

REDDY ET AL.

where TOC = total organic C (g/kg) estimated
using Eq. 2; and LOI = loss on ignition (g/kg)
(Reddy et al. 2019c). The ratio of LOI to TOC
observed in this study was similar to that observed
for upland and wetland soils (Wright et al. 2008).
Storage of macro- and secondary elements in
each soil layer was calculated for each sampling
station as follows:

Water Conservation Area 2 (WCA-2) is located
in the northern Everglades adjacent to east of
STA-2 (Fig. 1). WCA-2 with 544 km2 area is
divided into WCA-2A which includes most of
northern and central area (82% of total area),
while WCA-2B is located in southern portion
representing 18% of the total area. During the
pre-STA period, WCA-2A received untreated
agricultural drainage efﬂuents from the EAA at a
P loading rate of approximately 1 gm−2yr−1
(Craft and Richardson 1993, Reddy et al. 1993).
The P loading rates to WCA-2A during the preSTA period were similar to P loading rates to
STA-2 and STA-3/4. Soil accretion rates measured
in STA-2 (14-yr period) and STA-3/4 (10-yr period)
were compared with the previously reported rates
during pre-STA period for WCA-2A. Data for
WCA-2A (26-yr period) represent accretion rates
during the pre-STA period measured in 1990
using the Cs-137 technique (Craft and Richardson
1993, Reddy et al. 1993). In the current analysis of
the data, we attempted to compare soil accretion
and nutrient accumulation rates of managed constructed wetlands (STAs) to unmanaged natural
areas (WCAs) of the Everglades.
Elemental inﬂow and outﬂow loads for each
ﬂow-way were generated from elemental inﬂow
and outﬂow concentrations and ﬂow data
retrieved from the District DBHYDRO database
using the Nutrient Load Program, a computer
program that generates loads and ﬂow-weighted
mean concentrations for speciﬁed inﬂow and
outﬂow stations (Thourot 2020). Daily elemental
loading rate (ELR) for inﬂow and outﬂow was
calculated as follows:

ES ¼ ðECf  BDf  Df  10Þ
þ ðECr  BDr  Dr  10Þ

(4)

where ES = elemental storage in ﬂoc and RAS
(g/m2); ECf = concentration of element in ﬂoc
(g/kg); BDf = ﬂoc bulk density (g/cm3); Df = ﬂoc
depth (cm); ECr = concentration of element in
RAS (g/kg); BDr = RAS bulk density (g/cm3);
Dr = RAS depth (cm). 10 is a factor to convert
ﬁnal units to g/m2.
Elemental accumulation rate (EAR) at each
sampling station was calculated based on the
mass of elements stored in ﬂoc and RAS divided
by the STA’s period of operation. STA-2 had
been operational for 14 yr and STA-3/4 for 10 yr
at the time of sampling in 2016. The mass of element stored in each of the transect locations was
averaged and divided by operational period to
obtain mean accumulation rate for the entire
FW.
EAR ¼

ES1 þ ES2 þ . . . þ ESn
nt

(5)

where EAR = element accumulation rate (gm−2
yr−1); t = years STA FWs in operation; n = number of sampling stations; ESi = mass storage of
element at each sampling station; for benchmark
stations, mean value of triplicates was used
(g/m2).
For STA-3/4, the EAR for the whole WFW of
STA-3/4 was area-weighted and calculated as follows:

ELR ¼

976
507
̄EARcell3AðEAVÞ þ
̄EARcell3BðSAVÞ
1820
1820
337
̄EARcell3BðEAVÞ
þ
(6)
1820

where 976, 507, and 337 represent treatment
areas (ha) of Cell 3A (EAV), Cell 3B (SAV), and
Cell 3B (EAV), respectively.
v www.esajournals.org

(7)

where ELR = elemental loading rate (gm−2d−1);
V = hydraulic ﬂow volume (m3/d); EC = elemental concentration (mg/L); Area = area of
treatment wetland (ha); 10,000 is a factor to convert ﬁnal units to gm−2d−1. Annual ELR was
calculated as the sum of daily ELR in each year.
The average annual ELR was calculated for TP,
dissolved organic carbon (DOC), TN, K, Ca, and
Mg in FW 1 and 3 of STA-2 (WY2002-2019) and
WFW of STA-3/4 (WY2006-2019). Internal transect sampling of surface water samples during
Fall 2016 in the FWs showed good agreement
(1:1 relationship) between TOC and DOC

EARSTA3=4
¼

V  EC
Area  10,000
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elemental accumulation rates/soil accreted depth
for each station represented the combined elemental accumulation rates/soil accreted depth in
the ﬂoc and RAS. One-way ANCOVA was then
conducted to test the differences in mean total
elemental accumulation rates/soil accreted depth
with FW/Cell as the independent variable and
fractional distance as the covariate (Appendix S1:
Table S3). Tukey’s post hoc honest signiﬁcant difference (HSD) test was conducted for multiple
comparison of means. Data were transformed by
using log functions, to meet the assumptions of
ANCOVA where needed. Principal component
analysis (PCA) was performed on the concentration of biogeochemical parameters for ﬂoc and
soils and associated accumulation rates. Spearman’s rank correlations were used to determine
associations among variables.

(Appendix S1: Fig. S1). Therefore, in our calculations, we used DOC values to estimate TOC
loads for studied FWs where only DOC data
were available. The FW elemental retention rate
(ERR) was calculated as follows:
ERR ¼ ELRinflow  ELRoutflow

(8)

where ERR = elemental retention rate (gm−2yr−1);
and ELR = element loading rate (gm−2yr−1). The
ELRinﬂow and ELRoutﬂow were calculated using
hydraulic ﬂow volume, area of treatment wetland,
and concentration of each element at the inﬂow
and outﬂow.

Statistical analyses
Statistical analysis was performed using JMP
Pro 15 statistical software (SAS Institute, Cary,
North Carolina, USA). The two-way repeatedmeasures ANCOVA was performed to test differences in mean concentration of elements and
accreted depth of ﬂoc and RAS with sample size
n = 11 for FW1 (EAV) and FW 3 (SAV) in STA-2,
and n = 4 for Cell 3A (EAV), Cell 3B (SAV), and
Cell 3B (EAV) in STA-3/4. Two factors included
in the model are sample type (ﬂoc and RAS) and
FW/Cell [(FW 1(EAV), FW 3(SAV), Cell 3A(EAV),
Cell 3B(SAV), and Cell 3B(EAV)]. The fractional
distance of sampling stations (the actual distance
of sampling station from inﬂow normalized by
the length of each FW for better comparison
among FWs) from inﬂow was used as the covariate in the model to exclude the effects of distance
from the inﬂow (Appendix S1: Table S2). Total

RESULTS
Surface water elemental concentrations
Long-term monitoring of inﬂow and outﬂow
concentrations of TP showed a reduction of 88
and 78% in FWs 1 and 3 of STA-2, respectively,
and 76% in WFW of STA-3/4 over the operational
period of each STA (Table 2). Total N reduction
ranged from 27 to 39% in FW1 and FW3 of STA2 compared to 48% reduction in WFW of STA-3/
4. Total organic C concentrations were higher in
outﬂow than inﬂow waters in both STAs. Potassium and Mg did not show any noticeable
changes in surface inﬂow and outﬂow, while Ca
showed a reduction of 16 and 32% in FW1 and

Table 2. Inﬂow and outﬂow concentrations of selected elements in FW 1 and FW 3 of STA-2 and WFW of STA-3/
4 during the operational period.
STA-2

STA-3/4

FW 1
Element
TOC (mg/L)
TP (µg/L)
TN (mg/L)
TK (mg/L)
Ca (mg/L)
Mg (mg/L)

