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Abstract
Purpose Inorganic contaminants present a major challenge
for the restoration of aquatic ecosystems. The objectives of
this study were to determine the extent of trace metal contam-
ination and investigate the influence of different plant com-
munities on trace metal accumulation in the soils of the
Florida Everglades.
Materials and methods Soil samples (n=117) were collected
from 0 to 10-cm depth using a stainless steel coring device
from sites with three dominant plant communities—cattail,
sawgrass, and slough—of Water Conservation Area-2A (43,
281 ha) of Florida Everglades.
Results and discussion The mean pH in soils collected from
three plant communities was 6.75–6.82, whereas electrical
conductivity was slightly greater in the sawgrass
(0.69 dS m−1) than cattail (0.58 dS m−1) and slough
(0.40 dS m−1). Mean reduction–oxidation potential was
greatest in cattail (−113 mV) than sawgrass (−85.3 mV) and

slough (−48.3 mV) soils. Among 11 trace metals (As, B, Co,
Cr, Cu,Mn,Mo, Na, Ni, Pb, Zn) found in soil samples, Na had
the greatest contents and was greater in cattail (2070 mg kg−1)
and sawgrass (1735 mg kg−1) than slough (1297 mg kg−1).
Four trace metals (B, Cu,Mo, Ni) were significantly greater in
cattail than sawgrass and slough. Whereas, Mn was signifi-
cantly lower in cattail (31 mg kg−1) than both sawgrass
(84 mg kg−1) and slough (51 mg kg−1). Cattail also had sig-
nificantly lower Cr (1.97 mg kg−1) and Pb (10 mg kg−1) than
sawgrass (Cr 2.5 mg kg−1; Pb 20.8 mg kg−1). As
(<6.9 mg kg−1), Co (<1.3 mg kg−1), and Zn (<17.2 mg kg−1)
were not significantly different among soils collected from
three plant community-dominant sites. Contents of Cd and
Se were below the method detection limits (Cd 0.01 mg L−1;
Se 0.2 mg L−1) and are not reported.
Conclusions None of the trace metals in the soils exceeded
the US Environmental Protection Agency sediment toxicity
thresholds. Results from this study provided baseline concen-
trations of trace metals, which can be used to measure the
success of restoration efforts in Florida Everglades.
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1 Introduction

Soil contamination research is fundamental to protect water
quality and can contribute to effective ongoing restoration
efforts in the Florida Everglades. Human intervention has al-
tered the hydrology and ecology of the south Florida ecosys-
tem, which, in turn, has impacted the water quantity and qual-
ity in the Everglades (Markel and Hickey-Vargas 2000).
Restoration and preservation of the ecology and water quality
in the Everglades are a continuing challenge, whereby
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sediments are the ultimate sink of pollutants transported from
the landscape via multiple pathways such as surface runoff,
leaching, and atmospheric deposition. Much of the previous
soil contamination research in the Everglades ecosystem has
been focused on the fate and transport of P (e.g., Osborne et al.
2011). Recently, Rand and Schuler (2009) reported that levels
of seven trace metals (As, Cd, Cr, Cu, Pb, Ni, and Zn) at 32
soil sampling sites in south Florida canals exceeded the
Florida Department of Environmental Protection (FDEP) soil
quality guideline values. Long-term inputs of trace metals to
aquatic systems from upland and/or atmospheric deposition
sources can result in the bioaccumulation and bio-
magnification of pollutants in soils and cause toxicity to aquat-
ic organisms (Belzunce et al. 2001). Further, these soils can be
a long-term source of pollutants in the water column and ex-
pose aquatic and terrestrial organisms in the entire food web to
pollutants (Lange et al. 1998; Herring et al. 2014).

Trace metals in the aquatic sediments can originate from
both natural, such as parent rocks and minerals, and anthro-
pogenic sources such as industrial and mining activities, at-
mospheric deposition, and runoff from urban and agricultural
areas (Adriano 2001). It is known that runoff from the agri-
cultural areas results in increased amounts of Cu, Fe, and Zn in
the sediments (Han et al. 2007). In South Florida, the citrus
industry uses Cu as a fertilizer and fungicide (Alva et al. 1995)
with estimated use of 500 kg per year (Hoang et al. 2008). In
addition, many trace metals (Cr, Pb Zn, Mn, and Ni) are pres-
ent in fertilizers used in agriculture and constitute a potential
source (Caccia et al. 2003). Atmospheric deposition of trace
metals such as As, Al, and Hg has been reported to occur in
the Everglades. For example, one of the most interesting fea-
tures of atmospheric deposition of trace metals such as As and
Al in the Southeast USA is their connection with the African
soils (Garrison et al. 2003). Nevertheless, these extra conti-
nental fluxes of metals are minor for As in comparison to
background concentrations in South Florida soils, which are
important to consider when interpreting potential As contam-
ination (Chen et al. 2002). In contrast to As, Cohen et al.
(2008) reported atmospheric deposition as an important
source of Hg in the Everglades soils due to the existence of
point sources such as waste incineration sites in Miami
(Dvonch et al. 1995).

