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Abstract We explored environmental factors influencing soil
pyrite formation within different wetland regions of Everglades
National Park. Within the Shark River Slough (SRS) region,
soils had higher organic matter (62.65 ± 1.88 %) and lower bulk
density (0.19 ± 0.01 g cm−3) than soils within Taylor Slough
(TS; 14.35 ± 0.82 % and 0.45 ± 0.01 g cm−3, respectively),
Panhandle (Ph; 15.82 ± 1.37 % and 0.34 ± 0.009 g cm−3, re-
spectively), and Florida Bay (FB; 5.63 ± 0.19 % and
0.73 ± 0.02 g cm−3, respectively) regions. Total reactive sulfide
and extractable iron (Fe) generally were greatest in soils from
the SRS region, and the degree of pyritization (DOP) was higher
in soils from both SRS (0.62 ± 0.02) and FB (0.52 ± 0.03)
regions relative to TS and Ph regions (0.30 ± 0.02 and
0.31 ± 0.02, respectively). Each region, however, had different
potential limits to pyrite formation, with SRS being Fe and
sulfide limited and FB being Fe and organic matter limited.
Due to the calcium-rich soils of TS and Ph regions, DOP was
relatively suppressed. Annual water flow volumewas positively
correlated with soil DOP. Soil DOP also varied in relation to
distance from water management features and soil percent or-
ganic matter. We demonstrate the potential use of soil DOP as a
proxy for soil oxidation state, thereby facilitating comparisons

of wetland soils under different flooding regimes, e.g., spatially
or between wet years versus dry years. Despite its low total
abundance, Fe plays an important role in sulfur dynamics and
other biogeochemical cycles that characterize wetland soils of
the Florida coastal Everglades.
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Introduction

The formation of pyrite in soils/sediments is a major process
controlled by both oxidation-reduction conditions, available
reactive iron (Fe), and free sulfide (Berner 1984; Raiswell
and Berner 1985). Reactive Fe is defined as the fraction of
iron in soil that readily reacts with sulfide as a product of
dissimilatory sulfate reduction (DSR) (Canfield 1989).
Meanwhile, reactive sulfide can be defined as the fraction of
sulfide that binds to metals including Fe and other toxic metals
(Rozan et al. 2000; Bowles et al. 2002; Rozan et al. 2002). In
anoxic environments, sulfide is produced by the coupling of
organic matter oxidation with sulfate reduction. Reactive Fe
can bind with sulfide to yield a metastable iron mono-sulfide
that during early diagenesis is readily transformed to pyrite.
Pyrite may also be formed in partially oxic to anoxic environ-
ments. In environments with low oxygen conditions, metasta-
ble polysulfides also may react with aqueous reduced iron
(Fe2+) to produce pyrite (Berner 1984; Rickard 1997).

Soil pyrite forms where sulfate reduction and associated
fermentation reactions occur during anaerobic decomposition
of organic matter (Giblin 1988). Pyrite is a dynamic soil con-
stituent and is sensitive to redox and oxygen conditions
(Luther et al. 1988). For example, conversion of sedimentary
pyrite to oxidized Fe (Fe3+) and sulfur (S) (sulfate) is possible
when soils become oxidized during plant growing seasons
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and/or hydrologic fluctuation due to dry-out or drawdown
conditions (Reddy and DeLaune 2008). When soil pores fill
with water, dissolved oxygen is rapidly consumed by micro-
bial respiration and the soil status transitions from oxidizing to
reducing conditions (Corstanje and Reddy 2004). Temporal
changes in the quantity and timing of surface water flow in-
fluence redox conditions within wetland soils and affect Fe
and S interactions.

Hydrology (i.e., quantity, timing, and distribution) plays an
integral role in the structure and function of wetland ecosys-
tems (Todd et al. 2010; Kotun and Renshaw 2014).Within the
Everglades ecosystem, intra-annual water flow varies with the
pronounced wet and dry seasons typical of sub-tropical envi-
ronments, and interannual variation in flooding and drought
conditions are not uncommon. Further, approximately 26% of
the historic ridge and slough landscape has been drained for
agriculture and urban development, with the remainder being
compartmentalized by a series of levees, canals, and water
control structures. Due to these system modifications, natural
patterns of water flow have been disrupted. Hydrologic resto-
ration is increasingly viewed as the key to revitalize and main-
tain ecosystem function within the Everglades ecosystem
(McCormick et al. 2009; Watts et al. 2010). Hydrologic res-
toration related to the distribution, timing, and duration of
water within the Everglades ecosystem is expected to im-
prove, resulting in changes in current hydrologic characteris-
tics which could result in a cascade effect of altered ecosystem
processes (i.e., biogeochemistry, productivity, etc.).

