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Using fluorescence spectroscopy to trace seasonal DOM dynamics,
disturbance effects, and hydrologic transport in the Florida
Everglades

Laurel G. Larsen,1 George R. Aiken,2 Judson W. Harvey,1 Gregory B. Noe,1

and John P. Crimaldi3

Received 30 August 2009; revised 14 February 2010; accepted 4 March 2010; published 7 July 2010.

[1] Dissolved organic matter (DOM) quality reflects numerous environmental processes,
including primary production and decomposition, redox gradients, hydrologic transport,
and photochemistry. Fluorescence spectroscopy can detect groups of DOM compounds
sensitive to these processes. However, different environmental gradients (e.g., redox,
DOM provenance) can have confounding effects on DOM fluorescence spectra. This study
shows how these confounding effects can be removed through discriminant analyses on
parallel factor modeling results. Using statistically distinct end‐members, we resolve
spatiotemporal trends in redox potential and DOM provenance within and between
adjacent vegetation communities in the patterned ridge and slough landscape of the
Everglades, where biogeochemical differences between vegetation communities affect net
peat accretion rates and persistence of landscape structure. Source discrimination of DOM
in whole‐water samples and peat leachates reveals strong temporal variability associated
with seasonality and passage of a hurricane and indicates that hurricane effects on
marsh biogeochemistry persist for longer periods of time (>1 year) than previously
recognized. Using the DOM source signal as a hydrologic tracer, we show that the system
is hydrologically well mixed when surface water is present, and that limited transport of
flocculent detritus occurs in surface flows. Redox potential discrimination shows that
vertical redox gradients are shallower on ridges than in sloughs, creating an environment
more favorable to decomposition and diagenesis. The sensitivity, high resolution, rapidity,
and precision of these statistical analyses of DOM fluorescence spectra establish the
technique as a promising performance measure for restoration or indicator of carbon cycle
processes in the Everglades and aquatic ecosystems worldwide.
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1. Introduction

[2] Dissolved organic matter (DOM), composed of a
complex mixture of molecules, is ubiquitous in environ-
mental waters, where it has a major influence on carbon
cycling, redox processes, and the transport of contaminants
and nutrients. DOM quantity and quality is in turn controlled
by a variety of biological (e.g., primary production, decom-
position [McKnight et al., 1985; Findlay and Sinsabaugh,
2003; Wickland et al., 2007]), chemical (e.g., photo-
degradation [McKnight et al., 2001; Cory and McKnight,
2005]), redox reactions [Fulton et al., 2004; Miller et al.,

2006], and physical (e.g., hydrology [Maie et al., 2006a;
Lapworth et al., 2008; Mladenov et al., 2008]) processes
and therefore can serve as a comprehensive indicator of
ecological and environmental conditions over space and
time. Use of DOM as an environmental tracer requires
analytical techniques to measure its variability and statistical
techniques to independently resolve the influences of
chemical, biological, and physical processes.
[3] Techniques commonly used to characterize variability

in DOM quality are isolation and chemical characterization
of fractions with different chemical properties [Aiken et al.,
1992; Aiken and Leenheer, 1993], nuclear magnetic reso-
nance spectroscopy [Benner et al., 1992], and optical/
ultraviolet spectroscopy [McKnight et al., 2001; Stedmon et
al., 2003; Weishaar et al., 2003]. Of these, optical spec-
troscopy is emerging as a particularly powerful technique
for analyzing large quantities of samples because of its
rapidity, cost‐effectiveness, and information density. A
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fraction of the DOM pool (chromophoric DOM) absorbs
light in the ultraviolet and can be characterized by its spe-
cific ultraviolet absorbance (SUVA), which correlates with
DOM aromaticity and reactivity [Weishaar et al., 2003], and
spectral slope, which relates to photobleaching and algal
productivity [Twardowski et al., 2004]. This measurable
fraction of the DOM pool is typically assumed to be rep-
resentative of the reactivity and provenance of the DOM
pool as a whole. Similarly, the fluorescent fraction of the
DOM pool is also assumed to be indicative of DOM reac-
tivity, provenance, and redox state of the surrounding envi-
ronment [Lovley et al., 1996, 1998; Scott et al., 1998]. These
qualities influence the shape of DOM fluorescence excitation
and emission spectra [Senesi et al., 1989, 1991; Matthews et
al., 1996], typically obtained from three‐dimensional scans
that produce an excitation‐emission matrix (EEM).
[4] Although techniques for measuring variability in the

optical properties of DOM are relatively well established,
statistical techniques for interpreting EEMs and other data‐
rich measurements are still being refined. Fluorescence
index, calculated from two points in a fulvic acid‐influenced
region of EEMs, is a relatively simple measure of the degree
of allochthonous or autochthonous influence in DOM pro-
cessing [McKnight et al., 2001]. Other analyses use all of
the information available in EEMs and multivariate statistics
such as hierarchical clustering [Jiang et al., 2008], partial
least squares regression [Persson and Wedborg, 2001; Hall
et al., 2005], and principal component analysis [Persson and
Wedborg, 2001; Rinnan et al., 2005; Hall and Kenny, 2007]
to determine the similarity between samples or groups of
samples. A more mechanistic interpretation of EEMs
involves qualitative identification of peaks that correspond to
different classes of molecules (e.g., humic acids, fulvic acids,
amino acids) and use of the dissolved organic carbon (DOC)
normalized fluorescence at each peak as a proxy for the
abundance of the corresponding class of molecules [Coble et
al., 1990;Chen et al., 2003;Merritt and Erich, 2003]. Parallel
factor analysis (PARAFAC) of EEMs evolved from the need
to more quantitatively identify spectral features and associ-
ated fluorophore concentrations [Stedmon et al., 2003]. The
algorithm, analogous to a trilinear principal component
analysis, makes no assumptions about the number of com-
ponents or the shapes of their absorption and emission spectra,
and simulates EEMs by optimizing the absorption spectra,
emission spectra, and concentrations of independent groups
of fluorophores in the sample [Stedmon and Bro, 2008].
[5] PARAFAC analysis of DOM samples (whole water,

fulvic acids, hydrophilic fraction, and ultrafiltered DOM)
acquired from aquatic environments worldwide revealed
that redox‐reactive quinone‐like components, amino acid‐
like components, and a few unnamed fluorophore groups are
repeatedly responsible for the spectral features of EEMs
[Cory and McKnight, 2005]. Resolution of the excitation
and emission spectra of these 13 ubiquitous components
(Table S1, available as auxiliary material) has enabled a
simpler implementation of PARAFAC, in which the algo-
rithm is run as an error minimization procedure to choose
the concentrations of these 13 components [Miller et al.,
2006; Jaffe et al., 2008; Mladenov et al., 2008].1 A recent

comparison between the full and Cory/McKnight methods
of implementing PARAFAC found that both techniques
explain a similar amount of variability in the EEMs and
provide similar chemical and functional information about
the DOM. Still, because residual spectra are slightly larger
and/or more coherent when the prevalidated Cory/McKnight
model is used, the full PARAFAC implementation often
retains greater sensitivity [Fellman et al., 2009]. However, the
Cory/McKnight model enables direct comparison between
different studies, produces concentrations of components
with a known relationship to redox potential that are thus
highly interpretable [Cory and McKnight, 2005], and can
resolve low‐frequency components that vary with subtle
environmental gradients but would not be statistically sig-
nificant in a full PARAFAC analysis of a relatively small
number of samples.
[6] Because of spectral overlap in the excitation and

emission signatures of fluorophores, multivariate analyses
such as principal component analyses performed on whole
EEMs identify sample groups less distinctly than multivar-
iate analyses performed on PARAFAC model results [Ohno
and Bro, 2006; Jaffe et al., 2008]. Even when sample
groups are identified based on PARAFAC model results,
their positions in multivariate space are a function of
provenance, redox potential, and reactivity gradients. How
each gradient independently controls observed differences in
DOM fluorescence can be unclear.
[7] Wetlands commonly exhibit distinct spatiotemporal

gradients in both redox potential and DOM provenance and
reactivity. The long‐term persistence of saturated soils often
results in vertical redox gradients near the soil surface
[Thomas et al., 2009], and depth heterogeneity resulting
from wetland microtopography can establish horizontal
gradients in soil redox potential [Vivian‐Smith, 1997; Ahn et
al., 2009]. Horizontal gradients in DOM provenance and
reactivity can result from heterogeneity in local vegetation
community composition, though hydrologic transport may
change or obscure those gradients [Neto et al., 2006;
Saunders et al., 2006]. Meanwhile, nonconservative beha-
viors of DOM including photobleaching, metabolic pro-
cesses, and sorption can contribute to vertical gradients in
DOM quality [McKnight et al., 1992; Benner and Biddanda,
1998; McKnight et al., 2002]. Seasonal wet‐up/drydown
processes and disturbance events such as hurricanes con-
tribute to temporal gradients in DOMquality that are reflected
in fluorescence spectra [Lu et al., 2003; Maie et al., 2005;
Mladenov et al., 2005; Maie et al., 2006a]. In particular,
hurricanes may resuspend sediments, disrupt or shift eco-
system metabolism, and produce large quantities of organic
detritus [Greening et al., 2006; Mallin and Corbett, 2006;
Williams et al., 2008]. Studies performed in coastal wetlands
suggest that these effects can last for up to a year following
passage of the storm [Greening et al., 2006].
[8] An objective of this paper is to use discriminant

analyses on PARAFAC results from the 13‐component
Cory/McKnight model to achieve a process‐based under-
standing of how redox potential, hydrology, primary pro-
duction, and decomposition can independently control the
seasonal and spatial dynamics of DOM. We apply this new
technique to the ridge and slough landscape of the Florida
Everglades, where ecologically critical landscape dynamics
are driven by redox, transport, and vegetation processes that