Trace metals exhibit tremendous spatial and temporal var-
iability in the aquatic systems (Bellucci et al. 2002; Bruland
et al. 2006; Rivero et al. 2007) due to the variability in the
deposition rate and complex sediment geochemistry that re-
sults in the formation of soluble and insoluble complexes. For
example, in some parts of Everglades National Park such as
Taylor slough (the southern-most extent of the Everglades),
concentrations of Pb and Zn showed enrichment in the top 10–
15 cm of soils, whereas Al, Cu, Ni, and Fe increased with
depth (Kotra et al. 2000). The distribution, accumulation,
and release of trace metals in the sediments are influenced

by the chemical properties such as pH; reduction–oxidation
(Eh) potential; natural organic matter; texture; and oxides of
Fe, Al, and Mn (Adriano 2001). In the Everglades, peat soils
in the Water Conservation Area-2A (WCA-2A) contain up to
75 % natural organic matter with high content of humic acids
(Duan 2012). King et al. (2006) reported that a decrease in
sediment pH from 6.7 to 3.7 resulted in release of As, Cd, Cr,
Cu, Pb, and Zn to the solution phase. An increase in electrical
conductivity (EC) has been shown to increase the accumula-
tion of trace metals in the soils. For example, the higher con-
tents of Cu and Fe at the sites with higher EC were attributed
to tidally induced resuspension (Fernandez et al. 2008; Tack
and Vandecasteele 2008). Otero et al. (2000) reported that an
increase in sediment Eh resulted in higher concentrations of
Cu, Fe, Mn, and Zn in solution and uptake by small cordgrass
(Spartina maritima). Thus, chemical properties can control
how wetland plants distribute trace metals and hence alter
their distribution in the sediments.

Moreover, different types of plant communities present in
the water bodies differentially take up trace metals and can
affect the concentrations of metals in the water column and
soils. For example, Otero et al. (2000) reported that three trace
metals (Fe, Mn, Zn) were greatest in the leaves than the stems
of small cordgrass. In contrast, Fe was lower and Mn and Zn
were higher in the soil than leaves and stems. Weis and Weis
(2004) showed that different plant species have a variable
capacity to accumulate metals as they found that Pb content
was 40 % higher in the stem of smooth cordgrass (Spartina
alterniflora) than common reed (Phragmites australis).
Accumulation of Cd, Cu, Pb, and Zn in the roots of cattail
(Typha angustifolia) reduced their availability in the sedi-
ments (Bose et al. 2008). Among 12 wetland grass species,
Deng et al. (2004) observed that cattail (Typha latifolia) accu-
mulated highest amounts of Pb (3256 mg kg−1), followed by
Zn (3089 mg kg−1), Cu (26 mg kg−1), and Cd (22 mg kg−1) in
a wetland located near the Pb–Zn and Cu mines. The greater
accumulation of metals in root and rhizomes of wetland plants
was attributed to the presence of cortex parenchymawith large
intercellular air spaces, suggesting that aquatic plants can be
used as biological indicators to determine environmental pres-
sures (Hozhina et al. 2001).

Quantifying trace metal contamination in the soils can be
useful to protect aquatic systems since trace metal toxicity in
the water column and sediments can severely affect the aquat-
ic organisms. Various plant communities such as ridge,
slough, and cattail are reported to be present in the
Everglades. It is likely that these plant communities may affect
the accumulation of trace metals in the soils. For example,
cattail is known to accumulate a greater amount of P than
slough and ridge (Deng et al. 2004; Bose et al. 2008). The
contaminant runoff from the agricultural land is a big chal-
lenge in the Everglades restoration (Davis and Ogdon 1994);
however, little emphasis has been placed on the trace metals in
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the restoration efforts. Therefore, the objective of this study
was to determine the extent of trace metal contamination and
investigate the impact of different plant communities (ridge,
slough, cattail) on the trace metal accumulation in the soils of
WCA-2A of the Florida Everglades.