Much of the research on Fe-S interactions has been com-
pleted in either marine/brackish waters (Giblin and Howarth
1984; Luther et al. 1988; Pallud and Van Cappellen 2006) or
acidic lakes/acid mine tail ponds (White et al. 1989; Friese
et al. 1998). Within the freshwater Everglades ecosystem, S
has been and will continue to be a topic of intense research and
interest owing to the influence of reduced sulfur on methyl-
mercury formation (Orem et al. 2011). Very few studies, how-
ever, have been conducted to specifically study Fe dynamics
and its interaction with S and other compounds within a large
peat accreting wetland such as the Everglades ecosystem
(Koch et al. 2001; Qualls et al. 2001; Chambers and
Pederson 2006). Especially for carbonate-rich, biogenic soils
of south Florida that are Banemic^ relative to the iron-rich,
terrigenous soils of most temperate wetland systems, iron
availability for pyrite formation would be an important influ-
ence on soil biogeochemistry.

The primary objective of this study was to characterize Fe-
S interactions within the Everglades ecosystem by determin-
ing the degree of pyritization (DOP) in soils in recent deposi-
tional environments. The metric of DOP was developed orig-
inally to identify paleo-redox status within aquatic ecosystems
and later to determine Fe or S limitation in pyrite formation
(Berner 1984; Roychoudhury et al. 2003). We hypothesized
that non-tidal, carbonate-rich wetland soils would have low

DOP values relative to both organic, freshwater peat wetlands
and sulfur-rich marine environments due to differences in lim-
iting resources needed to form pyrite (or other Fe-S minerals)
between the different systems. Due to the high natural produc-
tion of organic matter driven in part by hydrology, the portion
of the Everglades ecosystem dominated by freshwater peat
wetlands provides an adequate substrate for microbial process
and redox conditions (Aiken et al. 2011), whereas the marine
environment has an abundance of sulfur sourced from marine
waters. We addressed this hypothesis by comparing available
iron and sulfide concentration and degree of pyrite formation
among four hydrologic regions (i.e., Shark River Slough,
Taylor Slough, Panhandle, and Florida Bay) and four ecosys-
tem types (i.e., freshwater marsh, brackish ecotone, mangrove
fringe, and marine) within Everglades National Park (ENP).
The observed spatial variation across ENP and amongwetland
types led to a second hypothesis regarding the influence of
hydrologic features on Fe-S dynamics, measured as the annual
flow volume entering ENP and soil sampling distance from
canals. We predicted that DOP values would be higher farther
from canals due to reduced wetland drainage effects, as
hydroperiods and frequency of flooding typically are shorter
in areas with higher canal and water control structure densities
(Julian 2013).

Methods

Study Area

This study was conducted in ENP at the 17 original monitor-
ing sites of the Florida Coastal Everglades Long-Term
Ecological Research program (FCE LTER). Everglades
National Park is located at the southern-most extent of the
Everglades Protection Area and receives surface water from
Water Conservation Area 3A and Big Cypress National
Preserve (Osborne et al. 2011). Everglades National Park
has two major drainages, Shark River Slough (SRS) and
Taylor Slough (TS). Shark River Slough is the major water
flow-pathway through ENP, and is approximately 32 km (km)
wide along the northern border, narrowing to approximately
10 km near its discharge point at the Gulf of Mexico (GoM).
This area has relatively low elevation and maintains a long
hydroperiod facilitating the accretion of organic matter
(Bazante et al. 2006; Osborne et al. 2011). TS is the second
largest water flow path through the southeastern portion of the
ENP. Upper reaches of TS are narrow, elevations are relatively
high, the hydroperiod is relatively short, and soils are relative-
ly low in organic matter. The Panhandle (Ph) portion of the
ENP is located adjacent to TS, characterized as a marl prairie
with shallow carbonate soils. The primary source of surface
water to the Ph region is from the C-111 canal during the wet
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season, and thus this region experiences a very short hydro-
period (Ross et al. 2000).