Inﬂow
28.7
92
3.3
8.3
94
29.9








0.8
7
0.1
0.2
2
1

FW 3
Outﬂow
28.8
11
2.0
8.2
79
26.4








1.2
2
0.05
0.1
1
0.9

Inﬂow
32.1
102
3.3
8.6
97
31.5








0.7
9
0.1
0.1
2
1

WFW
Outﬂow
33.8
22
2.4
8.7
66
30.4








0.7
3
0.1
0.1
2
0.9

Inﬂow
18.1
67
3.7
7
103
19.9








0.1
8
0.2
0.1
4
0.9

Outﬂow
27.6
16
1.9
6.7
80
17.8








1.5
1
0.1
0.2
2
0.7

Notes: All the available data during WY2002-2019 for STA-2 and WY2006-2019 for STA-3/4 were included for ﬂow-ways
studied (Data source: South Florida Water Management District). Data presented as mean  standard error. Ca, total calcium;
Mg, total magnesium; TK, total potassium; TN, total nitrogen; TOC, total organic carbon; TP, total phosphorus.
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Concentration of elements

FW3 of STA-2, respectively, compared to 22%
reduction in WFW of STA-3/4.

Total C concentrations in ﬂoc and RAS were
lower (P < 0.05) in SAV than in EAV ecosystems
of both STAs (Table 4). Total inorganic C was
higher (P < 0.05) in the ﬂoc and RAS from SAV
than EAV ecosystems while the reverse was true
for TOC. Total inorganic C concentration in ﬂoc
and RAS represented <8% of the TC in EAV
areas of both STAs, while approximately 47% to
63% of TC in ﬂoc and 31% to 35% of TC in RAS
was TIC in SAV dominant ecosystems.
Total N concentrations in the ﬂoc and RAS
were lower in SAV (9–15 g/kg) than in EAV (27–
33 g/kg) ecosystems (P < 0.01, Table 5) yet TOC
to TN ratios (TOC/N, expressed on mass basis)
in ﬂoc were higher for EAV than SAV ecosystems of both STAs (P < 0.05, Table 5) (note:
TOC/N ratios expressed on mass basis can be
converted to molar basis by multiplying with
factor of 0.857). Total organic C to N ratios in
ﬂoc as compared to RAS were lower in SAV
ecosystems (P < 0.05), but not signiﬁcantly different in EAV areas. Total P concentrations
in the ﬂoc and RAS were lower (P < 0.01) in
SAV than in EAV ecosystems and generally
decreased with depth with higher concentrations in ﬂoc except for SAV ecosystems in STA3/4 (Table 5). Total S concentrations in the ﬂoc
and RAS were lower in SAV than in EAV ecosystems and ranged from 2.8 to 6.1 g/kg in SAV
and from 11.6 to 13.4 g/kg in EAV (P < 0.01,
Table 5). Total K concentrations in both ﬂoc and
RAS were higher in EAV than SAV ecosystems
(P < 0.01, Table 5).

Soil accretion

Across STAs, depth of ﬂoc was higher in two
SAV systems (STA-2 FW3 and STA-3/4 Cell 3B)
than in EAV systems (STA-2 FW1 and STA-3/4
Cell 3A) (P < 0.05), while RAS depth was not
different between the two vegetation systems
(Table 3). Bulk density of ﬂoc and RAS was also
higher in SAV than in EAV systems (Table 4,
P < 0.05). In contrast, LOI was approximately
3–4 times lower in SAV than in EAV areas
(Table 4, P < 0.05). Total soil accretion rates
(ﬂoc + RAS) were higher in SAV than in EAV
ecosystems in both STAs (Table 3 and Fig. 2;
P < 0.05). Average total soil accretion rates were
0.42–0.68 cm/yr in EAV areas and ranged from
0.81 to 1.12 cm/yr in SAV areas (Table 3). In
STA-2 FW3 (SAV), soil accretion rates were
higher in the front half of the ﬂow-way compared to accretion rates in the remaining half of
the FW (Fig. 2). In STA-3/4 WFW, SAV was present only in Cell 3B that received inﬂows from
Cell 3A (EAV). Despite lower nutrient loading
(Table 1), soil accretion rates were higher in SAV
of Cell 3B than SAV of STA-2 FW 3. Soil accretion in EAV areas was highest at stations near
the inﬂow and decreased with distance downstream (Fig. 2). Soil accretion rates measured in
EAV areas of STA-2 and STA-3/4 were similar to
those observed in WCA-2A and ranged from
0.27 to 1.13 cm/yr (Craft and Richardson 1993,
Reddy et al. 1993).

Table 3. Accretion depths for ﬂoc and recently accreted soil (RAS).
Depth (cm)
STAs

Flow-ways/cells

STA-2

FW 1 (EAV)
FW 3 (SAV)
Cell 3A (EAV)
Cell 3B (SAV)
Cell 3B (EAV)

STA-3/4

Floc
4.7
7.6
3.4
9.4
2.2







0.6b
0.5a
0.6bc
1.2a
0.6bc

RAS
2.9
3.8
3.4
1.8
2.0







Total

0.4bc
0.4bc
0.5bc
0.1c
0.1bc

7.6
11.3
6.8
11.2
4.2







0.8B
0.7A
0.8BC
1.2AB
0.6C

Accretion rate (cm/yr)
0.54
0.81
0.68
1.12
0.42







0.06c
0.05ab
0.08 bc
0.12a
0.06c

Notes: Estimates are based on 14 yr of operation for FWs 1 and 3 of STA-2, and 10 yr of operation for Cells 3A and 3B of
STA-3/4 Western ﬂow-way (WFW). Data presented as mean  standard error. n = 11 for each ﬂow-way in STA-2 (FW 1-EAV
and FW3-SAV) and n = 4 for each cell in STA-3/4 ﬂow-way (Cell 3A-EAV, Cell 3B-SAV, and Cell 3B-EAV). Different lowercase
letters represent signiﬁcantly different means of depth (Tukey’s test, α = 0.05). One-way ANCOVA with FW/cell (including ﬁve
FWs/cells in STA-2 and STA-3) as independent variable was conducted for total depth and accretion rates of total depth (ﬂoc +
RAS). Uppercase and Italic letters represent signiﬁcantly different means of total depth and accretion rate of total depth, respectively (Tukey’s HSD test, α = 0.05).
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Table 4. Selected physico-chemical properties and carbon concentrations in ﬂoc and soils.
STA FW/Cell
STA-2 FW1
EAV-Floc
EAV-RAS
STA-2 FW3
SAV-Floc
SAV-RAS
STA-3/4 Cell 3A
EAV-Floc
EAV-RAS
STA-3/4 Cell 3B
SAV-Floc
SAV-RAS
STA-3/4 Cell 3B
EAV-Floc
EAV-RAS

Bulk density (g/cm3)

LOI (%)

TC (g/kg)

TIC (g/kg)

TOC (g/kg)

B
0.043  0.005e
0.075  0.005c–e
A
0.151  0.011b–d
0.261  0.028a
B
0.039  0.009e
0.063  0.003c–e
A
0.161  0.008b
0.181  0.016a–d
B
0.059  0.010e
0.093  0.027b–e

A
72  4a
81  2a
B
20  2bc
28  3bc
A
86  1a
84  2a
B
14  1c
33  5b
A
87  2a
72  10a

A
405  19a
445  10a
B
188  8bc
224  15bc
A
475  1a
468  7a
B
166  6c
248  19b
A
468  16a
405  50a

B
31  5.4c
21.2  2.9c
A
88.2  2.3ab
78.8  3.2b
B
12.2  1.3c
14.1  1.2c
A
105  2a
77  6b
B
10.7  0.8c
19.9  5.3c

A
374  24a
424  13a
B
100  10bc
145  18bc
A
463  2a
454  8a
B
61  8c
171  25b
A
458  16a
385  54a

Notes: Data presented as mean  standard error. n = 11 for each ﬂow-way in STA-2-(FW 1-EAV and FW 3-SAV) and n = 4
for each cell in STA-3/4 Western Flow-way (Cell3A-EAV, Cell 3B-SAV, and Cell 3B-EAV). Different lowercase letters represent
signiﬁcantly different means between FWs/cells and sample type (Tukey’s test, α = 0.05). Different uppercase letters above the
numbers denote signiﬁcantly different means of ﬂoc and recently accreted soil (RAS) between ﬁve FWs/cells (Tukey’s test,
α = 0.05). LOI, loss on ignition; TC, total carbon; TIC, total inorganic carbon; TOC, total organic carbon.

