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Abstract. Water draining from the Everglades marshes of southern Florida contains high concentrations
of dissolved organic C (DOC), N (DON), and in some locations, P (DOP). These dissolved organic
nutrients carry over 90% of the N and organic C, and about 25% of the P exported downstream in the
Everglades. Our objectives were to describe the most important aspects of the origin and fate of dis-
solved organic matter (DOM) in the Everglades, and to describe the processes controlling its concen-
tration and export. Concentrations of dissolved organic nutrients are influenced by local plant produc-
tion, decomposition, and sorption equilibrium with peat. The drained peat soils of the Everglades
Agricultural Area and the more productive marshes of the northern Everglades produce some of the
highest concentrations of DOC and DON in the Everglades watershed. In portions of the marshes of the
northern Everglades, P enrichment was correlated with higher local DOC and DON concentrations and
greater production of soluble plant matter. Microbial degradation of Everglades DOM was very slow;
less than 10% of the DOC was lost after 6 months of incubation in the laboratory and supplements of
inorganic nutrients failed to speed the decomposition. Exposure to solar radiation increased the subse-
quent decay rate of the remaining DOC (25% in 6 mo.). Solar radiation alone mineralized 20.5% of the
DOC, 7% of the DON, and degraded about 50% of the humic substances over 21 days in sterile pore-
water samples and thus degraded DOM faster than microbial degradation. The humic substances ap-
peared to inhibit biodegradation of the other fractions of the DOC since hydrophilic organic acids de-
composed faster when isolated from the humic substances. The fate of DOC and DON is closely linked
as indicated by a generally narrow range of C/N ratios. In contrast, high concentrations of DOP were
associated with P enrichment (at least in pore water). The DOC was composed of about 50% humic
substances, 33% hydrophilic acids, and 15% hydrophilic neutral substances, typical of DOC from other
environments, despite the fact that it originates from a neutral to slightly alkaline peatland. Despite high
exports of DON (3.9 g m−2 y−1 from one area), the marshes of the northern Everglades are a sink for
DON on a landscape scale. The agricultural fields of the Everglades Agricultural Area, however, ex-
ported net quantities of DON. High concentrations of DOC desorbed from the agricultural soils when
water with no DOC was added. Sorption experiments indicated that high concentrations of dissolved
organic matter flowing into the marshes from the Everglades Agricultural Area could suppress the fur-
ther desorption of additional soluble organic matter through physicochemical mechanisms. While bio-
logical factors, plant production and microbial decomposition are important in producing potentially
soluble organic nutrients, physicochemical sorption equilibria, hydrology, and degradation by solar ra-
diation are also likely to control the export of this material on the landscape scale.
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Abbreviations: (DOC) – Dissolved organic carbon, (DOM) – Dissolved organic matter, (DON) – Dis-
solved organic nitrogen, (DOP) – Dissolved organic phosphorus, (EAA) – Everglades Agricultural Area,
(WCA) – Water Conservation Area

Introduction

Water draining from wetlands often contains high concentrations of darkly colored
dissolved organic matter (DOM). This dissolved organic matter carries not only
carbon, but also nitrogen, phosphorus and metals. The DOM functions in several
important ways in wetland ecosystems:

• it is a major mode of export for N (Lewis 2002) and P (Qualls et al. 2002 (in
press)) in many ecosystems,

• since it represents an important form of export, it plays a major role in deter-
mining the balance and accumulation of N, P, and perhaps even C over the
long period of soil development,

• because natural DOM is a powerful agent for complexation of metals, it plays
an important role in metal toxicity and metal export, e.g. mercury (Strober et
al. 1995),

• it provides a potential source of carbon for microbial growth (Travnik 1992),
and

• it controls the pH of many wetland waters (Hemond 1980; McKnight et al.
1985).