Vegetation and ecosystem characteristics in ENP vary
along a salinity gradient. The freshwater landscapes within
ENP are dominated by a ridge and slough topography inter-
spersed with sawgrass marshes and tree islands. Ecotone re-
gions grade from freshwater to brackish environments and are
characterized by oligohaline, mixed marsh/mangrove forests.
Farther downstream in more saline water are fringing man-
groves. Finally, Florida Bay receives seawater from the GoM
and a small volume of freshwater runoff from ENP and is
characterized as a seagrass-dominated marine environment
(Chambers and Pederson 2006; Childers et al. 2006). For the
purposes of this study, ENP has been divided into four hydro-
logic regions including Shark River Slough (SRS), Taylor
Slough (TS), Panhandle (Ph), and Florida Bay (FB). The 17
monitoring sites were established to capture variation in eco-
system types among the four hydrologic regions.

Soil Collection and Analysis

Soil samples were collected annually during the wet season
from the 17 monitoring sites within ENP between 2004 and
2014 (Fig. 1). From each of the sites, triplicate 60 mL syringe
cores (internal diameter 2.6 cm) were pushed into the soil
surface to a depth of 10 cm. The syringe barrels were capped
with butyl rubber stoppers and stored on ice for transport to
the laboratory. Cores were extruded, homogenized, and sub-
sampled from each core.

Samples were dried at 80 °C for bulk density and ashed
at 450 °C for 4 h for loss on ignition/percent organic

matter. The ashed soils were then re-suspended in 1 N
hydrochloric acid (HCl) and analyzed using the ferrozine
method for extractable iron (FeHCl) (Stookey 1970). Acid
volatile sulfide (AVS) was extracted from wet soil samples
using a 1-N HCl solution then sequestered in a sodium
hydroxide (NaOH) trap. Chromium reducible sulfur
(CRS) was then extracted using a boiling solution of con-
centrated HCl and reduced chromium and sequestered in a
NaOH trap (Chambers and Pederson 2006). Trapped AVS
and CRS fractions were fixed using Cline’s reagent.
Chromium reducible sulfur and AVS were analyzed color-
imetrically according to methods outlined by (Cline
1969). Total reactive sulfide was determined by the sum
of AVS and CRS. Reproducibility of extractable iron and
sulfur species was typically within 5 %; anomalously high
levels of extractable iron in 2008, however, could not be
reproduced and those data were not used in the analysis.
Analytical data has been archived by the Florida Coastal
Everglades Long Term Ecological Research Program
(Chambers and Russell 2016).

Flow data for the SRS, TS, and Ph transects were retrieved
from the South Florida Water Management District online
database (DBHYDRO; http://www.sfwmd.gov/dbhydro) for
flow sites entering each region. Sites for Shark River Slough
include water control structures along US-41 (Tamiami Trail)
including S-12A, S-12B, S-12C, S-12D, S-333, and S-334.
Total annual flow entering Everglades National Park (ENP)
was computed as the sum of the S-12 structures and the dif-
ference between S-333 and S-334. Flow sites for Taylor
Slough and Panhandle regions of ENP including the S-332D
and S-18C, respectively (Fig. 1). Distance from the main flow

Fig. 1 Map of the study area with
monitoring locations and
ecosystems identified from
stations within the Florida Coastal
Everglades Long TermEcological
Research network in Everglades
National Park
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path within each hydrologic region was determined by
Euclidean distance using ArcGIS (Ver 10.2 ESRI, Redlands,
CA, USA).

Data Analysis

Chromium reducible sulfur, AVS, and FeHCl data were con-
verted from volume-based units (μmol cm−3) to mass-based
units (μmol g−1) by dividing concentration data by soil bulk
density. Mass-based units were used in all analyses. For pur-
pose of analysis, the entire CRS fraction was assumed to be
pyrite (FeS2). Degree of pyritization was calculated according
to Eq. 1 using CRS and FeHCl concentrations. Based on DOP,
site conditions were classified as DOP <0.46 indicating aero-
bic or oxidizing conditions, DOP between 0.46 and 0.75 in-
dicating dysoxic conditions (low oxygen between anoxic and
hypoxic), and DOP >0.75 indicating euxinic (anaerobic) or
reducing conditions (Roychoudhury et al. 2003).