Fig. 2. Accretion depth for ﬂoc and recently accreted soil (RAS) along the transects in STA-2 and STA-3/4. Soil
accretion rates for WCA-2A were obtained from published literature (Craft and Richardson 1993, Reddy et al.
1993).

Calcium concentrations in the ﬂoc and RAS
were higher in SAV than EAV ecosystems of both
STAs (P < 0.05, Table 6), and the values in the
ﬂoc and RAS ranged from 258 to 349 g/kg in
SAV areas compared to 36–103 g/kg in EAV
ecosystems. In SAV areas, Ca concentrations
were higher in the ﬂoc than in RAS of STA-3/4
Cell 3B (P < 0.05, Table 6). Calcium concentrations in ﬂoc and RAS were not signiﬁcantly different in the EAV ecosystems of both STAs.
Magnesium concentrations in both ﬂoc and RAS
v www.esajournals.org

were higher for SAV than EAV areas of STA-2
(P < 0.05, Table 6). In STA-3/4, Mg concentrations were higher in SAV than in EAV ecosystems
for ﬂoc (P < 0.05) but not for RAS. Concentrations of Al and Fe in ﬂoc and RAS generally
increased with depth in both EAV and SAV
ecosystems. Lower (P < 0.01) Fe concentrations
were observed in SAV than EAV areas in both
STAs, while the difference between EAV and
SAV for Al concentration was only observed in
STA-3/4 (P < 0.05).
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Table 5. Macro-element concentrations and mass ratios of macro-elements in ﬂoc and soils.
Macro-elements

Macro-element ratios

STA FW/Cell

TN (g/kg)

TP (mg/kg)

TS (g/kg)

TK (mg/kg)

TOC/N

N/P

TOC/P

STA-2 FW1
EAV-Floc
EAV-RAS
STA-2 FW3
SAV-Floc
SAV-RAS
STA-3/4 Cell 3A
EAV-Floc
EAV-RAS
STA-3/4 Cell 3B
SAV-Floc
SAV-RAS
STA-3/4 Cell 3B
EAV-Floc
EAV-RAS

A
33  1.4a
31  0.8a
B
11  0.7b
12  1.1b
A
33  0.6a
31  0.7a
B
9  0.9b
15  1.3b
A
33  0.7a
27  2.9a

A
1704  151aA
1096  58bA
B
683  83c
604  62c
A
1715  79a
1373  87ab
B
309  15c
405  23c
A
1154  47ab
969  134b

A
11.6  0.7b
13.4  0.3a
B
3.6  0.3cd
4.6  0.4cd
A
13  0.5ab
12.6  0.6ab
B
2.8  0.2d
6.1  0.5c
A
13.1  0.9ab
12.1  1.7ab

A
747  66a
430  40bc
B
240  16 cd
235  15d
A
601  82ab
441  39b–d
B
166  21cd
218  21cd
A
452  62a–d
456  123b–dA

A
11.3  0.4b
13.8  0.5a
B
8.9  0.3cd
12.1  0.4ab
A
13.9  0.3a
14.8  0.2a
B
7.0  0.2d
10.5  0.7a–c
A
14  0.7a
13.7  0.7ab

A
20.7  1.8bc
29  1.9a
B
18.5  2.1c
22.3  3.5a–c
A
19.6  0.9ab
21.5  2ab
A
28.5  2.9ab
33  1.5a
A
29.7  1.6ab
30.9  2ab

A
234  23bc
396  20a
B
165  20d
279  50a–c
A
27  13a
335  21a
AB
199  23cd
417  66a
A
398  16a
404  18ab

Notes: Data presented are mean  standard error. n = 11 for each ﬂow-way in STA-2 (FW 1-EAV and FW 3-SAV) and n = 4
for each cell in STA-3/4 Western Flow-way (Cell 3A-EAV, Cell 3B-SAV, and Cell 3B-EAV). Different lowercase letters represent
signiﬁcantly different means between FWs/Cells and sample type (Tukey’s test, α = 0.05). Different uppercase letters above the
numbers denote signiﬁcantly different means of ﬂoc and recently accreted soil (RAS) between all FWs/cells (Tukey’s test,
α = 0.05). N/P, mass ratio of nitrogen to phosphorus; TK, total potassium; TN, total nitrogen; TOC/N, mass ratio of total organic
carbon to nitrogen; TOC/P, mass ratio of total organic carbon to phosphorus; TP, total phosphorus; TS, total sulfur.

Table 6. Metal concentrations in ﬂoc and soils.
FW/Cell
STA-2 FW1
EAV-Floc
EAV-RAS
STA-2 FW3
SAV-Floc
SAV-RAS
STA-3/4 Cell 3A
EAV-Floc
EAV-RAS
STA-3/4 Cell 3B
SAV-Floc
SAV-RAS
STA-3/4 Cell 3B
EAV-Floc
EAV-RAS

Al (mg/kg)

Fe (mg/kg)

Ca (g/kg)

Mg (mg/kg)

B
722  210d–f
802  175c–e
B
681  187ef
1191  172b–d
AB
1708  231a–e
2636  353a–e
B
149  4f
1772  364a–c
A
2950  1390ab
7268  5158a

BC
1083  246cd
1495  231b
C
841  212de
1444  173bc
AB
2495  111a–c
3351  102ab
C
243  34e
1924  138ab
A
2975  490ab
5355  2262a

B
103  18c
71  10c
A
294  8ab
263  11b
B
41  4c
47  4c
A
349  7a
258  21b
B
36  3c
66  18c

BC
5330  371b
4311  288cd
A
8893  189a
8259  238a
D
2808  79e
2751  61e
B
5659  86bc
4702  169b–d
CD
3010  321de
3908  1083b–e

Notes: Data presented as mean  standard error. n = 11 for each ﬂow-way in STA-2 (FW 1-EAV and FW 3-SAV) and n = 4
for each cell in STA-3/4 Western Flow-way (Cell-3A-EAV, Cell 3B-SAV, and Cell 3B-EAV). Different lowercase letters represent
signiﬁcantly different means between FWs/cells and sample type (Tukey’s test, α = 0.05). Different uppercase letters above the
numbers denote signiﬁcantly different means of ﬂoc and recently accreted soil (RAS) between all FWs/Cells (Tukey’s test,
α = 0.05). Al, total aluminum; Ca, total calcium; Fe, total iron; Mg, total magnesium.

density and accretion rates of ﬂoc and RAS in
SAV ecosystems (Tables 3, 4). Total C accumulation rates in EAV systems ranged from 58 to
190 g Cm−2yr−1 in STA-2, 93–182 g Cm−2yr−1