2 Materials and methods

2.1 Study site

The subtropical Everglades aquatic ecosystem originates in
the Kissimmee River-Lake Okeechobee watershed. The sheet
flow of surface water from Lake Okeechobee passes in its way
to the south throughout the Everglades Agricultural Area,
parts of Big Cypress National Preserve, the WCA–1, 2, and
3 to finally reach the Everglades National Park. WCA-2A is a
43,281-ha peat-based wetland located in the northern portion
of Everglades ecosystem, FL, USA (Fig. 1) and was
established for flood protection, water supply, and other envi-
ronmental benefits such as wildlife habitat. Surface hydrology
of the area is controlled by an extensive system of levees and
water control structures along the perimeter with inputs on the
northern levee and outfalls along the east and west of the
southernmost levee. Soils in WCA-2A are Histosols
consisting of three recognized suborders—Fibrists, Hemists,
and Saprists (Rivero et al. 2007). The low elevation gradient
from northeast to southwest promotes gradual sheet flow
across the area. Rainfall is a significant source of water in
WCA-2A; nevertheless, significant volumes of P-enriched
waters from Lake Okeechobee and the Everglades
Agriculture Area enter WCA-2A via the Hillsboro Canal
(Osborne et al. 2011). Nutrient enrichment of water and sub-
sequently soil has impacted this naturally oligotrophic wet-
land, with the most visible observed change being the shift
of vegetation community structure (Davis and Ogdon 1994;
Osborne et al. 2011). For example, vegetation in oligotrophic
portions of WCA-2A consists of short stature sawgrass
(Cladium jamaicense Crantz) and species such as white
waterlily (Nymphaea odorata) are dominant in open water
areas. In P-enriched areas, cattail (Typha domingensis) creates
monodominant stands, in particular in proximity to inflow
points (Rivero et al. 2007). Thus, the area in WCA-2A can
be tentatively separated into three distinct dominant plant
communities such as (1) cattail, (2) mix of sawgrass and cattail
in enriched ridges, and (3) white waterlily and sawgrass in the
slough and ridge.

2.2 Soil sample collection

Soil samples (n= 117) were collected in the 2008 winter
(November–December), using a 10-cm-diameter stainless
steel coring device following the methods described in

Osborne and DeLaune (2013). The core samples were sec-
tioned in the field into floc (loose, unconsolidated soil material
overlying the soil surface—a common feature of the
Everglades) and 0–10-cm increments of consolidated soils.
Samples were placed in plastic bags and stored in coolers on
ice and transported to the laboratory for analysis. A floc sam-
ple was not present at every sampling site. As described
above, these collected soils samples in the WCA-2A were
distributed in three dominant plant communities, hereafter re-
ferred to as cattail (n=61), sawgrass (n=38), and slough
(n=18).

2.3 Sample processing and analyses

The moisture content determined in the laboratory using the
gravimetric method (105 °C for 24 h) was >85 % in all the
samples. Thus, the samples could not be digested for trace
metals in a typical manner for soil and sediments using a
method such as EPA 3050B. Therefore, the samples were
digested using a dry ash procedure often used for the digestion
of plant material. In brief, the wet samples were thoroughly
mixed, and then, using the pre-determined moisture content,
an amount of wet sample equal to 1.0-g dry weight was
weighed into a high-form, glazed, porcelain crucible. The
samples were placed into a programmable muffle furnace
(Fisher Scientific Isotemp Programmable Muffle Furnace,
650 series, Pittsburg, Pennsylvania) by slowly raising the tem-
perature to 160 °C and then holding it there for 4 h. This was
followed by an increase in the temperature to 500 °C where
the samples were allowed to ash for 5 h. Once the samples
were removed from the furnace and allowed to cool to room
temperature, the ash was moistened by adding approximately
five drops of nanopure water (Barnstead/Thermolyne
Corporation Series 896, Dubuque, Iowa) followed by the ad-
dition of 5 mL of 6 M HCl (Fisher Trace Metal Grade). The
ash solution was allowed to stand for 30 min before quantita-
tively transferring to a 50-mL volumetric flask by pouring
through a funnel containing a Whatman No. 41 filter paper
and bringing volume to 50 mL using nanopure water.