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JG001140.
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govern the carbon balance and spatial distribution of peat
accretion rates [Science Coordination Team (SCT), 2003;
Larsen et al., 2007]. By resolving independent DOM
provenance and redox potential gradients over space and
time, we test and confirm the hypotheses that particulate
organic material (POM) is redistributed from sloughs to
ridges by flow, that ridges and sloughs exhibit differences in
pore water biogeochemistry that have implications for rates
of organic matter decomposition, and that regular (e.g.,
seasonal drydowns) or infrequent (e.g., hurricanes) dis-
turbances have long‐duration impacts on DOM quantity and
quality that result from the disruption of periphyton com-
munities. Our method is broadly applicable to achieving a
process‐based understanding of DOM dynamics in other
systems where multiple environmental gradients are likely
to have confounding influences on excitation‐emission
matrices or spectral indices. Likewise, our findings suggest
that DOM quantity, quality and associated processes exhibit
wide variation over a monthly timescale, and that hurricane
effects on the biogeochemistry of coastal wetlands may
persist for longer than has previously been recognized.

2. Site Description

[9] The ridge and slough landscape is a patterned, 2700
year‐old [Bernhardt and Willard, 2009] peatland within the
nontidal Everglades, where pH values are circumneutral
(7.0–7.1), and the substrate is approximately 90% organic
[Gleason and Stone, 1994]. Here, elevated ridges colonized
by Cladium jamaicense (sawgrass) are regularly distributed
among sloughs that are dominated by Eleocharis spp.
(spikerush), Nymphaea odorata (water lily), floating and
epiphytic forms of periphyton, and Utricularia spp. (blad-
derwort). Whereas sawgrass, which has a relatively high
lignin content [Saunders et al., 2006], dominates OM pro-
duction on ridges, floating periphyton mats typically dom-
inate OM production in sloughs [Maie et al., 2006b].
Landscape features are aligned parallel to the flow direction,
with a wavelength on the order of hundreds of meters in the
direction perpendicular to flow. This configuration promotes
high habitat and species diversity and high total secondary
production [Ogden, 2005]. However, the ridge and slough
landscape has experienced degradation over the past cen-
tury, coincident with drainage, levee construction, and
nutrient enrichment that has caused eutrophication, redox
potential shifts, and loss of topographic relief and habitat
heterogeneity [SCT, 2003].
[10] It is thought that two feedback processes historically

maintained the peat elevation differences between ridge and
slough. An autogenic feedback process, sensitive to local
redox potentials and pore water biogeochemistry, would
promote differential peat accretion rates in different vege-
tation communities [SCT, 2003; Larsen et al., 2007].
Meanwhile, an allogenic feedback process, redistribution of
organic bed sediment from sloughs to ridges, would be
critical to maintaining a carbon balance at ridge edges that
prevented ridges from spreading indefinitely over time
[Larsen et al., 2007]. Diminished flow velocities and
drainage of the Everglades may have contributed to wide-
spread landscape degradation by perturbing these feedback
mechanisms [SCT, 2003]. However, these hypotheses have

been poorly tested because factors controlling carbon
cycling in this environment are not well understood.
[11] Our study used pore water, surface water, and surfi-

cial peat samples collected from U.S. Geological Survey
long‐term monitoring station WCA‐3A‐5 (80°42′19″W,
26°3′24″N). The site is located within the best preserved
portion of the ridge and slough landscape, where ridge‐
slough elevation differences are approximately 20 cm
[Harvey et al., 2009]. An 11.3 m sampling platform bridges
a ridge/slough transition, providing access to both landscape
elements. Water levels at the site range from 80 cm above
slough peat during the wet season (May–October) to 40 cm
below slough peat during the dry season (November–April).
Surface water flows are laminar to transitional in nature,
with a mean daily velocity of 0.32 cm s−1 [Harvey et al.,
2009]. Shallow groundwater flow velocities in the greater
Everglades are orders of magnitude lower, ranging from 0 to
1.5 cm d−1 [Krest and Harvey, 2003]. Surface‐subsurface
exchange fluxes vary in magnitude and direction across the
Everglades, with typical magnitudes on the order of 0.05‐
0.5 cm d−1 [Harvey et al., 2004]. The highest measured
surface‐flow velocities at site WCA‐3A‐5 (4.9 cm s−1

[Harvey et al., 2009]) occurred during the category 3 Hur-
ricane Wilma, which passed directly over the site on Julian
day 297–2005 (24 October 2005). One of the most promi-
nent effects of the storm was its elimination of floating
periphyton and Utricularia mats, which remained absent
through the end of sampling in November 2006.

3. Methods

3.1. Field Methods

[12] Sampling from permanent ridge and slough stations
occurred on 14 dates between 9 August 2005 (Julian day
221–2005) and 7 November 2006 (Julian day 311–2006) on
an approximately monthly basis. An array of seven miniature
drivepoint (minipoint) piezometers [Duff et al., 1998] was
deployed to simultaneously sample surface water (2–8 cm
above the peat/surface water interface) and six pore water
depths, ranging from 2 to 45 cm beneath the peat surface.
Minipoint piezometers were pumped at 1.5 mL min−1, and
water was filtered in‐line through 0.2 mm Pall poly-
ethersulfone (DOM samples) or 0.1 mm Whatman Anotop
(Fe samples) filters. The volume of the piezometers was
purged by continuous pumping for 2 min prior to sampling.
An additional 45 mL was pumped for other analyses prior to
collection of Fe and DOC samples. During the dry season in
2006, dissolved oxygen was measured in‐line with an
oxygen electrode (Microelectrodes, Inc., Bedford, NH).
Permanent piezometers (2.5 cm diameter) screened 60 cm
beneath the ridge peat surface and 48 cm beneath the slough
peat surface were installed in December 2005 for deeper
pore water sampling and were purged prior to each use.
[13] All samples were collected with minimal headspace,

stored on ice in a dark environment for transport to the
laboratory, refrigerated, and analyzed within days of col-
lection. Fe samples were preserved with 100 mL 12‐M HCl.
DOC samples were not processed in an anoxic environment,
but studies have found that reduced quinones can be stable
over a timescale of weeks without precautions to limit
oxygen exposure [Scott et al., 1998; Klapper et al., 2002].
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Nonetheless, we consider our procedure to produce a con-
servative estimate of gradients in redox potential.
[14] Surficial cores (10 cm long) were collected from

central ridge (8 cores) and slough (12 cores) locations in
March 2006 by manually driving 4.8 cm diameter plastic
core sleeves with a sharpened end into the peat, stoppering
the exposed end, and extracting the tube. Prior to transport
to the laboratory, the unconsolidated layer of flocculent
organic sediment was decanted from the cores, and suction
was applied to a 0.32 mm diameter steel tube inserted
along the edge of the core to remove interstitial water. In
October 2006, additional coring was performed along an
11.6 m‐ridge/slough transect. Eight core samples were
acquired along the transect with a spacing most dense across
the vegetation transition zone. Additional cores were
obtained from slough and ridge centers (5 each). At each
coring location, water depth was measured using a PVC rod
with an “I”‐shaped foot. Cores were stored upright in a dark,
refrigerated environment and processed in October 2006.
Live and senescent samples of Eleocharis elongata, Cladium
jamaicense, Utricularia purpurea, Bacopa caroliniana, and
Nymphaea odorata were also harvested during October
2006 for leaching experiments.