Accumulation rates of elements
Total C accumulation rates were higher in SAV
ecosystems of both STAs as compared to EAV
ecosystems (P < 0.01, Table 7) due to higher bulk
v www.esajournals.org
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Table 7. Accumulation rates (gm−2yr−1) of macro- and secondary elements.
STA-2
Element
TC
TIC
TOC
TN
TP
TS
TK
Al
Fe
Ca
Mg

FW 1 (EAV)
116
8
108
8.6
0.38
3.4
0.16
0.24
0.39
26
1.4













10b
2c
9b
0.7b
0.05b
0.3b
0.02bc
0.09b
0.12c
5c
0.2b

STA-3/4 Western Flow-way
FW 3 (SAV)
310
136
175
16.7
1.15
6.2
0.37
1.73
2.04
452
14













Cell 3A (EAV)

38a
19b
23a
1.9a
0.27a
0.9a
0.06a
0.56a
0.63a
65b
2.1a

147
4
143
9.9
0.46
3.9
0.15
0.75
0.96
14
0.9













11b
1c
11ab
0.7b
0.03ab
0.2b
0.02c
0.17ab
0.07ab
2c
0.1b

Cell 3B (SAV)
331
189
142
17.4
0.6
6.2
0.32
0.8
1.02
630
10.4













41a
33a
14ab
1.4a
0.1ab
0.7a
0.07ab
0.17a
0.21a
109a
1.6a

Cell 3B (EAV)
118
5
113
8.1
0.28
3.4
0.14
2.02
1.44
16
1.1













7b
1c
7ab
0.5b
0.02b
0.3b
0.04a-c
1.52a
0.71a
5c
0.4b

Notes: Estimates are based on 14 yr of operation for STA-2 FWs and 10 yr of operation for STA-3/4 cells. Data presented as
mean  standard error. n = 11 for each ﬂow-way in STA-2 (FW 1-EAV and FW 3-SAV) and n = 4 for each cell in STA-3/4 Western Flow-way (Cell 3A-EAV, Cell 3B-SAV, and Cell 3B-EAV). One-way ANCOVA with FW/Cell (including ﬁve FWs/Cells in
STA-2 and STA-3) as independent variable was conducted for accumulation rates. Different letters represent signiﬁcantly different means of accumulation rates between ﬁve FWs/Cells (Tukey’s test, α = 0.05). Al, total aluminum; Ca, total calcium; Fe, total
iron; Mg, total magnesium; TC, total carbon; TIC, total inorganic carbon; TK, total potassium; TN, total nitrogen; TOC, total
organic carbon; TP, total phosphorus; TS, total sulfur.

in STA-3/4, and 70–387 g Cm−2yr−1 in WCA-2A
(Fig. 3a). Total C accumulation rates in SAV systems ranged from 190 to 590 g Cm−2yr−1 in
STA-2 and from 204 to 378 g Cm−2yr−1 in STA3/4 (Fig. 3b). Total inorganic C accumulation
rates in SAV areas were approximately 17–38
times higher than in EAV areas while the TOC
accumulation rates were only 1.3–1.6 times
higher in SAV than EAV areas (Table 7).
Total N accumulation rates were higher in SAV
areas of both STAs as compared to EAV

ecosystems (P < 0.01, Table 7). Accumulation rates
of TN in EAV ecosystems ranged from 4 to
14 g Nm−2yr−1 in STA-2, 6–12 g Nm−2yr−1 in
STA-3/4, and 5–24 g Nm−2yr−1 in WCA-2A
(Fig. 4a), while in SAV ecosystems they ranged
from 9 to 32 g Nm−2yr−1 in STA-2 and from 13 to
17 g Nm−2yr−1 in STA-3/4 (Fig. 4b). Total N accumulation rates observed in STAs followed similar
trends as those reported for WCA-2A (Fig. 4a).
Total P accumulation rates were higher in FW1
(SAV) of STA-2 compared to other FWs (P < 0.01,

Fig. 3. Carbon accumulation rates estimated from combined storage in ﬂoc + RAS as a function of fractional
distance from inﬂow of FW 1 (EAV) and FW 3 (SAV) of STA-2 and Cells 3A and 3B in STA-3/4. Accumulation
rates were calculated based on 14-yr and 10-yr periods of operation for STA-2 and STA-3/4, respectively. Accumulation rates measured over a 26-yr period in WCA-2A (1954–1990) were based on Cs-137 technique (Craft and
Richardson 1993, Reddy et al. 1993).
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Fig. 4. Nitrogen accumulation rates estimated from combined storage in ﬂoc + RAS as a function of fractional
distance from inﬂow of FW 1-EAV and FW 3-SAV of STA-2 and Cells 3A and 3B in STA-3/4. Accumulation rates
were calculated based on 14-yr and 10-yr periods of operation for STA-2 and STA-3/4, respectively. Accumulation
rates measured over a 26-yr period in WCA-2A (1954–1990) were based on Cs-137 technique (Craft and Richardson 1993, Reddy et al. 1993).

Table 7). Total P accumulation rates in EAV systems ranged from 0.13 to 0.75 g Pm−2yr−1 in
STA-2 and from 0.21 to 0.58 g Pm−2yr−1 in STA-3/
4, following a similar trend observed in WCA-2A
(0.1 to 1.1 g Pm−2yr−1) (Fig. 5a). Total P accumulation rates in SAV systems ranged from 0.34 to
3.1 g Pm−2yr−1 in STA-2 and from 0.37 to 0.79 g
Pm−2yr−1 in STA-3/4 (Fig. 5b). Nitrogen to P
ratios (expressed on mass basis, N/P ratios
expressed on mass basis can be converted to molar
basis by multiplying with factor of 2.21) increased
with distance from the inﬂow in both EAV and
SAV systems, with the upstream P-enriched areas
ranging from 18 to 24 in EAV and from 10 to 15 in
SAV. Approximately, the upper one-third of the
ﬂow-path (fractional distance of 0.33) was considered to be P-enriched areas (Fig. 6a, b).
Total S accumulation rates were higher in SAV
than EAV ecosystems (P < 0.05, Table 7). Total S
accumulation rates in EAV ecosystems ranged
from 2 to 6 g Sm−2yr−1 in STA-2 and from 3 to
4 g Sm−2yr−1 in STA-3/4 (Appendix S1:
Fig. S2a). Total S accumulation rates in SAV
ecosystems ranged from 3 to 13 g Sm−2yr−1 in
STA-2 and from 4 to 7 g Sm−2yr−1 in STA-3/4
(Appendix S1: Fig. S2b). Total K accumulation
rates were higher in SAV ecosystems of both
STAs as compared to EAV ecosystems (P < 0.01,
Table 7). Total K accumulation rates in EAV
ecosystems of STA-2 and STA-3/4 ranged from
0.07 to 0.32 g Km−2yr−1 (Appendix S1: Fig. S3a)

v www.esajournals.org

while in the SAV ecosystems K accumulation
rates ranged from 0.18 to 0.91 g Km−2yr−1 in
STA-2 and from 0.21 to 0.48 g Km−2yr−1 in
STA-3/4 (Appendix S1: Fig. S3b).
Calcium accumulation rates were higher in
SAV than EAV systems (P < 0.05, Table 7). In
SAV ecosystems, lower Ca accumulation rates
were observed in STA-2 FW 3 than in STA-3/4
Cell 3B (P < 0.05). Accumulation rates of Mg
were higher in SAV than in EAV ecosystems
(P < 0.05, Table 7). Magnesium accumulation
rates ranged from 10 to 14 gm−2yr−1 in SAV
and from 0.9 to 1.4 gm−2yr−1 in EAV ecosystems. For accumulation rates of Al and Fe, notable differences between EAV and SAV were only
found in STA-2 (P < 0.05).