The concentrations of the various metals (As, B, Co,
Cr, Cu, Mn, Mo, Na, Ni, Pb, and Zn) were determined
with inductively coupled plasma–optical emission spec-
trometry (ICP–OES) using a PerkinElmer Optima 2100
DV (Perkin Elmer, MA). The ICP–OES was calibrated
using National Institute of Standards and Technology
(NIST) traceable standards for all of the analyzed ele-
ments (multi-trace metal mix containing As, B, Co, Cr,
Cu, Mn, Mo, Na, Ni, Pb, and Zn), which were diluted
to the appropriate concentration ranges for each metal,
and Yttrium was used as an internal standard. The preci-
sion of the trace element measurements was checked by
analysis of the duplicate samples, and the accuracy was
checked by analysis of 4 % of the samples, spiked at a
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250 mg kg−1 level for each metal. The precision ranged
from 1.9 to 17.5 %, and the accuracy was 70–86 %. Soil
pH, EC, and Eh were measured after equilibrating 10 g of
soil with 20 mL of deionized water (1:2) for 1 h with a
multi-parameter water quality probe (HI 9828, Hanna
Instruments Inc.).

2.4 Statistical methods

Correlation analysis was performed to determine the strength
of the relationship among trace metals and basic parameters.
Significance was determined at P<0.05. Least coefficient of
variation was used to determine differences in basic parame-
ters such as pH, EC, and Eh among the three plant communi-
ties (cattail, sawgrass, slough). The significance of trace metal
differences across plant communities was determined at
P<0.05 using SAS GLM Procedure, least square means.

3 Results and discussion

3.1 Basic properties of soils

The pH, EC, and Eh are important properties that influence the
fate of trace metals in the water column and soils. The mean
values (n=117) of pH, EC, and Eh in soils collected from
plant communities (cattail, sawgrass, slough) were 6.79,
0.59 dS m−1, and –94.3 mV, respectively (Table 1). The soils
from cattail, sawgrass, and slough did not have significantly
different pH, EC, and Eh. The pH had a least coefficient of
variation (CV) values from 3 to 4 %, while CV was 84–100 %
for EC and 147–262 % for Eh across plant communities.
Mean EC was greater in the sawgrass (0.74 dS m−1) than
cattail (0.51 dS m−1) and slough (0.46 dS m−1). The mean
Eh in the soils was greatest in the cattail (–113 mV) followed
by sawgrass (–85.3 mV) and slough (–48.3 mV).

Fig. 1 Location map showing
Water Conservation Area-2A
(WCA-2A) of Florida
Everglades. Note the three
dominant plant communities:
cattail (Typha domingensis), mix
of sawgrass (Cladium
jamaicense) and cattail in ridge,
and white waterlily (Nymphaea
odorata) and sawgrass in the
slough
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Soil EC and Eh were significantly negatively correlated
(r=–0.319). This is because as soils are reduced, dissolved
oxygen decreases, and when all dissolved oxygen is con-
sumed, anaerobic microbes use the electron accepters in the
order of NO3

−, Fe3+, NH4
+, SO4

2−, and HCO3
− and produce

CO2, NH3, SO2, and CH4. This, in turn, induces several bio-
geochemical reactions, which affect trace metal fate in the
aquatic systems (Fernandez et al. 2008). Across all plant com-
munities, pH had a significant correlation with B, Mn, Na, and
Ni (Table 2). Similarly, EC was significantly positively corre-
lated with B, Cu, and Na and negatively correlated with Co.
Soil Eh was significantly negatively correlated with Cu and
Na and positively correlated with Co. The correlation of pH,
EC, and Eh with trace metals suggests that these basic param-
eters affect accumulation of trace metals in the soils along with
microorganisms and plant communities (Weis andWeis 2004;
Deng et al. 2004; King et al. 2006; Bose et al. 2008).

3.2 Influence of plant communities on trace metals in soils

In general, soils collected from the cattail showed the greatest
mean concentrations of trace metals with the exception of Cr,
Mn, and Pb (Table 3). However, the differences were only
significant for selected trace metals among three plant com-
munities. Overall, the highest trace metal concentrations were
as follows: Na >Mn > B > Pb. Among these four trace metals,
Pb is a concern because of its known high toxicity
(Rechtschaffen 1997) and Pb was found in significantly

higher concentrations in the sawgrass and slough than cattail.
Another trace metal determined in the sediments investigated
here, Cu, is known to have moderately to high toxicity in
aquatic biota, mainly in invertebrates (Hoang et al. 2008).
Cu, Mn, and Zn are known to be carried with runoff from
agricultural areas (Han et al. 2007), which could explain
why the occurrence of these trace metals is correlated.
Lastly, As (a highly toxic metalloid) has been linked with
water quality issues in South Florida (Arthur et al. 2002;
Perry 2008).