DOP ¼ 0:5� CRS½ �
0:5� CRS½ � þ FeHCl½ � ð1Þ

Soil bulk density and percent organic matter were analyzed
using log-log regression. DOP was compared among hydro-
logic regions using the Kruskal-Wallis/Mann-Whitney multi-
ple comparisons in the Bpgirmess^ package in R (Giraudoux
2016). Analysis of variance (ANOVA) was used to compare
annual median DOP for each flow path and total flow. To
ensure the data fit the assumptions of the statistical test, data
were tested for normality using the Shapiro-Wilk’s and
Anderson-Darling test. Chi-square (RxC) analysis compared
soil DOP site condition definitions both by hydrologic region
and by ecosystem type. Percent organic matter, total flow to
each flow path, and distance from canal were compared to

square root transformed DOP using multiple regression anal-
ysis. Degree of pyritization values were transformed so that
the data fit the assumptions of linear models. Regression mod-
el assumptions were tested for all regression models using the
Bgvlma^ global linear model validation package in R (Peña
and Slate 2006). All statistical operations were performed
using R (Ver 3.1.2, R Foundation for Statistical Computing,
Vienna Austria) and the critical level of significance was set at
α = 0.05.

Results and Discussion

General Soil/Sediment Characteristics

Among the 17 monitoring sites, soil bulk density values
ranged from 0.03 to 1.94 g cm−3 with soils from the mangrove
fringe exhibiting the largest degree of variation, ranging from
0.08 to 1.94 g cm−3. Within the freshwater and brackish eco-
tone systems of the study area, bulk density values ranged
from 0.03 to 1.08 g cm−3 (Table 1). Generally, higher bulk
density values were associated with soils with a higher pro-
portion of mineral content (marl-soils, sand, etc.). Percent or-
ganic matter varied substantially along the gradient from
freshwater to marine ecosystems, ranging from 1.4 to
85.3 % in soils from the mangrove fringe, 3.2 to 91.5 % from
the brackish ecotone, and 2.7 to 95.0 % from freshwater areas
(Table 1). The relationship between bulk density and organic
matter followed a log-log relationship (Fig. 2; R2 = 0.73,
F(1558) = 1534, ρ < 0.001). High percent organic matter,
low bulk density soils are indicative of organic, peat type soils
whereas low percent organic matter, high bulk density soils
are indicative of mineral, marl-based soils. This relationship is
consistent with data collected in the region (Osborne et al.

Table 1 Mean ± standard error of soil parameters from samples collected between 2004 and 2014 (excluding 2008) within Everglades National Park
within the Shark River Slough (SRS), Taylor Slough (TS), Panhandle (Ph), and Florida Bay (FB)

Flow
path

Type Bulk density
(g cm−3)

Percent
organic
matter (%)

Total reactive
sulfide
(μmol g−1)

Acid
volatile
sulfide
(μmol g−1)

Chromium
reducible
sulfide
(μmol g−1)

Extractable
iron
(μmol g−1)

Degree of
pyritization
(unitless)

SRS Freshwater 0.15 ± 0.01 68.49 ± 2.82 66.53 ± 6.08 3.29 ± 0.65 63.34 ± 5.87 25.69 ± 3.89 0.63 ± 0.04

Ecotone 0.12 ± 0.005 81.78 ± 1.64 33.90 ± 4.81 2.31 ± 0.75 31.58 ± 4.42 20.48 ± 3.74 0.62 ± 0.05

Estuary 0.32 ± 0.02 38.12 ± 2.17 74.48 ± 7.17 5.04 ± 1.02 69.44 ± 6.76 28.84 ± 4.30 0.60 ± 0.04

TS Freshwater 0.60 ± 0.02 9.48 ± 0.37 3.70 ± 0.45 0.14 ± 0.02 3.58 ± 0.44 15.93 ± 1.53 0.17 ± 0.03

Ecotone 0.29 ± 0.01 13.37 ± 1.13 21.86 ± 4.72 0.79 ± 0.17 21.07 ± 4.60 30.74 ± 3.10 0.25 ± 0.03

Estuary 0.39 ± 0.02 19.51 ± 1.71 61.52 ± 8.61 1.71 ± 0.35 59.88 ± 8.63 27.43 ± 2.04 0.44 ± 0.03

Ph Freshwater 0.39 ± 0.01 8.54 ± 0.67 20.34 ± 3.29 2.16 ± 0.53 18.19 ± 2.94 35.60 ± 3.53 0.22 ± 0.02

Ecotone 0.36 ± 0.01 7.93 ± 0.52 19.37 ± 3.39 0.90 ± 0.26 18.47 ± 3.31 27.65 ± 2.93 0.26 ± 0.03

Estuary 0.29 ± 0.01 31.02 ± 2.37 95.96 ± 15.46 11.95 ± 2.75 84.02 ± 15.37 44.41 ± 5.23 0.44 ± 0.04

FB Marine 0.73 ± 0.02 5.63 ± 0.18 25.43 ± 2.42 1.09 ± 0.25 24.39 ± 2.38 11.15 ± 0.95 0.52 ± 0.03
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2011; Osborne et al. 2014) and elsewhere (Harrison and
Bocock 1981; Morris et al. 2016).