Our understanding of the processes that control the concentration and export of
DOM and the elements carried by it in wetlands is limited. Although it is under-
stood that the high concentrations of DOM originate from plants, the factors con-
trolling its concentration and fate are poorly understood. The availability of the nu-
trients N and P carried in dissolved organic matter is also poorly understood.
Furthermore, DOM is variously viewed as a resource for bacteria in some studies
(Travnik 1992) while in others it is regarded it as refractory. Wetlands around the
world are experiencing disturbances such as drainage, eutrophication, and problems
with heavy metal toxicity which either influence dissolved organic matter or are
influenced by dissolved organic matter. The Everglades of Florida present a case in
which all three disturbances are important. A large portion has been drained (Tate
1980). Agricultural nutrients have been draining from the Everglades Agricultural
Area into the northern Everglades for at least three decades, causing enrichment of
certain areas and there is a growing concern about the transport of nutrients to
Florida Bay (Reddy et al. 1999). Mercury toxicity is also a major problem as it is
in many wetlands around the world (Lodenius et al. 1983) and mercury is largely
transported by DOC in the Everglades (Strober et al. 1995). The Everglades, at a
subtropical latitude, also experiences relatively high levels of solar UV radiation
which could increase in the future if stratospheric ozone continues to decline. Solar
UV radiation has been shown to alter aquatic DOM (Keiber et al. 1990; Bushaw et
al. 1996).
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A conceptual diagram (Figure 1) illustrates what we believe to be the most sig-
nificant processes generating and consuming DOC and the associated nutrient at-
oms (N and P). This study will explore the potential importance of these processes
either by studying natural patterns of concentrations or laboratory experiments.

Our objectives in this paper are to describe the most important aspects of the
origin and fate of DOM in the Everglades and the factors controlling concentration
of DOM. Our specific objectives in this study were to:

1. determine which landscapes in the Everglades produce the highest concentra-
tion of dissolved organic nutrients,

2. determine whether there is a net production and export of dissolved organic nu-
trients in the marshes of the catchment Water Conservation Area 2A,

3. determine whether sorption of potentially soluble organic matter can play a role

Figure 1. Main processes generating and consuming dissolved organic carbon in a marsh ecosystem.
Dissolved organic matter is important in transport of DON and DOP. Processes generating DOC are
direct leaching of soluble substances produced from plants and litter, exudation of substances from roots,
microbial solubilization of substances that were not originally soluble, and production of DOC by algae.
Processes consuming DOC are microbial mineralization, microbial mineralization catalyzed by photoly-
sis of DOC to low molecular size compounds, and photochemical mineralization. We also hypothesize
a pool of potentially soluble organic carbon in solid phase sorbed onto solid soil organic matter that can
sorb or desorb from the solid phase. This study is concerned with import and export, leaching from
litter, microbial mineralization, abiotic photochemical mineralization, and sorption/desorption. We did
not explore algal production.
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in regulating concentration of dissolved organic nutrients,
4. characterize the functional group characteristics of the DOM,
5. determine the relative importance of biodegradation and solar radiation in min-

eralization of C, N, and P from DOM, and
6. determine whether humic substances inhibit biodegradation of other fractions of

DOM.

Materials and methods

Study area

The Everglades lie in the interior of the southern tip of the Florida peninsula, origi-
nally extending from Lake Okeechobee to the southern tip of Florida (Figure 2a).
In the humid subtropical climate, the marsh plants grow year-round (Davis (1989,
1991)), but 75% of the 136 cm average annual rain falls in the wet season between
May and October (South Florida Water Management District 1992). Much of the
Everglades consists of vast expanses of sawgrass (Cladium jamaicense) marsh in-
terspersed with islands of short trees and areas of deeper water called wet prairies
and sloughs. The area just south of Lake Okeechobee, called the Everglades Agri-
cultural Area (EAA), has been drained and produces mainly sugar cane, vegetables,
and rice. These drained peat soils are now generally 60 to 120 cm deep but have
subsided as much as 2 m from their original depth, due largely to aerobic decom-
position (Tate 1980). The Water Conservation Areas (WCA) consist largely of
marshes surrounded by dikes and canals (Figures 2a & 2b). The area south of In-
terstate highway 75 (the “southern Everglades”) consists of marshes, mangroves,
and a variety of other communities. The depth of peat soil generally declines from
2–3 m in the remaining marshes of the northern Everglades southward to depths of
only a few cm. The peat is underlain by limestone. The pH of the peat is nearly
neutral except in the center of WCA-1 and some nearby agricultural peat soils
where pH is between 6 and 7. The pH of surface water is generally neutral to
slightly alkaline but pH’s as high as 9 can occur over algal mats. This study will
deal with the portion of the Everglades watershed south of Lake Okeechobee.