None of the trace metals in the soils across plant commu-
nities investigated here exceeded the US Environmental
Protection Agency sediment toxicity thresholds (USEPA
2004). Nevertheless, some toxic trace elements (i.e., As) were
closer to the toxicity thresholds. The bioaccumulation of
metals in aquatic organisms and biomagnification in terrestrial
organisms is known, and thus, it is important to analyze this
information in a broader context as a precautionary principle
when low levels are present in soils. Below, we first present a
brief summary on each of the determined trace metals and
then discuss the implications of these findings in the
Everglades restoration efforts.

3.2.1 Arsenic

Of the 117 samples, As was only detected in 66 samples.
Mean total As across all plant community soils was
6.68 mg kg−1 (CV 10–23 %), with a higher but non-

Table 1 Distribution of pH, EC
(dS m−1), and Eh (mV) in soil
samples

Parameter Plant community Number of samples Mean± SE Coefficient of variation (%)

pH Sawgrass 38 6.75± 0.04 a 3

Slough 18 6.81± 0.06 a 4

Cattail 61 6.82 ± 0.03 a 4

EC Sawgrass 38 0.69± 0.09 a 84

Slough 18 0.40± 0.13 a 89

Cattail 61 0.58 ± 0.07 a 100

Eh Sawgrass 38 −85.3 ± 24.8 a 164

Slough 18 −48.3 ± 36.0 a 262

Cattail 61 −113.4 ± 19.6 a 147

Values followed by different letters for the same metal are significantly different at P< 0.05 using SAS GLM
Procedure, least square means

SE standard error

Table 2 Correlation coefficient between pH, EC, and Eh and trace metals in soil samples

As B Co Cr Cu Mn Mo Na Ni Pb Zn

pH 0.108 0.459 0.009 −0.078 0.172 0.194 −0.061 0.319 0.457 −0.033 0.052

EC −0.096 0.199 −0.477 −0.057 0.190 0.094 −0.095 0.503 0.166 0.054 0.005

Eh −0.103 −0.143 0.231 −0.138 −0.411 −0.072 −0.072 −0.105 −0.316 0.118 −0.167

Italicized values in the table are statistical significant at P< 0.05
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significant value in cattail than sawgrass and slough (Table 3).
In Florida Histosols (wetland soils), Chen et al. (2002)
reported As content of 2.35 mg kg−1, which is about six-
fold above the USEPA screening limit of 0.40 mg kg−1

(USEPA 2004). Comparing our data with the literature
showed that As in the soils was elevated but was below
the 7.26 mg kg−1 of threshold effect level (TEL) as sug-
gested by Jaagumagi (1990). Arsenic in the soils may have
originated from natural (soil weathering) as well as anthro-
pogenic sources, such as runoff from land. Soil As was
significantly correlated with Cu, Mo, and Na (Table 4)
suggesting a common source. In a comprehensive study

of As in Marl soils of south Florida, Chen et al. (1999)
also observed correlation of As with Cu (r=0.81).

3.2.2 Boron

Among all trace metals, B had the third highest content
and was detected in all samples. The mean B across all
soils was 43.3 mg kg−1. A significantly greater amount of
B was observed in cattail (48.7 mg kg−1) than both
sawgrass and slough (∼37 mg kg−1), with a CV of 23–
30 % (Table 3). The accumulation of B in the soils may
be due to the natural and anthropogenic (atmospheric and

Table 3 Concentration of trace
metals (mg kg−1) in soil samples
collected from three plant
communities

Trace metal Plant
community

Number of samples Mean± standard
error

Coefficient of variation (%)