Iron and Sulfur Dynamics

Generally, surface water iron concentrations are relatively low
within freshwater environments of the Everglades ecosystem,
ranging between 0.81 and 1.78 μM (Julian et al. 2015).
Atmospheric deposition and groundwater inputs are the primary
iron sources for the Everglades (Shotyk 1988; Blodau et al.
2002). Wet deposition of iron dust has been reported to range
from ~50 to 225 μg cm−2 year−1 throughout the greater
Everglades ecosystem (Landing et al. 1995; Prospero et al.
2010). These deposition values correspond to an atmospheric
loading of approximately 5.5–25.1 kmol year−1 (3111 to
14,000 metric tons year−1) of iron to Everglades National Park
(assuming an area of 6222 km2) including both terrestrial and
aquatic portions. Soil FeHCl concentrations within ENP are gen-
erally low (Chambers and Pederson 2006) with FeHCl pools
varying between regions and ecosystems ranging in concentra-
tion from 0.02 to 127.08 μmol g−1. Mean FeHCl concentrations
were greatest along Ph (35.73 ± 2.39 μmol g−1), followed by
SRS and TS (25.22 ± 2.32 and 23.98 ± 1.31 μmol g−1, respec-
tively) with the lowest FeHCl concentrations measured in FB
soils (11.15 ± 0.95 μmol g−1) (Fig. 3). With the exception of
SRS, FeHCl concentrations were largest in mangrove fringe en-
vironments compared to the brackish ecotone or freshwater en-
vironments (Table 1). Iron directly and indirectly effects that
influence the growth of plants and algae; therefore, the distribu-
tion and availability of Fe are important variables that
biogoechemically drives ecosystem structure (Chambers et al.
2001). Directly, Fe is needed by organisms and is integrated into
many biochemical interactions. Phototrophs require minerals to
synthesize cell contents and to manufacture structural and repro-
ductive cells. More specifically, Fe is used to biosynthesize cy-
tochromes, chlorophyll, and other iron-containing proteins
(Marschner 2011). Indirectly, Fe buffers the phytotoxic and

growth-limiting effects of sulfide on plants by precipitating sul-
fide as iron-sulfur minerals (i.e., pyrite, FeS, etc.) (Koch et al.
1990; Carlson et al. 1994; Alongi 2010). Elevated Fe concen-
trations within the mangrove fringe areas of ENP could provide
an optimal soil condition to facilitate recruitment and establish-
ment of mangrove species both by supplementing Fe for growth
(Alongi 2010) and diminishing sulfide toxicity affects
(Wilhelmina et al. 2006).

Iron cycling is driven by both abiotic and biotic reactions
coupled with other biogeochemical cycles. Cycling of Fe and
S is a significant process in the biogeochemistry of estuarine
and marine sediments (Canfield 1989; Canfield et al. 1992;
Keene et al. 2010) and could play a significant role in fresh-
water sediments. In aerobic and circumneutral pH conditions,
ferrous Fe (Fe2+) is rapidly oxidized to ferric Fe (Fe3+) and
precipitates as iron oxide. Conversely, chemosynthetic mi-
crobes can oxidize Fe2+ to Fe3+ under a variety of pH and
oxygen conditions (Fortin and Langley 2005). In environ-
ments with abundant reactive Fe or limited reduced sulfur
(S2−), aqueous Fe species are important biogeochemically,
with Fe2+ having the potential to form a series of weak ion
pairs with most anions including carbonate, chloride, and sul-
fate (Rickard and Morse 2005). Complexation of Fe with car-
bonate greatly reduces pyrite formation; furthermore, depend-
ing on pH and redox conditions, calcium can complex with
available sulfate to form CaSO4 (Berner 1984; Hammes and
Verstraete 2002). Thus, if sediment is dominated by CaCO3

(calcite), pyrite formation is low (Berner 1984). Taylor Slough
and Panhandle regions, for example, are in the eastern marl
prairies of ENP, which are calcium-dominated systems due to
the growth and decomposition of calcareous periphyton and
the dissolution of the underlying limestone and Pleistocene
reef platform (Osborne et al. 2011).