Surface water flow is generally from north to south, potentially from the south-
ern shore of Lake Okeechobee, through canals in the EAA, into the Water Conser-
vation Areas and then into the Shark River Slough in the Everglades National Park.
However, flow is regulated by an extensive canal system (Figure 2b). During the
dry season, water from Lake Okeechobee is used to irrigate the EAA. During the
wet season, water is generally pumped from the EAA into the Water Conservation
Areas along with runoff containing excess nutrients. These inputs of excess P have
created a nutrient enrichment and plant productivity gradient in WCA-2A extend-
ing several km from the Hillsboro Canal south into the interior of the WCA-2A
marsh and a shift from Cladium jamaicense to Typha domengensis dominated com-
munities (Figures 2a & 2b), (Davis 1989; Craft and Richardson 1993). Some flow
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from the Water Conservation Areas can also drain to the East Coast. Water from
WCA-3A can enter the Everglades National Park. There, water eventually flows
into the mangrove areas and to Florida Bay.

Survey of dissolved organic nutrient concentrations over the Everglades
Landscape

Samples of surface water and soil pore water were collected in winter 1992, spring
1993, and summer 1993 over a broad area of the Everglades watershed (Figure 2a).
Pore water samples were taken at a depth of 12.5 cm, and where possible, at a
depth of 60 cm. Surface water samples were taken at mid-depth in the water col-
umn or at 25 cm in water over 50 cm in depth. To serve as a crude index of plant
biomass at each marsh sampling site, we measured number of leaves and average
plant height in three 0.5 m2 quadrats and used the product of the number of leaves
per m2 and average height as an index. The relationship of biomass to primary pro-
ductivity was shown by Davis (1989, 1991) who found that within either sawgrass
or cattail communities, net primary productivity was proportional to aboveground
biomass because leaf turnover was consistent.

For all water samples in the study, samples were immediately stored on ice and
were filtered through combusted glass fiber filters within about 12 hours. Samples
were analyzed for DOC, inorganic carbon, and phosphate within 5 days; NO3

−, NO2
−,

NH4
+ within 7 days; and total N and total P within 14 days. The DOC was mea-

sured using a Shimadzu TOC 500 Total Organic Carbon Analyzer (Shimadzu Corp.,
Columbia, MD). Total N and total P, on both unfiltered and filtered samples, were
digested by persulfate oxidation (Koroleff 1985; Wetzel et al. 1995). We calculated
DON as (total dissolved N)–(NO3-N + NH4-N). We calculated DOP as (total dis-
solved P)–(PO4- P), assuming that polyphosphates were not significant. Other ana-
lytical methods are summarized in Qualls and Richardson (2000). During one sam-
pling period a parallel set of samples was filtered and frozen on dry ice within 20
minutes of collection but these samples were not significantly different in any
analysis compared to samples processed as above.

Absorbance in the UV region, reported at 320 nm, was measured because of the
role of DOC in limiting the penetration of UV radiation. The ratio of UV absor-
bance/DOC concentration was used to indicate possible photo-bleaching of DOC
(Keiber et al. 1990).

Intensive Survey in WCA-2A

In WCA-2A, samples were taken along a nutrient enrichment gradient approxi-
mately 10 km long along 3 transects in 18 plots (Figure 2). A detailed map of sites
is in Qualls and Richardson (1995). Samples of surface water and soil pore water
at 12.5, 25, and 60 cm below the soil surface were gathered at 2-month intervals
between January, 1990 and April, 1991. Soil pore water was collected in screen
covered PVC pipe wells. Older pore water was pumped from the wells and new
pore water was allowed to infiltrate the well before sampling.
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Because most of the input of nutrients from the Hillsboro canal to WCA-2A
flowed in from 3 different gates with different loads of nutrients a single flow
weighted distance for each plot in WCA 2A was calculated as detailed in Qualls
and Richardson (1995).