3.2. Laboratory Methods

[15] DOC concentrations in the filtered samples were
measured on an OI Model 700 Total Carbon analyzer with a
mean standard error of 0.3 mg L−1 and a detection limit of
0.2 mg L−1. UV absorption spectra were measured between
190 and 1100 nm at 1 nm resolution on an HP Chem
spectrophotometer with a standard error of 6 × 10−4 AU
(based on n = 10 measurements). Using a Horiba‐JY
Fluoromax‐3 spectrofluorometer with DataMax software,
EEMs were acquired for excitation wavelengths between
240 nm and 450 nm at a 5 nm increment and for emission
wavelengths between 300 nm and 600 nm at 2 nm incre-
ment. Samples were diluted to a UV absorbance of 0.4 AU
prior to obtaining EEMs. Blank EEMs were obtained using
MilliQ water. Sample EEMs were blank‐subtracted, Raman‐
normalized, and corrected for the inner‐filter effect [McKnight
et al., 2001]. From the fluorescence and UV spectra, fluo-
rescence index [McKnight et al., 2001], SUVA at 254 nm
[Weishaar et al., 2003], and spectral slope within 3 wave-
length ranges (200–250 nm, 250–300 nm, 350–600 nm
[Twardowski et al., 2004]) were calculated. In addition, 3 L
samples of ridge and slough surface water collected in
August 2005 and pore water collected in January 2006 were
fractionated in duplicate on XAD‐8 and XAD‐4 columns in
accordance with Aiken et al. [1992]. Precision tests revealed a
standard error of 0.009 in fluorescence index values (n = 5).
[16] Ferrous and total iron concentrations of samples were

determined on a Shimadzu UV2101 spectrophotometer
using the modified ferrozine method [Viollier et al., 2000].
Eight‐point calibration curves were obtained using stan-
dard solutions of Fe2+ ((NH4)2Fe(SO4)2: concentrations of
0–0.1 mM) and total Fe (FeCl3: concentrations of 0–1 mM).
The detection limit for the method is 0.3 mM, and tests with
a 20 mM FeCl3 standard produced predicted concentrations
of 20.1 ± 0.2 mM Fe3+ and 0.1 ± 0.1 mM Fe2+ (n = 5)
[Viollier et al., 2000].
[17] Peat and vegetation leaching experiments were per-

formed to assess the fluorescent character of potential DOM

sources in the ridge and slough landscape and to differen-
tiate origins of ridge and slough peat. In the peat core
leaching experiments, the surface 2.5 cm of the cores (which
reflect the most recent depositional processes) were
extruded and homogenized. Pore water was removed by
centrifuging 7.0 g of peat at 3500 rpm for 10 min. After
decanting the supernatant, water with concentrations of
HCO3

− (0.001 N), Ca2+ (75 mg L−1), SO4
2− (5 mg L−1), and

Cl− (76 mg L−1) adjusted to match Everglades surface water
was added to the peat, bringing the total volume to 50 mL.
The peat was leached at room temperature under agitation
for 48 h. Postleaching, samples were centrifuged, and
supernatants were filtered through 0.2 mm Pall poly-
ethersulfone filters. Vegetation leaching experiments were
performed similarly, with leaching taking place in aerated
1 L covered beakers filled with the amended water. After
48 h, a 40 mL sample of the leachate was extracted, filtered,
and analyzed.

3.3. Statistical Analyses

[18] Normalized and corrected EEMs were processed with
PARAFAC using the 13‐component model of Cory and
McKnight [2005]. Based on the criteria of Mladenov et al.
[2008], PARAFAC results carried on for further analysis
captured more than 90% of the total variance present in
measured EEMs and had low residual EEMs with little
coherent structure (i.e., maximum residual intensity was less
than 5–10% of the measured fluorescence intensity; see
Figure S1). Relative concentrations of the 13 PARAFAC
model components, spectral slope, and fluorescence index
from 233 samples were then used as inputs to further mul-
tivariate analyses (Figure 1). First, we used a principal
component analysis with a Varimax rotation to guide our
selection of end‐member samples to use in the resolution of
independent DOM provenance and redox potential
gradients. We defined these two respective pairs of end‐
member samples as: (1) peat core leachates from the ridge
center and the slough center (the “peat leachate” end‐
members), and (2) surface water and pore water (the
“surface water/pore water” end‐members). Second, eigen-
vectors that maximized the separation (Mahalanobis distance)
between the end‐members were computed in two univariate
discriminant analyses [Hair et al., 1998] (Table S1). Using
each eigenvector (c) as the weighting coefficients for the
vector (L) of relative fluorescent component loadings
determined from PARAFAC and the values of the spectro-
scopic indices, we constructed discriminant scores for each
sample as c · L. Each sample was assigned two discriminant
scores (a peat leachate discriminant score and a pore water/
surface water discriminant score) that specified the location
of the sample along the gradients between the pertinent
end‐members.
[19] For the peat leachate discriminant analysis to remove

the confounding effect of redox potential and the pore water/
surface water discriminant analysis to remove the con-
founding effect of DOM provenance, our data needed to meet
the following requirements: (1) discriminant variables had to
vary linearly with source and redox potential, (2) variables
related to both source and redox potential had to be corre-
lated with at least one other variable along the axis targeted
for removal so that the correlated variable(s) could be
weighted to remove the confounding influence (see TextS1),
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and (3) both end‐member groups needed to exhibit some
systematic, multivariate noise along the axis designated for
removal by the discriminant analysis so that variables cor-
related with this axis could be identified.

4. Results

4.1. Spatiotemporal Changes in DOC Concentration

[20] DOC concentrations increased with depth in both
ridge and slough (Figure 2a), with the vertical gradient
tending to be steeper in the slough (−0.1 ± 0.2 mg L−1 cm−1)
than in the ridge (0.0 ± 0.2 mg L−1 cm−1). DOC concen-
tration also varied seasonally over the drying/rewetting
cycle (Figure 3). Immediately prior to the loss of surface
water during the 2006 dry season, surface and near‐surface
concentrations of DOC increased. At the beginning of the
subsequent rewetting event, pore water DOC concentra-
tions in ridge and slough reached a maximum, with the
highest concentrations (40 mg L−1) occurring in the slough.
As rewetting continued, DOC concentrations gradually atten-
uated in surface water and near‐surface pore water.

4.2. Dominant Gradients in Everglades DOM Quality

[21] DOM samples acquired from Everglades surface
water and pore water exhibited gradients in spectroscopic
properties that varied continuously along two principal
component axes (Figure 4). Rotated principal component 1,
which explained 34.8% of the data set variance, separated
samples by origin and prehurricane versus posthurricane
time period. Ridge samples had a lower principal compo-
nent 1 value than slough samples, and samples collected
after Hurricane Wilma had lower values than prestorm
samples. Rotated principal component 2, explaining 32.7%
of data set variance, separated samples by depth, with sur-
face water samples exhibiting the lowest values and deep
pore water samples exhibiting the highest values.
[22] Principal component analysis showed that the prin-

cipal component 1 value of DOM became increasingly
distinct with depth beneath the peat/surface water interface.
The principal component 1 value of all pore water samples
decreased with depth, but the decrease was steeper in ridge
compared to slough and steepened further following Hurri-
cane Wilma. Slough pore water samples achieved more
extreme values of principal component 2 than ridge pore

Figure 1. Inputs and outputs for the analytical and statistical methods used in this study. Methods are
indicated in italic font, and inputs and outputs are shown in normal font.
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water samples, indicating greater separation along this pore
water/surface water gradient.
[23] Based on the apparent gradients in the principal

component analysis, we chose end‐members to discriminate
between the ridge influence and slough influence on DOM
provenance (central ridge and slough peat core leachates, as
described above) and between the relatively oxygen‐rich
surface water and oxygen‐poor [Qualls et al., 2001] deep
pore water. Within each pair, the end‐members were sig-
nificantly different (Pillai’s Trace test, F = 11.9832, d.f. =
15, 205, p < 0.0001 for peat core leachates; F = 6.70, d.f. =
15, 33, p < 0.0001 for pore water/surface water samples).
Among other variables (see Text S1), fluorescence index
was a dominant contributor to the higher peat leachate dis-

criminant score of ridge peat compared to slough peat
(Figure 2d). Dominant contributors to pore water/surface
water discriminant scores (Figure 2e) were redox‐reactive
[Cory and McKnight, 2005] hydroquinone‐, semiquinone‐,
and quinone‐like components (see Text S1). Relative con-
centrations of the reduced hydroquinone‐ and semiquinone‐
like components increased with depth, while concentrations
of the oxidized quinone‐like component decreased with
depth. Water table measurements of dissolved oxygen dur-
ing the dry season of 2006 were consistent with trends in
redox‐reactive quinones and pore water/surface water dis-
criminant scores: low dissolved oxygen values corresponded
to high pore water/surface water discriminant scores, and
vice versa (Figure 2e and Table 1).

Figure 2. Spatiotemporal changes in DOM and water quality variables at permanent ridge and slough
sampling sites. (a) DOC concentrations (contour interval 2 mg L−1), (b) SUVA, corrected for dissolved
Fe2+ and Fe3+ absorption (not available for the whole period of record; contour interval 0.1 L mg−1 m−1),
(c) fluorescence index (contour interval of 0.015), (d) peat leachate discriminant scores (contour interval
of 1.5), and (e) pore water/surface water discriminant scores (contour interval of 0.5). Black circles show
sample dates and depths, and reference lines show the dates of Hurricane Wilma’s passage and the dis-
appearance and reemergence of surface water. Sampling began on 9 August 2005 (Julian day 221–2005)
and continued to 7 November 2006 (Julian day 311–2006). Supplemental dissolved oxygen measure-
ments are available for sample points circled in red (Table 1).
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4.3. Spatial Variability in DOM Dynamics

[24] Different DOM metrics exhibited different degrees of
variation with depth and across ridge and slough vegetation
communities (Figure 2). Like DOC concentrations, pore
water/surface water discriminant scores increased with depth
(Figures 2a and 2e). As with the DOC concentrations, this
vertical gradient in the upper 20 cm of the pore water
was steeper in slough (0.14 ± 0.03 cm−1) than ridge (0.09 ±
0.02 cm−1). Steeper pore water/surface water discriminant
score gradients in the slough were observed at sampling
stations spaced at both the 10 m scale and the 50 m scale
(Figures 5a and 5b). In contrast, peat leachate discriminant
scores were less variable with depth for most sample dates
(Figure 2d), especially in comparison to their seasonal var-

iability. Within surface water (when present), peat leachate
discriminant scores were statistically indistinguishable
between ridge and slough (paired t test, p = 0.33, t = 0.98,
d.f. = 29). Likewise, XAD8/XAD4 column fractionation
results for ridge surface water samples were within 1–3% of
those for slough surface water samples (Table 2).
[25] Despite their surface water similarities, peat leachate

discriminant scores differed between the ridge and slough
subsurface (Figure 2d and Figures 5c and 5d) at both the
10 m scale (paired t test, p < 0.001, t = 8.94, df = 14) and
50 m scale. During the relatively dry period following
hurricane Wilma, peat leachate discriminant score gradients
were most pronounced in the ridge (−0.10 ± 0.05 cm−1 ridge
versus −0.04 ± 0.07 cm−1 slough). Still, XAD8/XAD4
column fractionation results from deep pore water samples
acquired in January 2006 were equivalent to within 2% for
the ridge and slough (Table 2). However, when surface
water levels were below the ridge surface, ridge pore water
peat leachate discriminant scores diverged more substan-
tially, particularly at the ridge center sampling station, which
had the shortest hydroperiod (Figures 5c and 5d).