Chromium reducible sulfur concentrations were much
greater than AVS concentrations for all flow paths and eco-
systems, indicating that the majority of sulfide in soils resides
as CRS (Table 1). Acid volatile sulfide is predominately a
measure of iron monosulfides (FeS) such as mackinawite in
Fe-rich environments. In Fe-poor systems such as the carbon-
ate systems of TS and Ph, free sulfide and other sulfur

Fig. 2 Bulk density and percent organic matter relationship for soil/
sediment collected within Everglades National Park across three ecosys-
tems (i.e., freshwater, ecotone, and estuarine ecosystems). The line
through the data indicates a log-log regression

Fig. 3 Box-Whisker plots of soil extractable iron (FeHCl) concentrations
by flow path for data collected from 2004 to 2014 (excluding 2008)
within Everglades National Park (ENP)

826 Estuaries and Coasts (2017) 40:822–831



compounds, such as thiosulfate and dithionite, are dominant
(Rees et al. 2010). The abundance of CRS in the Everglades
systems suggests that it is a pyrite-preferred geochemical sys-
tem as opposed to other minerals such as mackinawite or
greigite which are considered metastable and precursors to
the most thermodynamically favored pyrite (Schoonen and
Barnes 1991a; Schoonen and Barnes 1991b; Burton et al.
2011). Acid volatile sulfide concentrations ranged from 0.02
to 85.72 μmol g−1. Chromium reducible sulfur concentrations
ranged from 0.02 to 365.45 μmol g−1 with the greatest CRS
concentration observed within SRS (54.89 ± 3.52 μmol g−1),
f o l l owed by Ph (40 . 68 ± 6 .24 μmol g − 1 ) , TS
(30.03 ± 4.11 μmol g−1), and FB (24.39 ± 2.38 μmol g−1)
during the period of this study.

The interaction of Fe and S could also potentially influence
or explain variability expressed in the hypothetical S-mercury
(Hg) relationship. Mercury methylation is facilitated by mi-
crobial methylation via sulfate-reducing bacteria (SRB), Fe-
reducing bacteria, and methanogenic bacteria with the neces-
sary genes required to complete the methylation process
(Gilmour et al. 2013; Parks et al. 2013; Bae et al. 2014).
Elevated sulfate concentrations have been linked to regions
of elevated methyl-Hg concentrations (i.e., hotspots) through
potential generation of methyl-Hg during sulfate reduction via
Hg-methylating SRB (Compeau and Bartha 1985; Gilmour
and Henry 1991; Gilmour et al. 1992). Therefore, processes
that interact with S cycling could have a potential to influence
Hg methylation. In the water conservation areas north of ENP,
porewater Fe and porewater sulfide concentrations significant-
ly differed between hotspots and non-hotspots, suggesting that
the interaction between Fe and S could play a role in Hg
methylation or cycling (Julian et al. 2016).

Pyrite Formation

This study contrasts three drastically different regions along
an ecosystem gradient with respect to soil characteristics.
Shark River Slough is a high organic matter, peat-based sys-
tem; TS and Ph are low organic matter, high calcium marl-
based systems (Osborne et al. 2011), and FB is a marine sys-
tem with characteristic biogenic carbonate mud (Bosence
1989). Pyrite formation and burial is dependent upon three
factors: the rate at which sulfide is produced via sulfate reduc-
tion, the availability of iron, and the rate that reduced sulfur
compounds are subsequently oxidized.

Sulfate reduction rates depend upon the amount and quality
of organic matter present as well as the availability of sulfate.
In marine sediments, due to the abundance of sulfate, sulfate
reduction rates are limited by the supply of organic carbon. In
contrast, sulfate concentrations in freshwater systems are at
least an order of magnitude less than marine systems and thus
sulfate reduction is limited by the availability of sulfate
(Giblin 1988). The availability of iron is tied to sources

including atmospheric deposition (discussed above),
complexation/precipitation (Canfield 1989), redox chemistry
(Qualls et al. 2001), and sedimentation (i.e., terrigenous versus
calcareous) (Berner 1984). Once deposited, detrital iron min-
erals undergo redox reactions which make them susceptible to
other biogeochemical reactions during diagenesis. Oxidation
of reduced sulfur—including pyrite—frequently occurs with-
in the freshwater portions of the Everglades ecosystem be-
cause of frequent dry-out and rewetting cycles that result in
large spikes in sulfate surface water concentrations (Dierberg
et al. 2014; Julian et al. 2014) and presumably rapid changes
in water column pH.