Relationships between elements
In EAV ecosystems, concentration of TC, TN,
and TS in ﬂoc and RAS along the ﬂow-path of
STAs positively correlated with each other; specifically, TC and TN (ρ = 0.382, P < 0.05, Appendix
S1: Table S4), TC and TS (ρ = 0.658, P < 0.001),
and TN and TS (ρ = 0.496, P < 0.01) were signiﬁcantly correlated. Phosphorus correlated to TN
(ρ = 0.416, P < 0.01) and TK (ρ = 0.535, P < 0.01),
but no signiﬁcant correlation with TC, TS, and
secondary elements including Ca, Mg, Fe, and Al.
In SAV ecosystems, signiﬁcant correlations were
observed among TC, TN, and TS (Appendix S1:
Table S4, P < 0.001). No signiﬁcant correlations
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Fig. 5. Phosphorus accumulation rates estimated from combined storage in ﬂoc + RAS as a function of fractional distance from inﬂow of FW 1-EAV and FW 3-SAV of STA-2 and Cells 3A and 3B in STA-3/4. Accretion rates
were calculated based on 14- and 10-yr periods of operation for STA-2 and STA-3/4, respectively. Accretion rates
measured over a 26-yr period in WCA-2A (1954–1990) were based on Cs-137 technique (Craft and Richardson
1993; Reddy et al. 1993).

Fig. 6. Mass ratio of nitrogen to phosphorus of accumulation rates in ﬂoc + RAS as a function of fractional distance from inﬂow of FW 1-EAV and FW 3-SAV of STA-2 and Cells 3A and 3B of STA-3/4.

concentrations in ﬂoc, RAS, and pre-STA soils.
The score plot of PCA indicated clear separation
between ﬂoc and RAS in EAV ecosystems (black
oval), between ﬂoc and RAS in SAV systems
(dash oval), and between STA and pre-STA soils
(gray area). In EAV, ﬂoc and RAS tended to have
high concentration of TK and TP as shown in the
loading plot, while ﬂoc and RAS in SAV were
high in Mg, TIC, and Ca concentrations. PCA did
not separate pre-STA soils in EAV and SAV
ecosystems which were high in Al and Fe concentrations compared to ﬂoc and RAS samples.
This is indicative of the uniformity/similarity in
pre-STA soils, as these represented soils before
STAs became operational.

were found between TP and other macroelements except for K (ρ = 0.548, P < 0.01). However, there were correlations between TP and
secondary elements (Appendix S1: Table S4,
P < 0.01). Positive correlations were found
between Ca and TC, TN, and TS (Appendix S1:
Table S4, P < 0.001) and between Ca with TP
(ρ = −0.368, P < 0.05). Iron and Al were correlated with TC, TS, and TP (Appendix S1: Table S4,
P < 0.01).
Correlations among different elements were
also supported by principal component analysis
(PCA) of elemental concentration of macro- and
secondary elements (Fig. 7). The PCA was
applied on macro- and secondary elemental
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Fig. 7. Score plot (left) and loading plot (right) of principal component analysis (PCA) on ﬂoc and soil elemental concentrations and bulk density. Solid and open circles represent soils from emergent aquatic vegetation
(EAV) and submerged aquatic vegetation (SAV), respectively. Red, blue, organic, and black circles represent ﬂoc,
RAS, pre-STA-1 soil, and pre-STA-2 soil, respectively. Al, total aluminum; BD, bulk density; Ca, total calcium;
FD, fractional distance from inﬂow; Fe, total iron; LOI, loss on ignition; Mg, total magnesium; N/P, mass ratio of
nitrogen to phosphorus; TC, total carbon; TIC, total inorganic carbon; TK, total potassium; TN, total nitrogen;
TOC/N, mass ratio of total organic carbon to nitrogen; TOC/P, mass ratio of total organic carbon to phosphorus;
TOC, total organic carbon; TP, total phosphorus; TS, total sulfur.

types was mainly caused by high accumulation
rates of macro-elements in SAV areas.

Similar patterns of macro-elemental accumulation were observed in both EAV and SAV cells with
strong correlations among total C, N, S, P, and K
(P < 0.01, Appendix S1: Table S5). Accumulation
rates of TOC correlated with all macro-elements
(P < 0.05). In the EAV systems, accumulation rates
of total C, N, and S were correlated with accumulation rates of Fe (P < 0.001), Al, Ca, and Mg
(P < 0.01). Total P accumulation rates were correlated with Al (P < 0.05), Fe and Ca (P < 0.01), and
Mg (P < 0.001). In the SAV system, accumulation
rates of TS and TK were correlated with the
accretion of Al, Fe, Ca, and Mg (P < 0.01). Phosphorus accumulation rate was highly correlated
with Fe, Ca, and Mg (P < 0.001), while total N and
C were correlated highly with Ca and Mg
(P < 0.001). These results are supported by the
PCAs positioning of accretion rates of macro- and
secondary elements (Fig. 8). Separation on elemental accumulation rates and ratios between EAV and
SAV ecosystems were evident along PC 1 (Fig. 8).
The distinction between areas with two vegetation
v www.esajournals.org

Elemental retention and accumulation rates
Elemental retention rates (ERR) expressed as
percent of ELRinﬂow showed that both STA-2 and
STA-3/4 ﬂow-ways retained approximately 77%
to 80% of TP, 27 to 30% of TN, and 16% to 24% of
Ca loads, respectively (Table 8). Negative retention rates of TOC were observed in all ﬂow-ways
of both EAV and SAV systems. The SAV ﬂowway of STA-2 showed negative ERR for K and
Mg, while ﬂow-ways with EAV showed positive
ERR for these elements.
Elemental accumulation rates (EAR) in ﬂoc
and RAS accounted for approximately 34% to
47% of TOC ELRinﬂow, and 40% to 86% for TP,
30% to 36% for TN, 0.2% to 4% of TK, 3% to 29%
for Ca, and 0.5% to 4% for Mg, respectively
(Table 8). The percent of elemental load accumulated in ﬂoc and RAS was generally higher in
ﬂow-ways with EAV than SAV systems.
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Fig. 8. Score plot (left) and loading plot (right) of principal component analysis (PCA) on ﬂoc and soil accretion and elemental accumulation rates and bulk density. Solid and open circles represent soils from emergent
aquatic vegetation (EAV) and submerged aquatic vegetation (SAV), respectively. Red and blue cycles represent
ﬂoc and RAS, respectively. Al, total aluminum; BD, bulk density; Ca, total calcium; Fe, total iron; LOI, loss on
ignition; Mg, total magnesium; N/P, mass ratio of nitrogen to phosphorus; TC, total carbon; TIC, total inorganic
carbon; TK, total potassium; TN, total nitrogen; TOC/N, mass ratio of total organic carbon to nitrogen; TOC/P,
mass ratio of total organic carbon to phosphorus; TOC, total organic carbon; TP, total phosphorus; TS, total
sulfur.