4.4. Temporal Variability in DOM Dynamics

[26] Changes in DOM dynamics over time were associated
with the seasonal drydown/wet‐up cycle and the passage of
Hurricane Wilma. As water levels declined at the end of the
2005 wet season, the near‐surface zones of low pore water/

Figure 3. Ridge and slough water depths over the sampling
period. Fluctuations in water depth, from below the peat
surface (at zero) to tens of centimeters above the peat sur-
face, result from the natural seasonality of rainfall in the
Everglades.

Figure 4. Varimax rotation of principal components of the DOM quality data set, constructed from
PARAFAC model components, fluorescence index, and spectral slope within the 350–600 nm range.
A shift in sample positions occurs as a result of Hurricane Wilma, following a 50 day response period;
preresponse and postresponse samples are distinguished by gray scale.

Table 1. Dry Season Dissolved Oxygen Concentration at Site
3A‐5a

Julian Day Ridge (mg L−1) Slough (mg L−1)

83–2006 2.2 ± 0.2 2.6 ± 0.2
129–2006 0.3 ± 0.2 1.7 ± 0.2
213–2006 3.8 ± 0.2 4.4 ± 0.2

aSamples correspond to the points circled in Figure 2e.
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surface water discriminant scores expanded, mirroring
drydown‐related changes in DOC concentrations (Figure 2).
When water levels again rose following the drydown, the
zone of low pore water/surface water discriminant scores
contracted. However, higher values of SUVA (Figure 2b)
and peat leachate discriminant scores (approaching the mean
peat leachate discriminant score of vegetation leachates:
−23.4 ± 9.07) and lower values of fluorescence index
accompanied the pulse of high DOC that occurred during
this time, reaching more extreme values in the ridge than in
the slough. Hurricane effects were most prominent in the
pore water/surface water discriminant score data set and
the fluorescence index data set. Immediately following the
storm, fluorescence index declined in both ridge and slough,

while peat leachate discriminant scores increased. These
intermediate values of fluorescence index and peat leachate
discriminant scores persisted until the 2006 rewetting event.

4.5. Variability in Peat Leachate Quality Along a
Ridge/Slough Transect

[27] Across the small spatial scales of the ridge/slough
coring transect, peat leachate discriminant scores had more
statistical power to resolve gradients in surface organic
matter provenance than any other DOM quality metric
(spectral slope, SUVA, fluorescence index) (Table 3). Peat
leachate discriminant scores of leachates from cores along
the transect were qualitatively correlated to vegetation dis-
tribution (Figure 6). However, small‐scale variability of

Figure 5. Vertical profiles of discriminant scores from peat leachate and pore water/surface water
discriminant analyses among ridge and slough sites sampled in duplicate during (a, c) August 2005 and
(b, d) March 2006. Each discriminant score profile was obtained from a single sample profile. Samples
were acquired from the ridge and slough ends of an 11 m platform at site WCA‐3A‐5 and from more
central locations within the ridge and slough, spaced ∼50 m apart.

Table 2. XAD8/XAD4 Column Fractionation Results

Sample
Sample
Location

Julian
Day

Hydrophobic
Organic
Acids (%)

Hydrophobic
Organic

Neutrals (%)

Hydrophilic
Organic

Matter (%)
Transphilic
Acids (%)

Transphilic
Neutrals (%)

Ridge surface water 223–2005 42 15 19 16 2
Slough surface water 223–2005 41 18 17 15 3
Ridge −69 cm 12–2006 52 8 14 19 0
Slough −49 cm 12–2006 50 6 15 21 0
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discriminant scores within vegetation communities was also
apparent. For example, the F, G, and H core sites had nearly
identical Cladium densities, yet site H had a discriminant
score higher than those of sites F and G by about 44% of the
total range. Conversely, site E, which contained a consid-
erably lower Cladium density, had a discriminant score
approximately equal to those of sites F and G.

5. Discussion

[28] One of the goals of this study was to demonstrate a
new technique for deconvolving environmental gradients in
redox potential and DOM provenance from fluorescence
spectra. Multiple lines of evidence suggest that this objec-
tive was accomplished through application of discriminant

Table 3. Significance of the Difference Between Ridge and
Slough Peat Core End‐Member Groups

DOM Quality Metric t
Degrees

of Freedom pa

SUVA −3.721 34.91 0.0007*
Fluorescence index 2.045 42.85 0.0470*
Spectral slope (200–250 nm range) 2.469 33.84 0.0188*
Spectral slope (250–300 nm range) 2.142 44.95 0.0376*
Spectral slope (350–600 nm range) 1.751 47 0.0865
Peat leachate discriminant score

without SUVA
−12.64 46.74 <0.0001*

Peat leachate discriminant score
with SUVA

−12.61 46.99 <0.0001*

aAsterisks denote significant results.

Figure 6. Peat leachate discriminant scores for surface peat samples and vegetation distribution along a
ridge/slough transect. Local water depths, in centimeters above the peat surface, are inversely related to
the peat topography along the transect and are thus plotted on an inverted axis. Shaded regions bracket the
range of discriminant scores for replicate peat core samples acquired within ridge and slough centers in
October 2006. Vegetation composition corresponding to coring locations is as follows: very open, sparse
Nymphaea odorata and Eleocharis spp (site A); Nymphaea and Eleocharis (sites B and C); Eleocharis,
sparse Nymphaea, near edge of Cladium jamaicense zone (site D); transitional, with Cladium, sparse
Eleocharis, Crinum americanum, and Panicum hemitomon (site E); dense Cladium (sites F, G, and H).
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analyses to PARAFAC model results, which enabled reso-
lution of DOM dynamics that were not immediately
apparent from other spectral indices, or that were poorly
delineated (Table 3).
[29] Our interpretation of the pore water/surface water

discriminant score gradient as a redox potential gradient is
consistent with oxygen electrode measurements (Table 1),
the strong influence of the resolved redox‐reactive quinone
moities on score values, and the way in which oxidized
moities decrease in abundance with sample depth while
reduced moities increase (Figure S3). Seasonal changes in
discriminant scores suggest that water level was a dominant
control on redox potential (Figure 2e), consistent with pre-
vious findings in the Everglades [Thomas et al., 2009] and
other environments [de Mars and Wassen, 1999]. Likewise,
the long‐term redox potential study of Thomas et al. [2009]
found that Everglades redox potentials remain roughly
constant to a depth of about 10 cm beneath the peat surface
but decrease at greater depth, consistent with the vertical
gradients in the pore water/surface water discriminant
scores.
[30] In the peat leachate discriminant analysis, redox‐

reactive quinone moieties resolved by PARAFAC con-
tributed to discriminant scores in a way that removed the
confounding influence of redox potential in the provenance
signal without contributing to the ridge/slough differences in
peat leachate discriminant scores (see Text S1). To first
order, ridge discriminant scores mirrored the salient features
in the fluorescence index record, supporting the interpreta-
tion of the discriminant score gradient as a DOM prove-
nance gradient. Both data series were consistent with an
interpretation of the more “slough‐like” end‐member as
having more of a microbial influence and the “ridge‐like”
end‐member as having more of a higher plant influence
[McKnight et al., 2001], which is in turn consistent with
vegetation distributions.
[31] Even so, discriminant scores were more consistent

with other metrics of DOM provenance than was fluores-
cence index, which has significant correlations with redox‐
reactive quinone moieties (Figure S3 [Cory and McKnight,
2005; Fellman et al., 2009]). For instance, the substantial
change in the peat leachate discriminant scores in the slough
(where redox gradients are steep) from predrydown to
postdrydown (Figure 2d) was consistent with the SUVA
record (Figure 2b) but undetected in fluorescence index
(Figure 2c). Even in the relatively well‐aerated surface water
and on the ridge, the peat leachate discriminant score
reflected this change in DOM quality, while the fluores-
cence index did not.
[32] Likewise, XAD8/XAD4 column fractionation results

were more consistent with the peat leachate discriminant
scores than with fluorescence index. Fractionation results
from Julian day 12–2006 reflected strong similarities between
deep ridge and slough pore water, and the corresponding
difference between the ridge and slough peat leachate dis-
criminant scores, normalized by the range in discriminant
score values, was 0.15. However, the normalized difference
in fluorescence index was twice as large (0.31). Meanwhile,
fractionation results indicated substantial differences between
slough pore water from that date and slough surface water
from Julian day 223–2005 (Table 2). While the corresponding
normalized difference in peat leachate discriminant score

was 0.18, the normalized difference in fluorescence index
was only 0.12. Thus, both the peat leachate and pore water/
surface water discriminant scores were uniquely suited for
discerning real patterns in DOM dynamics across multiple
environmental gradients to a level of accuracy necessary to
draw inferences about ecosystem function and landscape‐
forming processes.