Pyrite formation, as expressed by DOP, varied significantly
among flow paths (Fig. 4; χ2 = 107.10, df = 3, ρ < 0.001). As
expected, due to regional characteristics, TS and Ph DOP
values throughout the course of the study were similar, while
SRS and FB were different from one another (Fig. 4).
Differences in DOP values between TS and Ph to that of
SRS could be explained by the differences in soil organic
matter pools within each respective region. The role of organic
matter in pyrite formation is one of the essential pieces to the
pyrite puzzle since organic carbon is necessary for sulfate-
reducing bacteria to reduce sulfate to sulfide by using organic
carbon as an oxidizing agent. Based on the interquartile range
(IQR) of each flow path, SRS has the greatest percent organic
matter (Q1, 40.7 %; Q3, 86.1 %; IQR, 45.4) followed by Ph
(Q1, 7.4 %; Q3, 23.2 %; IQR, 15.8), TS (Q1, 8.0 %; Q3,
17.0 %; IQR, 9.0), and FB (Q1, 4.7 %; Q3, 6.5 %; IQR,
1.8). Even though FB had relatively less organic matter (by
volume), DOP was relatively higher than Ph and TS and sim-
ilar to that of the SRS flow path due to the differences in
limiting conditions. Shark River Slough is a sulfate-limited
system, and FB is Fe limited and potentially to some degree
organic matter/carbon limited with respect to pyrite formation.
Although seagrass beds can have higher organic matter con-
tent (7.2–18.8 % organic matter) (Borum et al. 2005) and
sulfide concentrations (32–2143 μM porewater sulfide)
(Carlson et al. 1994), high DOP values observed in FB is
the result of Fe limitation due to the low reactive Fe (high
bound Fe) of FB sediment relative to SRS soils.

Fig. 4 Mean (±standard error) degree of pyritization (DOP) by flow path.
Letters indicate statistical similarity as determined by Kruskal-Wallis/
Mann-Whitney non-parametric comparisons
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Furthermore, Chambers et al. (2001) observed a pronounced
north-to-south gradient of CRS-Fe in FB. The relatively de-
pressed DOP values observed in the TS and Ph flow paths
could be explained by the abundant supply of CaCO3 within
the upper portions of these flow paths.

Inwetlands,pyrite formationand theunderlyingbiogeochem-
ical reactions are dependent upon redox state which in turn is
influenced by hydrologic conditions. Thus, pyrite formation
shouldbe significantly influencedby the amount of flowentering
a specific region. Flow significantly influenced annual median
DOP (F(1,24) = 11.94, ρ<0.01).During high flowyears, hydro-
logic loading is higher, resulting in a larger surface area covered
with water for a longer duration (i.e., longer hydroperiod) there-
fore driving anaerobic/reducing biogeochemical reactions in-
creasing the potential for formation of pyrite. Alternatively, in
drier years (i.e., periods of less flow), the duration of inundation
and intensity of reducing biogeochemical conditions is less,
resulting in a greater oxidizing environment and depressed pyrite
production.Degreeofpyritizationwas significantly explainedby
percent organic matter, total flow, and distance from canal
(Table 2; F(3434) = 83.41, ρ < 0.001). Percent organic matter,
total flow, and distance fromcanal are very important in the over-
all formation of pyrite within both freshwater systems as well as
marine systemswithin the Everglades ecosystem (Table 2).

Total flow and distance from canal are hydrologic factors
that most directly influence redox conditions in the upper por-
tions of the flow paths (i.e., freshwater system) by inundating
areas. Areas closer to the canals during high flow years would
experience longer hydroperiods, which in combination with
organic matter results in largely reducing conditions.
However, as distance from canal increases, the potential for
longer hydroperiods decreases until the flow path reaches its
terminus (i.e., FB) making redox conditions slightly more
variable and driven by different factors (e.g., tidal supply of
water and electron acceptors, less organic matter). Therefore,
factors driving pyrite formation may differ along the flow path
but each factor is important in its own right.