Budget of DON for Water Conservation Areas

The Everglades Agricultural Area and the Water Conservation Areas are surrounded
by dikes and water flow in and out of each is measured by an extensive system of
pumps stations and metered spillways (Figure 2b). Consequently it is possible to
treat these as catchments. The South Florida Water Management District (1992)
maintained a budget of water, total N and total P for water entering and leaving the
Water Conservation Areas for the period 1978–1989 (Walker 1999). The water
budget for the Everglades Agricultural Area was published by Abtew and Khanal
(1994). It was possible to calculate total organic N concentrations (including sus-
pended particulate N) from these data. For each input or output point (Figure 2b),
during periods of water flow, we calculated the DON concentration as: total
Kjeldahl N–NH3 − estimated particulate N). Dissolved organic N and particulate N
were measured separately only during the period 1978–1979, so for this period we
calculated a regression between particulate N and turbidity. We then used turbidity
as a predictor to estimate particulate N during the 10-year period (r=0.69). Gener-
ally less than 10% of the total N was particulate N so the error in using a surrogate
estimator was small. Flow weighted average DON concentrations were calculated
for each input and output point (Figure 2b) and multiplied by the average annual
water flows reported by the South Florida Water Management District (1992). In-
terpolation of concentrations to daily water flow measurements followed the meth-
ods outlined in South Florida Water Management District (1992).

Production of soluble organic nutrients in plant litter

One source of dissolved organic matter is the leaching of water-soluble organic
matter from litter produced directly by plants. Recently senesced leaves were gath-
ered from cattail (Typha domengensis), sawgrass (Cladium jamaicense), spike rush
(Eleocharis cellulosa), and sugar cane (Saccharum saccharinum) during autumn.
In order to harvest only material which had not been leached, only plant material
above the water surface was gathered in a period when the leaves had not been
leached by rain for at least 14 days. The samples of cattail and sawgrass leaves
were gathered in both phosphorus enriched and non-enriched areas of WCA-2A.
Field moist samples were ground and shaken for 6 days in three successive ali-
quots of water adjusted to pH 7.8 and preserved with 20 mg L−1 HgCl2. Our ob-
jective was not to simulate natural leaching rates, but to estimate the total content
of water extractable substances. The total DOC, DON, and DOP extracted was
measured and expressed as a percentage of the initial total C, N, and P in the se-
nesced tissue. We used measurements of the net primary productivity in WCA-2A
by Davis (1989, 1991) to estimate production rates of soluble organic matter (C, N,
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or P) in litterfall: (net primary productivity) × (g of soluble organic element/g dry
mass of senesced tissue) = annual production of soluble organic nutrients in plant
litter. Since biomass turns over several times a year (Davis 1989), biomass alone
was not sufficient to estimate production of soluble organic nutrients.

Solubility or sorption of soluble organic matter

An adsorption isotherm experiment was designed to show whether a solubility or
sorption equilibrium might exist between DOC and solid organic matter in peat that
might be capable of regulating concentration and export. Initial pore water from
peat samples was extracted by 0.07 MPa suction to minimize the influence of the
pore water in the peat. This extracted water was analyzed for DOC. Peat soil
samples (1.0 g dry mass equivalent) from the 0–5 cm depth were shaken for five
days in a solution (30 mL) in which the concentration of DOC was varied. Pre-
liminary experiments indicated that 5 days was sufficient for equilibration. The
equilibrium DOC concentration was then measured. To make solutions in which
the DOC varied, natural soil pore water from the Everglades (44 mg L−1 DOC) was
diluted with an artificial solution that simulated the inorganic components of the
water sample. Some DOC was also concentrated by ultrafiltration with a 500 MW
cutoff membrane (YC-05 membrane, Amicon Inc., Beverly, MA,) that retained 93%
of the DOC, and was then mixed with artificial inorganic solution. Five concentra-
tions of DOC were used: approximately 120, 44, 22, 12, and 1 mg L−1. The pH of
all solutions was adjusted to the same value as the initial porewater sample. Sam-
ples of each solution were also shaken without any peat and later filtered to deter-
mine whether precipitation occurred in the absence of the solid phase. This experi-
ment was repeated using peat (0–5 cm depth) from a sugar cane field in the Ever-
glades Agricultural Area.