5.1. Drivers of Temporal Variability in DOM Quality

[33] During the 2005 wet season, when floating periphy-
ton mats were present in sloughs, peat leachate discriminant
scores and fluorescence index patterns reflected a DOM pool
strongly influenced by microbial processes. However, after
hurricane Wilma eliminated the periphyton mats, peat leachate
discriminant scores and fluorescence indices reflected a
less microbial DOM source, likely a combination of mac-
rophytes and remnant free microbes or periphyton attached
to plant stems, the benthos, or detrital floc. During the 2006
rewetting event, this remnant microbial signal also dis-
appeared, and peat leachate discriminant scores more char-
acteristic of peat dominated. The shift accompanied a release
of high‐SUVA (i.e., aromatic [Weishaar et al., 2003]) DOC
from the upper 30–50 cm of the peat that had been previ-
ously unsaturated (Figure 2b).
[34] A third shift in DOC source occurred after Julian day

240–2006, when surface and near‐surface peat leachate
discriminant scores approached the mean peat leachate
discriminant score of Everglades vegetation leachates, while
DOC concentrations decreased (Figures 2a and 2d), imply-
ing a shift in the dominant DOM source to macrophytes.
Unlike the 2005 wet season, microbial production of DOM
by slough periphyton remained very low, reflecting the
continued absence of periphyton mats. Because the DOC
leached from fresh Cladium jamaicense detritus on ridges is
an order of magnitude greater than that leached from
Eleocharis cellulosa detritus in sloughs [Davis et al., 2006],
the relative importance of ridges and sloughs as sources
DOM and nutrient production can fundamentally shift when
slough periphyton mats are absent.
[35] Previous studies have shown that hurricanes cause

a release of nutrients from soils and organic detritus in
wetlands that causes short‐term (weeks to months) eutro-
phication and increased biochemical oxygen demand [Hagy
et al., 2006;Mallin and Corbett, 2006; Tomasko et al., 2006;
Williams et al., 2008]. Our study shows that although Hurri-
cane Wilma may have caused a slight decrease in ridge
redox potential that persisted for a maximum of one month
(Figure 2e), the hurricane was not associated with a pulse
release of DOC; instead, the drydown/rewetting cycle was
a more dominant influence on DOC concentrations. How-
ever, through its effects on the periphyton mat and DOC
quality, the hurricane had a substantially more long‐term
(>1 year) impact on carbon cycling, with additional repercus-
sions for nutrient cycling and ecosystem processes. Periphyton
communities, which typically form the base of Everglades
food webs [Browder et al., 1994], are sites of intense auto-
trophic and heterotrophic activity. Water column microbes
have the shortest uptake timescale for phosphorus of Ever-
glades biota [Noe et al., 2003]. Elimination of periphyton
mats and a shift to more refractory organic substrate may
thus simultaneously reduce heterotrophic activity and increase
phosphorus spiraling length scales. In this way, hurricanes may
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disrupt carbon and nutrient cycling in wetlands for longer
periods of time than previously recognized.

5.2. DOM Spectral Characteristics as an Indicator of
Hydrologic Mixing

[36] Because distinct OM sources in the Everglades per-
sisted for several months (Figure 2d), peat leachate dis-
criminant scores could be used as a semiconservative tracer
of flow and mixing. Indistinguishability of the peat leachate
discriminant scores within surface water suggested that
surface water was well mixed between ridge and slough.
Rapid transitions (nearly vertical contours, Figure 2d) in
peat leachate discriminant score profiles following shifts in
DOM provenance in surface water implied a short (1 month
or less) timescale of vertical flushing. Relative to the ridge,
deep (>40 cm) pore water mixing timescales within the
slough were long, indicated by the persistence of distinct
source signals (e.g., prehurricane periphyton signal,
Figures 2c and 2d) at depth after the dominant surface water
source had shifted. Lateral pore water mixing also occurred
on a slower timescale than surface water mixing, evident in
the distinctness of discriminant scores in ridge and slough
pore water, particularly during the dry season, when the
surface water connection was absent (Figures 2d and 5d).

5.3. Detection of Organic Matter Diagenesis

[37] General similarity between pore water/surface water
discriminant score gradients and DOC gradients implied that
vertical redox potential gradients exerted a dominant control
on spatiotemporal variations in organic matter decomposition
in the Everglades. In the 2005 posthurricane wet season,
when zones of low DOC concentrations and low pore water/
surface water discriminant scores penetrated deeper into the
ridge subsurface than the slough subsurface, stronger peat
leachate discriminant score gradients were found on the
ridge, suggesting that diagenetic processes were faster on
the ridge than in the slough. As flushing transported DOC
that originated within surface water downward, labile
compounds were removed in the relatively aerobic ridge
subsurface, leaving the remnant DOM pool preferentially
enriched in refractory components (as in the works of
Wickland et al. [2007] and Lapworth et al. [2009]) and
shifting pore water discriminant scores closer to those of
peat. Ridge/slough differences in diagenetic processing tied
to redox gradients were not apparent in the fluorescence
index data set (Figure 2c), possibly due to spectroscopic
confounding, but were consistent with the principal com-
ponent analysis (Figure 4).

5.4. Implications of DOM and POM Dynamics for
Ridge and Slough Landscape Processes

[38] Consistent with previous conceptual models [Larsen
et al., 2007], our results suggest that both autogenic and
allogenic processes affect the topographic and vegetation
differentiation of the ridge and slough landscape. Pore
water/surface water discriminant score trends suggested that
near‐surface redox potential gradients are steeper in slough
than in ridge (Figure 2e and Figures 5a and 5b), with
implications for differences in the rates of redox‐regulated
diagenetic processing and decomposition. Since pore water
and surface water remains well mixed laterally and verti-
cally during the wet season (Figure 2d), the dominant con-

tributors to ridge‐slough differences in autogenic peat
accretion rates are likely to be redox potential and the lignin
content, nutrient content, microbial enzyme activity, and
rate of supply of the detrital source material [Graneli and
Solander, 1988; DeBusk and Reddy, 1998; Penton and
Newman, 2007, 2008]. In the managed Everglades system,
landscape differentiation could be reinforced by establish-
ment of conditions that decrease the existing difference in
redox potential between ridge and slough and raise slough
redox potentials. This change would decrease the net rate of
peat accretion within sloughs and the tendency toward
slough infilling [Larsen et al., 2007].
[39] Analysis of the peat leachate discriminant score

trends along a ridge‐slough transect of peat cores (Figure 6)
suggested some allochthony in the origin of peat at transi-
tional elevations. The elevated discriminant score of site E
(transitional vegetation) compared to discriminant scores of
comparable vegetation communities is consistent with
gravitational transport of ridge detritus down the topo-
graphic gradient of the transition zone; simultaneously, the
depressed discriminant scores of sites F and G relative to
other dense Cladium sites is consistent with hydraulic
transport of slough material to the Cladium zone at the ridge
edge. Ridges can expand sloughward through gravity‐driven
spreading of flocculent Cladium detritus from higher ele-
vations to lower elevations, unless the detritus is entrained
by flow before contributing to peat accretion, transported
further downstream, and eventually redeposited within
dense sawgrass [Larsen et al., 2007, 2009]. The redeposited
detritus would have a more slough‐like signal than native
ridge detritus, due to the entrainment of particles from
within sloughs as well as the transition zone. Our observa-
tions provide preliminary support for the redistribution of
detrital matter at the 5 m scale in the vicinity of ridge‐slough
transition zones in a way that promotes long‐term lateral
ridge stability and reinforces the topographic distinctness of
ridge and slough.
[40] The peat core transect analysis is broadly consistent

with other studies of POM transport in the Everglades that
employ a variety of molecular markers and biomarker
proxies. Sampling at 10 m intervals across a ridge to wet
prairie transect, Saunders et al. [2006] found that the Paq (an
n‐alkane based biomarker proxy that differentiates between
organic matter from submerged and emergent vegetation) of
shallow peat samples is significantly correlated with local
vegetation community and biomass, which was also con-
sistent with the larger‐scale Paq study of Mead et al. [2005].
As in our study, Neto et al. [2006] found that although floc
populations predominantly have a local origin, some
decoupling exists in provenance‐related molecular markers
between the floc and underlying peat, possibly evidencing
limited hydrodynamic transport.