In STA-2, ERR was higher than EAR in the
EAV ﬂow-way (FW1) and ERR was lower than
EAR in the SAV ﬂow-way (FW3) (Table 8). In
STA-3/4, ERR was higher than EAR in the EAVSAV mixed marsh ﬂow-way.

accompanied by variable loading rates of other
elements (Table 8). Total N to P loading ratios
(mass basis) of ELRinﬂow were 31, 35, and 52 for
FWs 1 and 3 of STA-2 and WFW of STA-3/4,
respectively (Table 8). Approximately 31% and
38% of the TN inﬂow loads were present as inorganic N (ammonium and nitrate), and 54% and
49% of the TP loads as soluble reactive phosphorus (SRP) of STA-2 and STA-3/4, respectively
(Chimney 2020). Inorganic N and SRP added to
the system are potentially assimilated by vegetation, periphyton, and microbes (Reddy and
DeLaune 2008, Qian et al. 2021). Moreover, part
of inorganic N is lost as gaseous by-products and
end products through nitriﬁcation and denitriﬁcation reactions (White and Reddy 1999, 2003,
Hu et al. 2015, 2016, 2020a), while some of the
SRP is retained via adsorption by particulate
matter, co-precipitated with CaCO3, and accumulates in ﬂoc (Wetzel 2001, Reddy et al. 2005,
2020). High P inﬂow concentrations and loading
rates into FW3 (SAV) as compared to FW1 (EAV)

DISCUSSION
Nutrient loading effects
Average annual rates of soil (ﬂoc and RAS)
accretion and elemental accumulation measured
during the operational period of 14 and 10 yr for
STA-2 and STA-3/4, respectively, were signiﬁcantly inﬂuenced by the type of vegetation and
nutrient loading (Appendix S1: Tables S-2 and
S-3). These wetland systems were designed primarily to reduce TP concentrations in agricultural and urban runoff prior to discharging into
the Everglades Protection Area. The long-term
TP loading rates to the studied FWs were 0.93,
1.34, and 0.74 gm−2yr−1 for FWs 1 and 3 of
STA-2, and WFW of STA-3/4, respectively, were
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Table 8. Comparison of element retention rate (ERR) estimated from the difference between inﬂow and outﬂow
elemental loading rate (ELR) and element accumulation rate (EAR) calculated using the elemental concentrations ﬂoc and recently accreted soil (RAS) of STA-2 and STA-3/4.
STA-2

STA-D3/4

FW1 (EAV)
Element
TOC
TP
TN
TK
Ca
Mg

ELRinﬂow
316
0.93
28.5
86
917
301








47
0.11
2.4
10
76
30

ERR†
−41
0.82
13.8
0.2
146
24








FW3 (SAV)
EAR

ELRinﬂow

15 108  9
373 
0.1 0.38  0.05 1.34 
1.9 8.6  0.7
46.8 
4 0.16  0.02 102 
40
26  5
1,318 
16 1.4  0.2
380 

ERR†

WFW (SAV/EAV)
EAR

103
−42  3
0.14 1.03  0.11
4.0
12.8  1.7
9
−12.4  3.5
101
385  56
35
−27  10

175
1.15
16.7
0.37
452
14.0








ELRinﬂow

23
292 
0.27 0.74 
1.9
38.9 
0.06 81.5 
65
1096 
2.1
216 

ERR†

EAR

19
−21  24
137  7
0.08 0.58  0.08 0.47  0.05
3.7 19.6  2.6 11.7  1.3
6.2
7.2  1.0 0.20  0.04
83
259  42
186  93
14
29  5
3.6  1.4

Notes: All the available data during WY2002-2019 for STA-2 and WY2006-2019 for STA-3/4 were included for the calculation
of ELR and ERR (data source: South Florida Water Management District). Data presented as mean  SE (gm−2yr−1). Ca, total
calcium; Mg, total magnesium; TK, total potassium; TN, total nitrogen; TOC, total organic carbon; TP, total phosphorus.
† Positive ERR indicates higher inﬂow ELR than outﬂow; negative ERR indicates lower inﬂow ELR than outﬂow.

of STA-2 and WFW (SAV/EAV) of STA-3/4 contributed to lower N/P ratios and higher EAR of P
in this FW (Tables 2, 8).

(WCAs) (0.13 to 1.03 cm/yr) (Craft and Richardson 1993, Reddy et al. 1993). Within these natural
wetlands, high soil accretion rates were observed
in the areas directly affected by high P loading
and undergoing conversion from sawgrassdominated to cattail-dominated marshes, whereas
low rates of soil accretion were measured in the
more oligotrophic, interior areas of WCAs (Fig. 2
b; Craft and Richardson 1993, Reddy et al. 1993).
Similar ranges of soil accretion rates were
reported for freshwater and tidal wetlands (0.11–
2.19 cm/yr, Neubauer 2008, 0.11–0.54 cm/yr, Boyd
and Sommerﬁeld 2016), riparian and depressional
wetlands (0.03–0.07 cm/yr, Lane and Autrey
2017), and mangroves and salt marshes (1.41–
1.46 cm/yr, DeLaune et al. 2018).

Soil accretion
Soil (ﬂoc and RAS) accretion rates and its
chemical composition in the STAs are regulated
by allochthonous sources including particulate
and dissolved nutrients and autochthonous
sources produced through coupled abiotic and
biotic biogeochemical processes. It should be
noted that the mass of ﬂoc and RAS represents
total soil accretion during 14 and 10 yr of operation for STA-2 and STA-3/4, respectively. Age of
the accreted material increases with depth with
the ﬂoc representing the most recently accreted
material that becomes consolidated and part of
RAS over time (Bhomia et al. 2015). The chemical
composition of accreted material is regulated by
the internal processes. These processes include
biotically driven decay continuum of plant litter
and CaCO3 precipitation and occlusion of elements involving both abiotic and biotic processes
operating in soil and water column of EAV and
SAV ecosystems. Accreted soils in SAV ecosystems
predominantly consisted of mineral matter unlike
EAV areas where accreted soils were high in
organic matter (Table 7). Soil accretion rates measured in our study (0.42 to 0.68 cm/yr in EAV and
0.81 to 1.12 cm/yr SAV areas) were similar to
those measured using Cs-137 dating technique
(1964–1990) in natural areas of the Everglades

v www.esajournals.org

Accumulation of macro-elements

High organic C contents of EAV ﬂoc and RAS
(Table 4) indicate that accreted soils were highly
organic, which was facilitated by autochthonous
sources as a balance between primary productivity and decomposition and by accumulating
allochthonous organic matter inputs. Low bulk
densities of ﬂoc and soils with high organic matter content such as those in EAV ecosystems were
similar to other wetland ecosystems with organic
soils (Rydin and Jeglum 2010, Morris et al. 2016,
Newman et al. 2017). Many studies have
reported that soil bulk density is inversely
related to organic matter content (Morris et al.
2016).
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ﬂoc and RAS promotes stabilization through
physical (ﬂocculation and occlusion) and chemical
(sorption of DOC and complexation with other
secondary elements) processes (Rowley et al.
2018).
While concentration of organic C was lower in
SAV than EAV (Table 4), organic C accumulation
rates were higher in SAV than EAV for STA-2
(Table 7). This was probably due to higher P
loading to SAV than EAV systems resulting in
higher SAV productivity and accretion of high
bulk density material (Tables 7, 8). In STA-3/4,
TOC accumulation rates were not signiﬁcantly
different between SAV and EAV areas (Table 7).
Cell 3B of STA-3/4 receives outﬂow from Cell 3A
(Fig. 1c); thus, the TP concentration of water
entering SAV and EAV areas of Cell 3B was lower
compared to P concentration entering Cell 3A
(Reddy et al. 2019b), which likely led to lower
primary productivity and organic C accumulation through decay continuum of plant litter in
Cell 3B. Organic C accretion rates in the EAV
areas of STAs measured in this study were similar to those reported in WCA-2A of the Everglades Protection Area (54–161 g Cm−2yr−1,
Craft and Richardson 1993, 54–161 g Cm−2yr−1,
Reddy et al. 1993) and for other freshwater