Each region and ecosystem differed significantly with re-
spect to DOP site condition definitions. Throughout the course
of the study, site conditions differed significantly by region
(Fig. 5; χ2 = 124.79, df = 6, ρ < 0.001). Based on DOP site
condition analysis, overall TS and Ph flow paths were consid-
ered more aerobic than dysoxic or euxinic with a higher pro-
portion of DOP values less than 0.46. These results corre-
spond to results of an intensive soil survey of TS and Ph
regions presented by Osborne and Ellis (2015). This study
determined the underlying geology combined with the re-
gion’s hydrology resulted in a narrow channelized path of
organic matter with areas outside of the main channel
experiencing significant dry periods that favored organic mat-
ter oxidation and a net loss of organic carbon. Shark River
Slough and FB exhibited a variety of conditions with FB
experiencing less euxinic conditions (i.e., DOP >0.76) and
relative equal aerobic and dysoxic conditions while SRS ex-
perienced a greater proportion of aerobic and euxinic condi-
tions. Florida Bay flow and circulation is extremely dynamic
with restricted circulation and higher summertime salinity
values (Zieman et al. 1989; Wang et al. 1994). Meanwhile,
SRS experiences a high degree of variability with respect to
flow volume and timing along the length of the slough, espe-
cially hydroperiod duration in the northern portions of the
slough (close to inflows) (Todd et al. 2010; Cook 2012).

Sites-specific conditions were significantly different be-
tween ecosystems (Fig. 5; χ2 = 40.47, df = 6, ρ < 0.001) with
freshwater and ecotone systems being more aerobic and estu-
ary systems being dominantly aerobic or dysoxic with respect
to DOP values. However, these conditions could reflect

Fig. 5 Mosaic plots of degree of pyritization (DOP) site condition
categories by region and ecosystem for data collected between 2004
and 2014 (excluding 2008) within Everglades National Park within the
Shark River Slough (SRS), Taylor Slough (TS), Panhandle (Ph), and
Florida Bay (FB)

Table 2 Multiple regression results for parameters used to estimate
square root transformed degree of pyritization (DOP) for data collected
between 2004 and 2014 (excluding 2008) within Everglades National
Park within the Shark River Slough (SRS), Taylor Slough (TS),
Panhandle (Ph), and Florida Bay (FB)

Value Estimate Std. error T value p value

R2 0.37

RMSE 0.21

Df 434

Intercept 0.44 0.017 27.09 <0.001

% organic matter 0.005 0.0004 12.10 <0.001

Total flow −0.0003 0.00004 −7.30 <0.001

Distance from canal 0.005 0.0007 6.57 <0.001
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overall hydrologic biogeochemical drivers (i.e., drier, oxidiz-
ing conditions versus wetter, reducing conditions), interaction
with the Ca-rich substrate in the case of TS and Ph, the lack or
abundance of organic matter to effectively cycle sulfur, and
the overall availability of sulfur. Degree of pyritization, how-
ever, does provide insight into the integrated redox condition
of the region or flow path with respect to Fe and S cycling, and
may be used as a proxy for soil oxidation status in wetlands
that experience seasonal and interannual variation in flooding.
Furthermore, this analysis highlights the drastic ecosystem
biochemical differences across ENP. These site condition def-
initions provide an integrated viewpoint regarding pyrite
forming conditions at a given site or flow path. Therefore,
high DOP conditions or euxinic conditions can be translated
to favorable pyrite forming conditions, dysoxic as intermedi-
ate pyrite forming conditions, and aerobic as unfavorable py-
rite forming conditions. More research is needed to determine
whether DOP is a reliable indicator of modern pyrite forma-
tion and diagenesis and if DOP can be used as a metric to
further evaluate biogeochemical processes related to water
quality conditions.

Conclusions and Further Research

This study suggests that Fe plays an important role in biogeo-
chemical cycling in the Everglades system, especially in the
context of sulfur biogeochemistry and the formation of min-
erals such as pyrite. These dynamics are exemplified across an
ecosystem gradient from freshwater to marine systems, each
with unique characteristics, driving forces, and biological con-
ditions. Iron-S dynamics are vitally important to the biological
integrity of the Everglades ecosystem due to the hypothesized
role of Fe availability in the recruitment and establishment of
mangroves (Alongi 2010), the ability of pyrite to regulate
sulfide exposure to plants and affect seagrass growth
(Chambers et al. 2001), and the potential of Fe-S interactions
to influence mercury biogeochemistry (Julian et al. 2016).
Additional study is needed to further characterize Fe-S inter-
action, Fe interaction with other biogeochemical cycles, and
pyrite formation within the Everglades system.
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