5.5. Limitations of Approach

[41] In this analysis, we elected to fit our EEMs to a pre-
viously validated PARAFAC model [Cory and McKnight,
2005] primarily for the enhanced interpretability of the
results (i.e., the known relationship between the resolved
fluorescent components and redox‐reactive quinone moie-
ties, which aided in understanding how the discriminant
analyses deconvolved redox and provenance gradients
(Text S1)). The relatively small size of our data set
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(233 samples) compared to others for which the full version
of PARAFAC has been successfully implemented [e.g.,
Cory and McKnight, 2005; Stedmon and Markager, 2005],
also contributed to this decision. Broad consistency between
our results and multiple other measured and reported
indicators of redox potential and provenance gradients in this
environment provide confidence in our use of this technique.
However, the technique presents several limitations.
[42] Most importantly, rigorous comparison between the

full version of PARAFAC and the 13‐component Cory/
McKnight model showed that the latter tends to have the
highest residuals in the region most sensitive to the fluo-
rescence of amino acids and polyphenols [Fellman et al.,
2009]. In other words, the fluorescent signature of protein-
aceous and phenolic compounds tends to be unique across
different environments. These compounds are typically
highly reactive, with proteinaceous compounds prone to
rapid microbial uptake and phenolic compounds to photo-
oxidation [Scully et al., 2004]. Because the Cory/McKnight
PARAFAC model has limited ability to resolve these
compounds across different environments, approaches that
employ this technique have limited ability to detect photo-
degradation processes or the initial, most rapid stages of
DOM diagenesis. In the Everglades, these limitations may
have contributed to the lack of a strong vertical gradient in
peat leachate discriminant scores between surface water and
near‐surface pore water. Expectedly, labile compounds ini-
tially leached from freshly wetted detritus, particularly
during rewetting events, would undergo rapid uptake by
microbes in the surface water and near‐surface peat before
penetrating to deeper levels of the subsurface [Maie et al.,
2005, 2006b]. Although beyond the scope of the present
study goals, future implementation of our discriminant
analysis approach using results of a full PARAFAC model
could better resolve early diagenesis and photodegradation
processes.

6. Conclusions and Implications

[43] Recent advances in DOM fluorescence spectroscopy
have resulted in rapid and relatively cost‐effective options
for assessing DOM quality that have enabled detection of
processes important for carbon cycling that cannot be
resolved from bulk DOC measurements. In our study, the
information contained within DOM fluorescence spectra
revealed significant shifts in DOM provenance and lability
that occurred not just in response to a hurricane disturbance
but also as a result of seasonal changes in water levels and
leaching from vegetation and detritus. Changes in vertical
redox potential gradients that affected DOM diagenesis also
occurred over these monthly timescales, adding to a grow-
ing awareness of the large degree of temporal variability in
DOM signal that many rivers, wetlands, and coastal zones
exhibit worldwide [Spencer et al., 2007; Hernes et al., 2008;
Jaffe et al., 2008; Spencer et al., 2008].
[44] It is now common practice to resolve large‐scale

spatial changes in DOM provenance and redox potential
using fluorescence index and/or spectroscopic indices con-
structed from equally weighted PARAFAC model compo-
nent concentrations (e.g., redox indices [Miller et al., 2006]).
However, at small spatial scales (e.g., between adjacent
vegetation communities), changes in redox potential can

spectroscopically confound source signatures, and vice
versa, making trends in simple spectroscopic indices diffi-
cult to interpret. We found that discriminant analyses using
PARAFAC model results, fluorescence index, spectral
slope, and SUVA had the greatest power to deconvolve
gradients in redox potential and DOM provenance in the
ridge and slough landscape, providing insight into hydro-
logic mixing, effects of a hurricane, relative rates of OM
decomposition, and POM redistribution to an extent not
possible using simple spectroscopic indices alone. Because
its sensitivity, fluorescence spectroscopy, combined with
appropriate statistical postprocessing, could be used in
concert with other biomarker proxies as a performance
indicator in the Everglades to determine whether POM
transport, redox gradients, and diagenetic processes are
changing in a way that is favorable to landscape restoration.
In ecosystems throughout the world, the sensitivity, relative
rapidity, and cost‐effectiveness of fluorescence measure-
ments combine to make fluorescence spectroscopy an
excellent tracer of disturbance effects on carbon cycling
and of the effectiveness of restoration and management
strategies.

[45] Acknowledgments. Support was provided by the Everglades
Priority Ecosystem Science Initiative of the USGS, the National Research
Program of the USGS, the Canon National Parks Science Scholars Pro-
gram, the Hertz Foundation, the National Wildlife Refuge System, and a
National Science Foundation Graduate Research Fellowship to L.G.L.
We thank Kenna Butler, Eddie Simonds, Daniel Nowacki, Jennifer
Schnackel, Jennifer O’Reilly, and Joel Detty for field and laboratory assis-
tance and Matthew Miller for assistance with PARAFAC implementation.
This manuscript benefited from reviews by Bryan Downing, Sally Walker,
Kim Wickland, and an anonymous referee. Any use of trade, firm, or prod-
uct names is for descriptive purposes only and does not imply endorsement
by the U.S. Government.

References
Ahn, C., P. M. Gillevet, M. Sikaroodi, and K. L. Wolf (2009), An assess-
ment of soil bacterial community structure and physicochemistry in two
microtopographic locations of a palustrine forested wetland, Wetlands
Ecol. Manage., 17, 397–407, doi:10.1007/s11273-008-9116-4.

Aiken, G., and J. Leenheer (1993), Isolation and chemical characterization
of dissolved and colloidal organic matter, Chem. Ecol., 8, 135–151,
doi:10.1080/02757549308035305.

Aiken, G. R., D. M. McKnight, K. A. Thorn, and E. M. Thurman (1992),
Isolation of hydrophilic organic acids from water using nonionic macro-
porous resins, Org. Geochem., 18, 567–573, doi:10.1016/0146-6380(92)
90119-I.

Benner, R., and B. Biddanda (1998), Photochemical transformations of sur-
face and deep marine dissolved organic matter: Effects on bacterial
growth, Limnol. Oceanogr., 43, 1373–1378.

Benner, R., J. D. Pakulski, M. McCarthy, J. I. Hedges, and P. G. Hatcher
(1992), Bulk chemical characteristics of dissolved organic matter in the
ocean, Science, 255, 1561–1564, doi:10.1126/science.255.5051.1561.

Bernhardt, C. E., and D. A. Willard (2009), Response of the Everglades’
ridge and slough landscape to climate variability and 20th century
water‐management, Ecol. Appl., 19, 1723–1738, doi:10.1890/08-0779.1.

Browder, J. A., P. J. Gleason, and D. R. Swift (1994), Periphyton in the
Everglades: Spatial variation, environmental correlates, and ecological
implications, in Everglades: The Ecosystem and Its Restoration, edited
by S. M. Davis and J. C. Ogden, pp. 379–418, St. Lucie, Delray Beach,
Fla.

Chen, W., P. Westerhoff, J. A. Leenheer, and K. Booksh (2003), Fluores-
cence excitation‐emission matrix regional integration to quantify spectra
for dissolved organic matter, Environ. Sci. Technol., 37, 5701–5710,
doi:10.1021/es034354c.

Coble, P. G., S. A. Green, N. V. Blough, and R. B. Gagosian (1990), Char-
acterisation of dissolved organic matter in the Black Sea by fluorescence
spectroscopy, Nature, 348, 432–435, doi:10.1038/348432a0.

Cory, R. M., and D. M. McKnight (2005), Fluorescence spectroscopy
reveals ubiquitous presence of oxidized and reduced quinones in dissolved

LARSEN ET AL.: RESOLVING DOM SOURCE AND REDOX GRADIENTS G03001G03001

12 of 14



organic matter, Environ. Sci. Technol., 39, 8142–8149, doi:10.1021/
es0506962.

Davis, S. E., D. L. Childers, and G. B. Noe (2006), The contribution of
leaching to the rapid release of nutrients and carbon in the early decay
of oligotrophic wetland vegetation, Hydrobiologia, 569, 87–97,
doi:10.1007/s10750-006-0124-1.

DeBusk, W. F., and K. R. Reddy (1998), Turnover of detrital organic car-
bon in a nutrient‐impacted Everglades marsh, Soil Sci. Soc. Am. J., 62,
1460–1468.

de Mars, H., and M. J. Wassen (1999), Redox potentials in relation to water
levels in different mire types in the Netherlands and Poland, Plant Ecol.,
140, 41–51, doi:10.1023/A:1009733113927.

Duff, J. H., F. Murphy, C. C. Fuller, F. J. Triska, J. W. Harvey, and A. P.
Jackman (1998), A mini drivepoint sampler for measuring pore water
solute concentrations in the hyporheic zone of sand‐bottom streams,
Limnol. Oceanogr., 43, 1378–1383.

Fellman, J. B., M. P. Miller, R. M. Cory, D. V. D’amore, and D. White
(2009), Characterizing dissolved organic matter using PARAFAC model-
ing of fluorescence spectroscopy: A comparison of two models, Environ.
Sci. Technol., 43, 6228–6234, doi:10.1021/es900143g.

Findlay, S. E. G., and R. L. Sinsabaugh (2003), Interactivity of Dissolved
Organic Matter, Academic, San Diego, Calif.

Fulton, J. R., D. M. McKnight, C. M. Foreman, R. M. Cory, C. Stedmon,
and E. Blunt (2004), Changes in fulvic acid redox state through the oxy-
cline of a permanently ice‐covered Antarctic lake, Aquat. Sci., 66, 27–46,
doi:10.1007/s00027-003-0691-4.