In SAV ecosystems of studied STAs, approximately 50% of the C in the accreted materials was
inorganic (Table 7). These soils are high in mineral
matter, especially Ca (>250 g/kg), resulting in elevated bulk density of the accreted soil layer
(Table 4). This mineral matter was mainly generated from CaCO3 precipitation in the water column and forming ﬂoc after combining with other
particulate matter (Fig. 9). Precipitation of CaCO3
on underwater SAV leaf surface or in the surrounding water is attributed to increased pH and
CO2
3 caused by the alkalization process of underwater photosynthesis in SAV areas (Maberly and
Madsen 2002a, b, Siong and Asaeda 2006, Pedersen et al. 2013, Pelechaty et al. 2013). This abiotic
process is absent in EAV areas because the photosynthesis mainly occurs above the water column.
Several studies have reported signiﬁcance of inorganic C sequestration in alkaline soils where CO2
uptake and CaCO3 precipitation are involved
(Schlesinger 2017). Sources of organic C in SAV
systems include residuals from decomposition of
SAV and possible occlusion/complexation/ﬂocculation of particulate and dissolved organic C with
CaCO3 and associated metals including Mg, Fe,
and Al (Rowley et al. 2018). The presence of Ca
along with the incorporation of organic matter in

Fig. 9. Schematic showing the role of calcium and submerged aquatic vegetation (SAV) in regulating elemental
accumulation in STAs.
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(0.002–0.028 g Pm−2yr−1, Karjalainen et al.
2016). The TP accumulation rates in our study
(0.28–1.15 g Pm−2yr−1) are in the range of those
reported in other studies. Low P accretion rates
of 0.01–0.1 g Pm−2yr−1 were reported for
depressional wetlands (Lane and Autrey 2017)
and high rates of 3.7 g Pm−2yr−1 were reported
for a constructed treatment wetland in the Lake
Tahoe Basin (Qualls and Heyvaert 2017).
Pre-STA soils of these FWs exhibited high N/P
ratios (35–143), suggesting P limitation in the
original system (Appendix S1: Table S6). During
the operation period of these FWs, N/P ratios of
inﬂow water ranged from 32 to 55 and increased
to 109 to 182 in the outﬂow water for STA-2 and
STA-3/4, respectively (Reddy et al. 2019b). This
indicated P limitation in the whole system and
these two STAs effectively removed 70% to 80%
of inﬂow P load (Table 8, Chimney 2020). However, the N/P ratio in accumulated STA soils (ﬂoc
and RAS) near the inﬂow of STA FWs was low
(approximately 10 in SAV compared to 17–22 in
EAV, Fig. 6a, b), suggesting that steady P loading
to STAs resulted in shift from P limitation to
potential N limitation or N + P co-limitation in
front of the ﬂow-path (Guildford and Hecky
2000, Inglett et al. 2008, Paerl et al. 2016, Dierberg
et al. 2021). Floc and soils in wetlands accumulate P in response to both external loads and
internal biotic and abiotic processes. With time,
vegetation, plant litter, ﬂoc, and RAS exhibit P
enrichment, especially in upstream areas of
STAs, which results in lowering N/P ratios in
these components suggesting that P use efﬁciency by microbes, periphyton, and vegetation
decreases and P-enriched material accumulates
in the system (Reddy et al. 2005). Similar trends
were also reported in WCA-2A with a shift from
P limitation to N limitation in periphyton, plant
tissue, and surface soils in the upstream areas
(Inglett et al. 2004, 2008). Upstream areas with
low N/P ratios in biotic components suggest
potential P surplus or P saturated conditions in
ﬂoc and RAS, which resulted in the accumulation of labile (unstable) P pools creating conditions for internal P loading or ﬂux into water
column and transport to downstream (Fisher
and Reddy 2001, Jerauld et al. 2020, Reddy et al.
2020).
Sulfur in wetland soils can be both in organic
and in inorganic forms, and the relative

wetland ecosystems (Callaway et al. 2012, Boyd
and Sommerﬁeld 2016, Qualls and Heyvaert
2017, Abbott et al. 2019).
Total N accumulation rates were higher in SAV
than in EAV ecosystems and ranged from 8.4 to
17.5 g Nm−2yr−1 (Table 7). These values were similar to those observed in WCA-2A (5–24 g Nm−2yr−1, Craft and Richardson 1993, Reddy et al.
1993), a constructed stormwater treatment wetland
(Qualls and Heyvaert 2017), a coastal river delta
wetland (15 g Nm−2yr−1, DeLaune et al. 2018),
and highly impacted freshwater wetlands (8–
34 g Nm−2yr−1, Gao et al. 2018). Lower N accretion rates (1.2–3.7 g Nm−2yr−1) were reported in
bogs and depressional wetlands, possibly due to N
limitation and low productivity (Craft and Richardson 1998, Lane and Autrey 2017). The majority of N
accreted in both EAV and SAV systems is organic
and tightly coupled with organic C as indicated by
strong positive
correlations (Appendix S1:
Table S5). Organic N accounts for approximately
99% of the total N with <1% of the total N present
as ammonium (Reddy et al. 2019a). Low TOC to N
ratios in both EAV (10–16) and SAV areas (9–12)
suggests that microbial decomposition in these systems may be regulated by the availability of labile
OC. Carbon limitation to support microbial growth
could result in net mineralization and release of
organic N as ammonium (Reddy and DeLaune
2008, Mooshammer et al. 2014). In addition, N
requirements of anaerobic microbial decomposers
in ﬂoc and RAS are low compared to aerobic conditions which may also promote the release of ammonium through mineralization (Reddy and DeLaune
2008, Hu et al. 2017, 2020b).
In general, high TP accumulation rates in SAV
of STA-2 were due to higher bulk density of
accreted material coupled with the fact that
inﬂow P loading into SAV was approximately
30% higher compared to EAV ecosystems
(Tables 1, 5, 7). In STA-3/4, lower TP loading into
Cell 3B is the possible reason that TP accumulation rates in SAV ecosystems were not signiﬁcantly different from EAV areas in Cell 3A, but it
was still about two times higher than EAV in Cell
3B (Table 7, Reddy et al. 2019b). Long-term P
accretion rates in EAV systems were similar to
previous studies in the Everglades WCA-2A
(Fig. 5a, 0.46 g Pm−2yr−1, Craft and Richardson
1993, 0.11–1.14 g Pm−2yr−1, Reddy et al. 1993)
and in treatment wetlands in northern Finland
v www.esajournals.org
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contribution of each form is not well documented
(Chambers and Pederson 2006). Total S accumulation rates ranged from 3.4 to 6.2 g Sm−2yr−1
in our sites (Table 7), falling in the range of 0.5 to
2 g Sm−2yr−1 in temperate bogs and 1.8 to 4.5 g
Sm−2yr−1 in the Everglades (Novák et al. 1994,
Craft and Richardson 1998). Total S accretion
rates followed similar trends as total C accretion
rates in both STAs with ratios of C to S accretion
rates of 24–40 in EAV areas and 20–34 in SAV
areas.
Potassium is a major plant nutrient but its role
in natural systems is poorly understood. All living cells require K, which must be taken from
external media including water column and soil
porewaters. Potassium is used by living cells to
maintain electroneutrality and osmotic equilibrium (Rodrı́guez-Navarro and Rubio 2006).
In soils and plants, the positive charge of K
supports electrical neutrality by balancing the
negative charges of nitrate, phosphate, sulfate,
and other anions (Troeh and Thompson 1993).
An abundant supply of K is present in mineral
soils, but usually present in low levels in organic
soils. Potassium inﬂow loading to these STAs ranged from 82 to 102 g Km−2yr−1 and the STAs
were found to be inefﬁcient in accumulating K in
ﬂoc and RAS (Tables 7 and 8). Total K accumulation rates in ﬂoc and RAS ranged from 0.15 to
0.38 g Km−2yr−1, with lower rates observed in
EAV ecosystems and higher rates in SAV ecosystems (Tables 7, 8). The ratio of N to K accumulation rates in both STAs ranged from 42 to 91 in
EAV areas and 35–70 in SAV areas. N/K ratio indicates limited K supply for plant growth in the
STAs as the condition changes from N-limited to
K-limited when the N/K ratio is greater than 2:1
(Venterink et al. 2003, Bragazza et al. 2004).