In order to estimate the total pool of potentially soluble (or desorbable) DOC,
we repeatedly extracted a 1 g dry mass equivalent sample of peat once each day for
24 days using 20 mL of deionized water either with, or without, 20 mg L−1 HgCl2.
Each sample was shaken for 24 hours, centrifuged, the supernatant poured off, a
new solution added, and the process repeated for 24 days. The rationale for this
experiment was that the cumulative amount of DOC in repeated extractions with
water would approach an asymptote corresponding to the total pool of soluble or-
ganic matter. This curve of cumulative mg of DOC extracted vs. number of extrac-
tions was fitted to a model for the accumulation of the product of a first order re-
action that is also used to determine potentially mineralizable nitrogen (Ellert and
Bettany 1988). In order to assess the influence of microbial dissolution or decom-
position, we suppressed microbial activity by adding 20 mg L−1 of HgCl2 to two
tubes in each extraction and, for comparison, omitted the HgCl2 in two others.

The difference between the sequentially extracted samples with and without
HgCl2 was also used to attempt to measure the rate of microbial dissolution. If mi-
crobial dissolution was significant we reasoned that the cumulative amount leached
would be greater without HgCl2 and this difference would be more apparent after
the most of the initially soluble carbon was removed by sequential extractions. A
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methodological experiment was also done to determine whether the 20 mg L−1

HgCl2 affected sorption of DOC. A DOC adsorption experiment using the methods
of the peat experiment with either 0, 5, 10, 20 or 40 mg L−1 HgCl2 added was done
by shaking the peat for only an hour (to minimize microbial changes in the control
without HgCl2). DOC adsorption isotherms did not differ with different concentra-
tions of added HgCl2, indicating no affect on DOC sorption.

Composition of DOC

We evaluated the composition of the DOC by using a fractionation that related to
the mobility of DOM. The procedure separates the DOC into hydrophobic and hy-
drophilic substances, then further separates these classes into acid, base, and neu-
tral substances (Leenheer (1981); as detailed in Qualls and Haines (1991)). We did
not separate the “weak hydrophobic acids” from the humic substances, however.
This fractionation procedure was used for pore water collected at the 0–5 cm depth
in WCA-2A, a surface water sample from the same site, and a surface water sample
from the southern Everglades. In one experiment, samples of the DOC from the
soil pore water were exposed to solar radiation and then fractionated to determine
the chemical changes caused by sunlight.

Mineralization of DOC and DON by solar radiation

Two experiments were done to show the effect of solar radiation on the following:
(1) the potential maximal rate of mineralization by solar radiation, (2) the relative
mineralization of C and N from DOM, (3) the time sequence of alterations to the
DOM and (4) which fractions of DOM are mineralized.

For both experiments samples of pore water were gathered from the 0–5 cm
depth in WCA-2A. We used shallow pore water because we believed that most
DOC originates from that zone and because it had not been exposed to sunlight.
For the first experiment, samples were sterilized by aseptic filtration through a 0.2
�m membrane filter into previously autoclaved quartz tubes and sealed with ster-
ilized Teflon film backed by a septum leaving a headspace. Duplicate tubes were
wrapped in aluminum foil to serve as dark controls. Tubes were placed in a tub of
deionized water to moderate temperature and exposed to sun in Loxahatchee FL,
USA (26°41�00� N, 80°16�48� W) in spring, 1992. A temperature probe was in-
serted into an extra tube and showed that temperatures remained within the range
of natural water in the marsh. Samples were mixed by inverting every two days to
maintain aeration. Initial and final samples were analyzed (in triplicate) for DOC,
NH4-N, and NO3+NO2-N, and DON. Subsamples of 50 �L and swabs of the tube
walls were plated on nutrient agar and tripticase soy agar to check for microbial
contamination. Subsamples of the initial and sunlight exposed water were also sub-
jected to the DOC fractionation procedure in order do determine what fractions
were selectively broken down by sunlight.

In a second experiment, dissolved organic matter was prepared, sterilized, incu-
bated, and analyzed as described in the first solar radiation experiment in order to
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follow the kinetics of loss of DOC and DON over a period of 53 days. These
samples were incubated outdoors in Durham, NC (36°00�47� N, 78°54�32� W)
where temperature ranged from 19 to 26 °C.