Gleason, P. L., and P. Stone (1994), Age, origin, and landscape evolution
of the Everglades peatland, in Everglades: The Ecosystem and Its Resto-
ration, edited by S. M. Davis and J. C. Ogden, pp. 149–197, St. Lucie,
Boca Raton, Fla.

Graneli, W., and D. Solander (1988), Influence of aquatic macrophytes on
phosphorus cycling in lakes, Hydrobiologia, 170, 245–266.

Greening, H., P. Doering, and C. Corbett (2006), Hurricane impacts on
coastal ecosystems, Estuaries Coasts, 29, 877–879.

Hagy, J. D., III, J. C. Lehrter, and M. C. Murrell (2006), Effects of Hurri-
cane Ivan on water quality in Pensacola Bay, Florida, Estuaries Coasts,
29, 919–925.

Hair, J. F. J., R. E. Anderson, R. L. Tatham, and W. C. Black (1998),
Multivariate Data Analysis, 730 pp., Prentice Hall, Upper Saddle River,
N. J.

Hall, G. J., and J. E. Kenny (2007), Estuarine water classification using
EEM spectroscopy and PARAFAC‐SIMCA, Anal. Chim. Acta, 581,
118–124, doi:10.1016/j.aca.2006.08.034.

Hall, G. J., K. E. Clow, and J. E. Kenny (2005), Estuarial fingerprinting
through multidimensional fluorescence and multivariate analysis,
Environ. Sci. Technol., 39, 7560–7567, doi:10.1021/es0503074.

Harvey, J. W., S. L. Krupa, and J. M. Krest (2004), Ground water recharge
and discharge in the central Everglades, Ground Water, 42, 1090–1102,
doi:10.1111/j.1745-6584.2004.tb02646.x.

Harvey, J. W., R. W. Schaffranek, G. B. Noe, L. G. Larsen, D. Nowacki,
and B. L. O’Connor (2009), Hydroecological factors governing surface‐
water flow on a low‐gradient floodplain, Water Resour. Res., 45,
W03421, doi:10.1029/2008WR007129.

Hernes, P. J., R. G. M. Spencer, R. Y. Dyda, B. A. Pellerin, P. A. M.
Bachand, and B. A. Bergamaschi (2008), The role of hydrologic regimes
on dissolved organic carbon composition in an agricultural watershed,
Geochim. Cosmochim. Acta, 72, 5266–5277, doi:10.1016/j.gca.2008.
07.031.

Jaffe, R., D. McKnight, N. Maie, R. Cory, W. H. McDowell, and J. L.
Campbell (2008), Spatial and temporal variations in DOM composition
in ecosystems: The importance of long‐term monitoring of optical prop-
erties, J. Geophys. Res., 113, G04032, doi:10.1029/2008JG000683.

Jiang, F., F. S. Lee, X. Wang, and D. Dai (2008), The application of
excitation/emission matrix spectroscopy combined with multivariate
analysis for the characterization and source identification of dissolved
organic matter in seawater of Bohai Sea, China, Mar. Chem., 110,
109–119, doi:10.1016/j.marchem.2008.02.010.

Klapper, L., D. M. McKnight, J. R. Fulton, E. L. Blunt‐Harris, K. P. Nevin,
D. R. Lovley, and P. G. Hatcher (2002), Fulvic acid oxidation state detec-
tion using fluorescence spectroscopy, Environ. Sci. Technol., 36, 3170–
3175, doi:10.1021/es0109702.

Krest, J. M., and J. W. Harvey (2003), Using natural distributions of short‐
lived radium isotopes to quantify groundwater discharge and recharge,
Limnol. Oceanogr., 48, 290–298.

Lapworth, D. J., D. C. Gooddy, A. S. Butcher, and B. L.Morris (2008), Trac-
ing groundwater flow and sources of organic carbon in sandstone aqui-
fers using fluorescence properties of dissolved organic matter (DOM),
Appl. Geochem., 23, 3384–3390, doi:10.1016/j.apgeochem.2008.07.011.

Lapworth, D. J., D. C. Gooddy, D. Allen, and G. H. Old (2009), Under-
standing groundwater, surface water, and hyporheic zone biogeochemical
processes in a Chalk catchment using fluorescence properties of dis-
solved and colloidal organic matter, J. Geophys. Res., 114, G00F02,
doi:10.1029/2009JG000921.

Larsen, L. G., J. W. Harvey, and J. P. Crimaldi (2007), A delicate balance:
Ecohydrological feedbacks governing landscape morphology in a lotic
peatland, Ecol. Monogr., 77(4), 591–614, doi:10.1890/06-1267.1.

Larsen, L. G., J. W. Harvey, and J. P. Crimaldi (2009), Predicting bed shear
stress and its role in sediment dynamics and restoration potential of the
Everglades and other vegetated flow systems, Ecol. Eng., 35, 1773–
1785, doi:10.1016/j.ecoleng.2009.09.002.

Lovley, D. R., J. D. Coates, E. L. Blunt‐Harris, E. J. P. Phillips, and J. C.
Woodward (1996), Humic substances as electron acceptors for microbial
respiration, Nature, 382, 445–448, doi:10.1038/382445a0.

Lovley, D. R., J. L. Fraga, E. L. Blunt‐Harris, L. A. Hayes, E. J. P. Phillips,
and J. D. Coates (1998), Humic substances as a mediator for microbially
catalyzed metal reduction, J. Acta Hydrochim. Hydrobiol., 26, 152–157,
doi:10.1002/(SICI)1521-401X(199805)26:3<152::AID-AHEH152>3.0.
CO;2-D.

Lu, X. Q., N. Maie, J. V. Hanna, D. L. Childers, and R. Jaffe (2003),
Molecular characterization of dissolved organic matter in freshwater
wetlands of the Florida Everglades, Water Res., 37, 2599–2606,
doi:10.1016/S0043-1354(03)00081-2.

Maie, N., C. Yang, T. Miyoshi, K. Parish, and R. Jaffe (2005), Chemical
characteristics of dissolved organic matter in an oligotrophic subtropical
wetland/estuarine ecosystem, Limnol. Oceanogr., 50, 23–35.

Maie, N., J. N. Boyer, C. Yang, and R. Jaffe (2006a), Spatial, geomorpho-
logical, and seasonal variability of CDOM in estuaries of the Florida
Coastal Everglades, Hydrobiologia, 569, 135–150, doi:10.1007/
s10750-006-0128-x.

Maie, N., R. Jaffe, T. Miyoshi, and D. L. Childers (2006b), Quantitative
and qualitative aspects of dissolved organic carbon leached from senes-
cent plants in an oligotrophic wetland, Biogeochemistry, 78, 285–314,
doi:10.1007/s10533-005-4329-6.

Mallin, M. A., and C. A. Corbett (2006), How hurricane attributes determine
the extent of environmental effects: Multiple hurricanes and different
coastal systems, Estuaries Coasts, 29, 1046–1061.

Matthews, B. J. H., A. C. Jones, N. K. Theodorou, and A. W. Tudhope
(1996), Excitation‐emission‐matrix fluorescence spectroscopy applied
to humic acis bands in coral reefs, Mar. Chem., 55, 317–332,
doi:10.1016/S0304-4203(96)00039-4.

McKnight, D., E. M. Thurman, R. L. Wershaw, and H. Hemond (1985),
Biogeochemistry of aquatic humic substances in Thoreau’s Bog, Con-
cord, Massachusetts, Ecology, 66, 1339–1352, doi:10.2307/1939187.

McKnight, D. M., K. E. Bencala, G. W. Zellweger, G. R. Aiken, G. L.
Feder, and K. A. Thorn (1992), Sorption of dissolved organic carbon
by hydrous aluminum and iron oxides occurring at the confluence of
Deer Creek with the Snake River, Summit County, Colorado, Environ.
Sci. Technol., 26, 1388–1396, doi:10.1021/es00031a017.

McKnight, D. M., E. W. Boyer, P. K. Westerhoff, P. T. Doran, T. Kulbe,
and D. T. Anderson (2001), Spectrofluorometric characterization of dis-
solved organic matter for indication of precursor organic material and
aromaticity, Limnol. Oceanogr., 46, 38–48.

McKnight, D. M., G. M. Hornberger, K. E. Bencala, and E. W. Boyer
(2002), In‐stream sorption of fulvic acid in an acidic stream: A
stream‐scale transport experiment, Water Resour. Res., 38(1), 1005,
doi:10.1029/2001WR000269.

Mead, R., Y. Xu, J. Chong, and R. Jaffe (2005), Sediment and soil organic
matter source assessment as revealed by the molecular distribution and
carbon isotopic composition of n‐alkanes, Org. Geochem., 36, 363–
370, doi:10.1016/j.orggeochem.2004.10.003.

Merritt, K. A., and M. S. Erich (2003), Influence of organic matter decom-
position on soluble carbon and its copper‐binding capacity, J. Environ.
Qual., 32, 2122–2131.

Miller, M. P., D. M. McKnight, R. M. Cory, M. W. Williams, and R. L.
Runkel (2006), Hyporheic exchange and fulvic acid redox reactions in
an alpine stream/wetland ecosystem, Colorado Front Range, Environ.
Sci. Technol., 40, 5943–5949, doi:10.1021/es060635j.