As Sawgrass 12 5.88± 0.41 a 15

Slough 8 6.41± 0.50 a 10

Cattail 46 6.94 ± 0.21 a 23

B Sawgrass 38 37.6 ± 1.85 a 30

Slough 18 37.3 ± 2.68 a 30

Cattail 61 48.7 ± 1.46 b 23

Co Sawgrass 5 1.14 ± 0.10 a 8

Slough 4 1.33± 0.11 a 29

Cattail 9 1.18 ± 0.07 a 14

Cr Sawgrass 38 2.49± 0.11 a 23

Slough 17 2.41± 0.17 ab 26

Cattail 61 1.97 ± 0.09 b 38

Cu Sawgrass 38 7.3 ± 0.53 a 31

Slough 18 7.0 ± 0.76 a 28

Cattail 61 10.3 ± 0.41 b 38

Mn Sawgrass 38 84.4 ± 9.5 b 111

Slough 18 50.7 ± 13.8 b 78

Cattail 61 31.0 ± 7.5 a 82

Mo Sawgrass 37 2.2 ± 0.21 a 28

Slough 17 2.8 ± 0.30 a 63

Cattail 60 3.7 ± 0.16 b 37

Na Sawgrass 38 1735± 216 a 113

Slough 18 1297± 314 a 24

Cattail 61 2070± 171 a 48

Ni Sawgrass 2 5.1 ± 0.05 a 1

Slough 1 5.5 ± 0.0 a 0

Cattail 11 6.5 ± 0.2 b 11

Pb Sawgrass 38 20.8 ± 1.39 b 47

Slough 17 20.2 ± 2.08 b 53

Cattail 56 10.0 ± 1.15 a 69

Zn Sawgrass 38 15.1 ± 1.11 a 37

Slough 18 16.7 ± 1.62 a 37

Cattail 61 17.2 ± 0.88 a 45

Values followed by different letters for the same metal are significantly different at P< 0.05 using SAS GLM
Procedure, least square means
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terrestrial) sources. Rose-Koga et al. (2006) reported B
concentration of 0.1–3.0 μg L−1 in the atmosphere due
to the seawater aerosol evaporation and volcanic emis-
sion, which was deposited back on earth with rainfall
(Reimann et al. 2007). A significant positive correlation
of B with Cu, Mo, Na, and Ni and a negative correlation
with Co, Cr, and Pb were observed (Table 4).

3.2.3 Cobalt

Among 117 soil samples, Co was detected in only 18
samples spread across three plant communities. The fre-
quency of detection was 15 %, with 50 % samples in
cattail. The mean Co in the soils was 1.2 mg kg−1, with
a higher but non-significant value in slough than
sawgrass and cattail (Table 3). Co in the soils has nat-
ural (soil weathering) as well as anthropogenic sources,
such as runoff from agricultural land. Continuous sub-
mergence in Everglades may affect Co behavior in soils.
For example, Fling et al. (2004) reported higher Co
(1.33 mg kg−1) in slough as compared to sawgrass
and cattail, which may have been due to reduced con-
ditions in which the soils remain under water for more
than 9 months in a year. In this study, Co in the soils
had significant positive correlation with Cr, Mn, Na,
and Zn and negative correlation with B, Na, and Pb
(Table 4).

3.2.4 Chromium

In 117 soil samples, Cr was detected in 116 samples. The
mean Cr across all soils was 2.2 mg kg−1, with a higher and
significant value in sawgrass than cattail (Table 3). The Cr in
the present study soils is >25-fold below TEL of
52.3 mg kg−1. Chen et al. (2002) reported Cr content of
15.9 mg kg−1 in >95 % of South Florida soils. Soil Cr was

significantly positively correlated with Pb and Zn and nega-
tively correlated with B, Mo, and Na (Table 4).

3.2.5 Copper

Copper was detected in all the samples, with mean content of
8.8 mg kg−1 and significantly greater values in cattail than
sawgrass and slough (Table 3). In Florida Histosols (surface
soils) with 51 g kg−1 of organic C, Chen et al. (1999) observed
Cu content of 6.1 mg kg−1 in >95% samples. In this study, soil
Cu was significantly positively correlated with As, Mo, Na,
Ni, and Zn and negatively correlated with Mn and Pb (Table
4). Chen et al. (1999) in surface soils of south Florida ob-
served correlation of Cu with As (r=0.15), Mn (r=0.39),
Mo (r=0.37), and Zn (r=0.70).