in SAV have potential implications for Mg inhibiting calcite and hydroxyapatite formation (Cao
et al. 2007). Cao and Harris (2008) noted that formation of aqueous MgCO3 (aq) can potentially
2+
reduce free CO2
activities, which may
3 and Mg
result in less CaCO3 formation and enhanced CaP precipitation. In our study, prevalence of CaCO3
formation with Ca to Mg mass ratios of 32–61
(molar ratios of 19–36) in SAV systems provides
very little opportunity for Mg-P precipitation
(Siong et al. 2006). In EAV systems, Ca, Mg, Fe,
and Al are probably complexed with humic substances and settled into ﬂoc, and their potential
abilities to bind P are minimized (Lei et al. 2018).

Implications for treatment wetland sustainability
The two dominant vegetation types that are
prevalent and actively managed in the STAs have
different mechanisms to store P and other macroelements. Phosphorus removal in EAV areas predominantly through biotic uptake, while in SAV
systems P removal is driven by abiotic reactions
that are supported by biotic processes. Surface
runoff emanating from the Everglades Agricultural Area (EAA) brings in high Ca concentrations (Reddy et al. 2019b) due to the interaction
of groundwater with the shallow limestone bedrock (Harvey and McCormick 2008). These high
Ca concentrations in the inﬂow water play a critical role in supporting abiotic processes and regulating accretion of macro and secondary
elements in both SAV and EAV systems while
regulating surface water quality (Fig. 9). Both
studied STAs encountered inﬂow P concentrations in the range of 67–102 µg/L and yet maintained outﬂow TP concentrations of <25 µg/L
(Table 2; Chimney 2020, Zhao and Piccone 2020).
In wetlands and aquatic systems affected by P
loading, biotic growth/productivity is most frequently limited by N (Wetzel 2001, Inglett et al.
2008, Paerl et al. 2016). In the Everglades, longterm nutrient loading, especially P created distinct gradients in N/P ratios in plant litter and
soils, indicating litter decomposition is inﬂuenced by N limitation in upstream areas and P
limitation in downstream areas (Debusk and
Reddy 1998, 2005). Similarly, S can interact with
soils to affect P retention and stability (Reddy
and DeLaune 2008). In wetland soils, oxidation
and reduction reactions of S can stimulate
organic matter decomposition, thus promoting

Accumulation of secondary elements
High accumulation rate of Ca in SAV ecosystems conﬁrms the role of abiotic processes supporting CaCO3 precipitation in the water column
and deposition into the ﬂoc (Table 7). In addition,
this process probably served as a driving force in
occluding Mg, Fe, Al, and other macro-elements
associated with organic matter (Fig. 9). This is
supported by strong correlations of accretion rates
among macro-elements and secondary elements
(Appendix S1: Table S5). Calcium to Mg accumulation ratios of 14–18 in EAV compared to 32–61
v www.esajournals.org
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organic P mineralization and increasing mobilization of highly reactive P. Sulfur can also act
through chemical reactions to affect soil binding
capacity for P, particularly in calcareous systems
where pH directly determines mineral stability
(Reddy and DeLaune 2008).
Sustainable removal of macro-elements (such
as C, N, P, and S) in STAs depends upon creation
and burial of refractory residuals created by
microbial, periphyton, and vegetation communities (Reddy et al. 1999, Reddy and DeLaune
2008). Therefore, the processes controlling retention of one element (such as P) in the STAs may
be closely coupled with other elements that affect
vegetation growth, microbial activity, and other
chemical reactions regulating overall water quality. To ensure long-term performance of the
STAs, it is critical to determine the key fundamental processes involved in the biogeochemical
cycles and their potential relationships to all
underlying processes. The relative rates of biotic
and abiotic processes play the most important
role in regulating long-term accretion of macroelements in each ﬂow-way of the STAs and vary
across time and space, as affected by hydraulic
and nutrient loading rates and vegetation types
(EAV vs. SAV).
Long-term monitoring of STAs demonstrated
that during the operational period, the network
of ﬁve STAs have reduced TP loads by 77% and
accumulated approximately 2783 metric tons of
P in the system with mostly in ﬂoc and soils
(Chimney 2020). This was complemented with
sequestration of other macro- and secondary elements (Table 7). Therefore, management of STAs
can provide ideal conditions for C farming while
maintaining its ability to improve water quality.
Currently, 23,000 ha of STAs in the Everglades
area are colonized with 40% in SAV and 60% in
EAV. Based on the estimates from this study,
SAV-based systems have potential to sequester
approximately 32 tons Cha−1yr−1 compared to
16 tons Cha−1yr−1 in EAV (Table 7). This represents C sequestration of approximately 294,400
metric tons/yr in SAV and 220,800 metric tons/yr
in EAV for a total of 515,200 metric tons/yr in all
ﬁve STAs combined currently used as a part of
Everglades restoration. This important ecosystem service of C sequestration needs further evaluation to determine the stability of stored C in
inorganic and organic pools in soils and its
v www.esajournals.org

important implications for water quality and its
potential as a sink of C. In addition, studies also
are needed to determine potential greenhouse
gas emissions (methane and CO2) that might be
emitted from these STAs. This information will
help to adjust and accurately determine the true
potential of STAs in C sequestration and climate
change mitigation, while ensuring long-term sustainability in STA operations.

CONCLUSIONS
This study determined the importance of biotic
and abiotic sequestration of C, N, P, and associated macro- and secondary elements in constructed wetlands dominated by EAV and SAV
operated as parallel FWs and cells operated in
series within the same FW. In general, the SAV
ecosystems accreted soil dominated by mineral
matter including CaCO3 resulting in high soil
bulk density, while EAV accreted residual
organic matter derived from plant litter decomposition resulting in low soil bulk density. On a
mass per unit area basis, the SAV ecosystems
accreted macro- and secondary elements at a faster rate than the EAV ecosystems. In both systems, macro-elements accretion rates were high
near the inﬂow and decreased with distance
along the ﬂow-path. Phosphorus accumulation
rates were approximately 2–3 times higher in the
SAV than in the EAV systems of both STAs.
Inﬂow water Ca in both STAs also played an
important role in interacting with dissolved and
particulate organic matter in the water column
and enhanced overall accretion of elements
(Fig. 9). In the SAV systems, highly signiﬁcant
relationships among macro-elements and secondary elements suggest that a high rate of
CaCO3 formation and occlusion of associated elements and settling into ﬂoc results in the formation of new soil or RAS. Accreted new soils with
high CaCO3 content in SAV do not consolidate or
aggregate as effectively as organic soils (i.e.,
EAV), and there have been concerns about resuspension, bioturbation, and ﬂoc movement and
their inﬂuence on water column P. Low N/P
ratios in the ﬂoc and RAS suggest possible P surplus conditions and shift toward N limitation in
upstream areas of EAV and SAV ﬂow-ways,
while still maintaining P limitation in the downstream areas in both STAs.
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