Mladenov, N., D. M. McKnight, P. Wolski, and L. Ramberg (2005),
Effects of annual flooding on dissolved organic carbon dynamics within
a pristine wetland, the Okavango Delta, Botswana, Wetlands, 25, 622–
638, doi:10.1672/0277-5212(2005)025[0622:EOAFOD]2.0.CO;2.

Mladenov, N., P. Huntsman‐Mapila, P. Wolski, W. R. L. Masamba, and
D. M. McKnight (2008), Dissolved organic matter accumulation, reactiv-
ity, and redox state in ground water of a recharge wetland, Wetlands, 28,
747–759, doi:10.1672/07-140.1.

LARSEN ET AL.: RESOLVING DOM SOURCE AND REDOX GRADIENTS G03001G03001

13 of 14



Neto, R. R., R. N. Mead, J. W. Louda, and R. Jaffe (2006), Organic biogeo-
chemistry of detrital flocculent material (floc) in a subtropical, coastal
wetland, Biogeochemistry, 77, 283–304, doi:10.1007/s10533-005-5042-1.

Noe, G. B., L. J. Scinto, J. Taylor, D. L. Childers, and R. D. Jones (2003),
Phosphorus cycling and partitioning in an oligotrophic Everglades wet-
land ecosystem: A radioisotope tracing study, Freshwater Biol., 48,
1993–2008, doi:10.1046/j.1365-2427.2003.01143.x.

Ogden, J. C. (2005), Everglades ridge and slough conceptual ecological
model, Wetlands, 25, 810–820, doi:10.1672/0277-5212(2005)025
[0810:ERASCE]2.0.CO;2.

Ohno, T., and R. Bro (2006), Dissolved organic matter characterization
using multiway spectral decomposition of fluorescence landscapes, Soil
Sci. Soc. Am. J., 70, 2028–2037, doi:10.2136/sssaj2006.0005.

Penton, C. R., and S. Newman (2007), Enzyme activity responses to nutri-
ent loading in subtropical wetlands, Biogeochemistry, 84, 83–98,
doi:10.1007/s10533-007-9106-2.

Penton, C. R., and S. Newman (2008), Enzyme‐based resource allocated
decomposition and landscape heterogeneity in the Florida Everglades,
J. Environ. Qual., 37, 972–976, doi:10.2134/jeq2007.0248.

Persson, T., and M. Wedborg (2001), Multivariate evaluation of the fluo-
rescence of aquatic organic matter, Anal. Chim. Acta, 434, 179–192,
doi:10.1016/S0003-2670(01)00812-1.

Qualls, R. G., C. J. Richardson, and L. J. Sherwood (2001), Soil reduction‐
oxidation potential along a nutrient‐enrichment gradient in the Ever-
glades, Wetlands, 21, 403–411, doi:10.1672/0277-5212(2001)021
[0403:SROPAA]2.0.CO;2.

Rinnan, A., K. S. Booksh, and R. Bro (2005), First order Rayleigh scatter
as a separate component in the decomposition of fluorescence land-
scapes, Anal. Chim. Acta, 537, 349–358, doi:10.1016/j.aca.2005.01.044.

Saunders, C. J., M. Gao, J. A. Lynch, R. Jaffe, and D. L. Childers (2006),
Using soil profiles of seeds and molecular markers as proxies for saw-
grass and wet prairie slough vegetation in Shark Slough, Everglades
National Park, Hydrobiologia, 569, 475–492, doi:10.1007/s10750-006-
0150-z.

Science Coordination Team (SCT) (2003), The role of flow in the Ever-
glades ridge and slough landscape, white paper, edited by N. Aumen,
South Fla. Ecosyst. Restoration Working Group, Ft. Lauderdale.
(Available at http://sofia.usgs.gov/publications/papers/sct_flows)

Scott, D. T., D. M. McKnight, E. L. Blunt‐Harris, S. E. Kolesar, and D. R.
Lovley (1998), Quinone moieties act as electron acceptors in the reduc-
tion of humic substances by humics‐reducing microorganisms, Environ.
Sci. Technol., 32, 2984–2989, doi:10.1021/es980272q.

Scully, N. M., N. Maie, S. K. Dailey, J. N. Boyer, R. D. Jones, and R. Jaffe
(2004), Early diagenesis of plant‐derived dissolved organic matter along
a wetland, mangrove, estuary ecotone, Limnol. Oceanogr., 49, 1667–
1678.

Senesi, N., T. M. Miano, M. R. Provenzano, and G. Brunetti (1989), Spec-
troscopic and compositional comparative characterization of I.H.S.S.
reference and standard fulvic and humic acids of various origin, Sci.
Total Environ., 81–82, 143–156, doi:10.1016/0048-9697(89)90120-4.

Senesi, N., T. M. Miano, M. R. Provenzano, and G. Brunetti (1991), Char-
acterization, differentiation, and classification of humic substances by
fluorescence spectroscopy, Soil Sci., 152, 259–271, doi:10.1097/
00010694-199110000-00004.

Spencer, R. G. M., B. A. Pellerin, B. A. Bergamaschi, B. D. Downing,
T. E. C. Kraus, D. R. Smart, R. A. Dahlgren, and P. J. Hernes (2007),
Diurnal variability in riverine dissolved organic matter composition

determined by in situ optical measurement in the San Joaquin River
(California, USA), Hydrol. Process., 21, 3181–3189, doi:10.1002/
hyp.6887.

Spencer, R. G. M., G. R. Aiken, K. P. Wickland, R. G. Striegl, and P. J.
Hernes (2008), Seasonal and spatial variability in dissolved organic
matter quantity and composition from the Yukon River basin, Alaska,
Global Biogeochem. Cycles, 22, GB4002, doi:10.1029/2008GB003231.

Stedmon, C. A., and R. Bro (2008), Characterizing dissolved organic
matter fluorescence with parallel factor analysis: A tutorial, Limnol.
Oceanogr. Methods, 6, 572–579.

Stedmon, C. A., and S. Markager (2005), Resolving the variability in dis-
solved organic matter fluorescence in a temperate estuary and its catch-
ment using PARAFAC analysis, Limnol. Oceanogr., 50, 686–697.

Stedmon, C. A., S. Markager, and R. Bro (2003), Tracing dissolved organic
matter in aquatic environments using a new approach to fluorescence
spectroscopy, Mar. Chem., 82, 239–254, doi:10.1016/S0304-4203(03)
00072-0.

Thomas, C. R., S. Miao, and E. Sindhoj (2009), Environmental factors
affecting temporal and spatial patterns of soil redox potential in Florida
Everglades wetlands, Wetlands, 29, 1133–1145, doi:10.1672/08-234.1.

Tomasko, D. A., C. Anastasiou, and C. Kovach (2006), Dissolved oxygen
dynamics in Charlotte Harbor and its contributing watershed, in response
to hurricanes Charley, Frances, and Jeanne‐Impacts and recovery,
Estuaries Coasts, 29, 932–938.

Twardowski, M. S., E. Boss, J. M. Sullivan, and P. L. Donaghay (2004),
Modeling the spectral shape of absorption by chromophoric dissolved
organic matter, Mar. Chem., 89, 69–88, doi:10.1016/j.marchem.2004.
02.008.

Viollier, E., P. W. Inglett, K. Hunter, A. N. Roychoudhury, and P. V.
Cappellen (2000), The ferrozine method revisited: Fe(II) and Fe(III)
determination in natural waters, Appl. Geochem., 15, 785–790,
doi:10.1016/S0883-2927(99)00097-9.

Vivian‐Smith, G. (1997), Microtopographic heterogeneity and floristic
diversity in experimental wetland communities, J. Ecol., 85, 71–82,
doi:10.2307/2960628.

Weishaar, J. L., G. R. Aiken, B. A. Bergamasci, M. S. Fram, R. Fujii, and
K. Mopper (2003), Evaluation of specific ultraviolet absorbance as an
indicator of the chemical composition and reactivity of dissolved organic
matter, Environ. Sci. Technol., 37, 4702–4708, doi:10.1021/es030360x.

Wickland, K. P., J. C. Neff, and G. R. Aiken (2007), Dissolved organic
carbon in Alaskan boreal forest: Sources, chemical characteristics, and
biodegradability, Ecosystems, 10, 1323–1340, doi:10.1007/s10021-007-
9101-4.

Williams, C. J., J. N. Boyer, and F. J. Jochem (2008), Indirect hurricane
effects on resource availability and microbial communities in a subtrop-
ical wetland‐estuary transition zone, Estuaries Coasts, 31, 204–214,
doi:10.1007/s12237-007-9007-6.

G. R. Aiken, U.S. Geological Survey, 3215 Marine St., Boulder, CO
80303, USA.
J. P. Crimaldi, Department of Civil, Environmental, and Architectural

Engineering, University of Colorado at Boulder, 428 UCB, Boulder, CO
80309, USA.
J. W. Harvey, L. G. Larsen, and G. B. Noe, U.S. Geological Survey,

12201 Sunrise Valley Dr., MS 430, Reston, VA 20192, USA. (lglarsen@
usgs.gov)

LARSEN ET AL.: RESOLVING DOM SOURCE AND REDOX GRADIENTS G03001G03001

14 of 14



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