3.2.6 Manganese

Manganese was detected in 100 % of samples. Among 11
trace metals, Mn had the second highest contents (after B),
with mean value of 51.35 mg kg−1 across all the plant com-
munity soils and a higher and significant value in slough and
sawgrass than cattail (Table 3). In Florida Histosols, Mn in
>95 % soil samples was 48.8 mg kg−1 (Chen et al. 1999),
which was similar to our study. Many research studies have
suggested that Mn may have a phytotoxic effect on various
littoral salt marsh species (Rozema et al. 1985; Singer and
Havill 1993). In this study, Mn was only significantly posi-
tively correlated with Co and Pb and negatively correlated
with Cu, Mo, and Ni (Table 4). In 24 Marl soils in south
Florida, Chen et al. (1999) observed correlation of Mn with
As (r=0.23), Cu (r=0.25), Fe (r=0.36), and Zn (r=0.36).

3.2.7 Molybdenum

Of the 117 samples, Mo was detected in 114 samples.
Mean Mo content in all soils was 3.05 mg kg−1, with a

Table 4 Correlation coefficient among trace metals in soil samples collected from three plant communities

As B Co Cr Cu Mn Mo Na Ni Pb

B 0.065

Co −0.028 −0.486
Cr −0.138 −0.287 0.382

Cu 0.305 0.528 −0.100 0.005

Mn −0.086 −0.035 0.567 0.173 −0.255
Mo 0.482 0.304 −0.040 −0.287 0.493 −0.364
Na 0.330 0.418 −0.369 −0.260 0.193 0.082 0.104

Ni 0.023 0.216 0.819 −0.013 0.348 −0.421 0.137 0.065

Pb −0.131 −0.225 −0.278 0.507 −0.270 0.229 −0.375 −0.156 −0.240
Zn 0.011 0.089 0.401 0.357 0.447 −0.058 0.167 −0.111 0.577 0.017

Italicized values in the table are statistical significant at P< 0.05
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higher and a significant value in cattail than sawgrass and
slough (Table 3). Chen et al. (1999) observed that the
content of Mo in >95 % soil samples was 1.0 mg kg−1.
The accumulation of Mo in the soils was attributed to
sorption on Mn oxyhydroxides under oxic conditions
(Tribovillard et al. 2006) and Mo scavenging by sulfide
minerals or sulfidized organic matter under sub-oxic and
anoxic conditions (Vorlicek et al. 2004). Mo was signifi-
cantly positively correlated with As, B, and Cu and neg-
atively correlated with Cr, Mn, and Pb (Table 4). In sur-
face soils of south Florida, Chen et al. (1999) observed
correlation of Mo with As (r=0.23) and Ag (r=0.67).

3.2.8 Sodium

Sodium was detected in all the samples and had the greatest
contents among 11 trace metals. The mean Na content across
all plant community soils was 1843 mg kg−1, with a higher
and non-significant value in cattail as compared to sawgrass
and slough (Table 3). Costa et al. (2003) in the Gualaxo River
basin and Mandovi Estuary reported Na content from 10 to
396mg kg−1 due to the presence of Fe oremines in the vicinity
of the river. Moral et al. (2008) found higher content of Na in
the sediments from southeast Spain due to the widespread use
of phosphatic fertilizers. In our study soils, Na probably orig-
inated from anthropogenic sources, such as runoff from agri-
cultural land particularly due to the use of phosphatic fertil-
izers that contain Na (DeCarlo et al. 2005). Soil Na was sig-
nificantly positively correlated with As, B, and Cu and nega-
tively correlated with Co and Cr (Table 4).

3.2.9 Nickel

Across the 117 soil samples, only 14 samples had detectable
Ni, 80 % of which were collected from cattail. The mean Ni
content across all soils was 5.6 mg kg−1, with a significant
higher value in cattail than sawgrass and slough (Table 3). Ni
in our soils is much below the TEL toxicity limits suggesting
less risk of Ni contamination in WCA-2A of Everglades. In
the present study, Ni was significantly positively correlated
with B, Co, Cu, and Zn and negatively correlated with Mn
and Pb (Table 4).

3.2.10 Lead

Lead was detected in 111 of 117 samples. The mean Pb con-
tent across all soils was 15.27 mg kg−1, with a significantly
higher value in sawgrass and slough than cattail (Table 3). The
Pb contents in the soils are much the 30.2 mg kg−1 of TEL as
suggested by Jaagumagi (1990). This suggests that the level of
Pb in the soils is below threshold risk values. Chen et al.
(1999) found that the content of Pb in >95 % of Florida soils
was 4.89 mg kg−1, which was below the USEPA screening

limit (USEPA 2004). A large number of studies have reported
both atmospheric and anthropogenic depositions of Pb in the
soils under different conditions (Shotyk et al. 2003;
Filgueriras et al. 2004; Morillo et al. 2005; Cuong and
Obbard 2006). Soil Pb was significantly positively correlated
with Cr andMn and negatively correlatedwith B, Co, Cu,Mo,
and Ni (Table 4). Chen et al. (1999) in surface soils of south
Florida observed correlation of Pb with Ag (r=0.15), As
(r=0.45), Cd (r=0.34), Cu (r=0.12), Mo (r=0.07), and Zn
(r=0.20).

3.2.11 Zinc

Zn was detected in all the samples, with mean content of
16.44 mg kg−1 across all soils and a higher and non-
significant value in cattail than sawgrass and slough (Table
3). Chen et al. (1999) observed Zn content of 8.35 mg kg−1

in Florida histosols, which was below the USEPA screening
limit. The contents in our soils are much below the
124 mg kg−1 of TEL. The Zn in the WCA-2A soils likely
originated from natural (soil weathering) as well as anthropo-
genic sources, such as runoff from agricultural land particu-
larly with the use of phosphatic fertilizers that contain Zn
(DeCarlo et al. 2005). Berg and Steinnes (1997) observed a
mean Zn content of 45 mg kg−1 due to the atmospheric and
anthropogenic sources. In this study, Zn was only significantly
and positively correlated with Co, Cr, Cu, and Ni (Table 4).
Chen et al. (1999) in surface soils of south Florida observed
correlation of Zn with Ag (r = 0.39), As (r = 0.21), Cd
(r=0.37), Cu (r=0.70), Cr (r=0.31), Mn (r=0.53), and Pb
(r=0.20).

3.3 Considerations for Everglades ecosystem restoration

Though none of the trace metals determined in the soils col-
lected from three dominant plant communities (cattail,
sawgrass, slough) exceeded the US Environmental
Protection Agency sediment toxicity thresholds (USEPA
2004), some values are high enough to raise concerns (e.g.,
Cu). These can be toxic and bioaccumulate in key species
present in the Everglades ecosystem for which conservation
efforts and funds have been in place. For instance, Cu can be
toxic to apple snail (Alva et al. 1995; Hoang et al. 2008),
which is key prey for the endangered Snail Kite (Sykes
1987). Other trace metals such as As have implications in
groundwater pollution, which is also a target in Everglades
restoration efforts (Perry 2008). On the other hand, chemical
properties of soils in Everglades such as high organic matter
(and thus humic acids) can bind trace metals and serve as a
protective barrier to metal toxicity (Drexel et al. 2002;
Buschmann et al. 2006). Therefore, our data should be con-
sidered in the context of a natural system, and thus, more
research on the toxicity of trace metals to the most sensitive
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organisms inhabiting the Everglades ecosystem is necessary
to better understand the real impacts of trace metal pollution.
Interestingly, sediments collected from the soils dominated by
cattail showed the overall highest trace metal concentrations.
This may be related with the runoff from agricultural areas,
since cattail is dominant where P is plentiful, as nutrient en-
richment stimulates its growth (Urban et al. 1993). Thus, it is
logical to assume that within WCA-2A, the sites that receive
greater runoff from the agricultural areas also receive greater
loads of trace metals.

4 Conclusions

Quantification of trace metal contents in the soils is important
to address environmental and scientific issues in the Greater
Everglades. As the WCA-2A receives inflow water from the
surrounding agricultural areas, the main source of trace metals
in the soils is probably due to the anthropogenic inputs and
discharge of runoff waters. Atmospheric deposition of trace
metals such as Hg and As has been reported in the literature.
The present study presents useful information and an index for
the evaluation of soil contamination in Florida Everglades.
The data showed that several trace metals such as Na, Mn,
B, Pb, Zn, Cu, As, Ni, Mo, Cr, and Co are deposited in the
soils. The baseline knowledge about the existence of metals in
the aquatic systems can be a powerful way to convey environ-
mental information for decision making and management in-
volving natural resources conservation. The correlation anal-
ysis used in this study provided understanding of the complex
dynamics of trace metals in soils with three dominant plant
communities. The correlations indicated that many metals
such as Mn, Cu, and Zn have common sources. The results
of this study would significantly fill the knowledge gap about
contents of trace metals in the soils, which can be used to
measure the success of comprehensive restoration in terms
of trace metal accumulation and evaluate the potential risks
of trace metals to aquatic organisms in the Florida Everglades.
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