Biodegradation

A biodegradation experiment was designed to show: (1) the biodegradability of the
natural DOM, (2) the relative biodegradability of various fractions, (3) whether hu-
mic substances inhibit biodegradation of other fractions, (4) whether exposure to
solar radiation makes the remaining DOM more biodegradable, and (5) whether
biodegradation is stimulated by inorganic nutrient supplements. Initial water sam-
ples, sunlight exposed samples from experiment one (see preceding section), and
isolated fractions of initial and sunlight-exposed samples were subjected to an as-
say of biodegradability. The procedure of the assay was detailed in Qualls and
Haines (1992). Nutrient supplements of either ammonia + nitrate, PO4, micronu-
trients, or combinations of these 3 supplements were added to subsamples of the
initial water and some fractions to determine if the enriched water conditions in the
north of WCA-2A might increase biodegradation of dissolved organic matter. These
samples were incubated with a mixed microbial inoculum for 184 d with subsam-
ples analyzed at 21 days. Samples were analyzed for dissolved organic and inor-
ganic C, N, and P.

Results

Patterns of concentrations of dissolved organic nutrients in the Everglades
Landscape

Concentrations of DOC, DON, and DOP in the water along the south shore of Lake
Okeechobee at the entrances to the major canals leading into the Everglades region
were considerably lower than those in the rest of the northern Everglades (DOC =
18 mg L−1), (Figure 3, Table 1). In general, however, DOC and DON concentra-
tions in water are highest in the EAA and the northern Everglades and concentra-
tions tend to decline toward the south. This trend is evident in canals, internal sur-
face water, and soil pore water. In canals in the EAA, the DOC concentrations tend
to be relatively low when water from Lake Okeechobee is being discharged into
the main canals but they were higher when the canals contained local runoff or
water from the Water Conservation Areas (a seasonal event, not shown). In the
drained peatlands of the EAA, soil porewater and water in farm ditches contain
concentrations of DOC and DON which are as high or higher than soil water in the
northern marshes.

Concentrations of DOC and DON are lower in the southern Everglades than in
the marshes to the north (Figure 3, Table 1). The concentrations in soil porewater
were generally greater than in the overlying surface water but the differences were
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not as great as in the northern Everglades. The DOC and DON concentration was
very high in the brackish water of the mangrove zone.

In water from all environments in the Everglades, the C/N ratio of the DOM
varied in a relatively narrow range–generally between 16 and 22. The DOC/DON
ratio was, however, significantly lower in surface and shallow pore water of the
southern Everglades (16) than in the northern Everglades (20 and 22, respectively).
The concentrations of DOP are not so closely related to the concentration of DOC.
Instead, the concentrations of DOP seem more related to a history of P enrichment
since they are highest in the canals and porewater of the EAA and marsh areas near
the canals of the northern Everglades that carry P enriched water (Izuno et al. 1991).
Nevertheless, DOP concentrations were generally less than 40 �g L−1.

Figure 3. Average DOC concentrations in the Everglades watershed. Error bars are ± SE. Means with
the same letter above bar were not significantly different (P < 0.05).
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In surface water of the northern Everglades about 90% of the solar radiation at
320 nm is absorbed at a depth of only 2.5 cm while in surface water of the south-
ern Everglades the corresponding depth was about 10 cm. The ratio of absorbance
at 320 nm to the DOC concentration is lowest in water from Lake Okeechobee and
surface water in the southern Everglades.

Distribution of dissolved organic nutrients in WCA-2A

In WCA-2A we had the opportunity to observe changes along a well documented P
enrichment and plant production gradient (Davis (1989, 1991); Craft and Richard-
son 1993) and we examined the water chemistry over a longer time period in much
more detail than in other areas. Dissolved organic P was not the dominant form of
P in water in the unenriched area of WCA-2A but it was a significant fraction, av-
eraging about 23% of total P (Figure 4). In contrast, generally over 95% of the N
in surface water of WCA-2A was dissolved organic N (not shown). Particulate N
generally comprised only 0–3% of the total N.

Dissolved organic C and N decreased with distance south along the nutrient en-
richment gradient in WCA-2A, both in surface and soil pore water (Figures 5 and
6). The highest concentrations of DOC and DON in surface water occurred in the
marsh near the Hillsboro Canal, not in the water entering from the Canal (repre-
sented by distance of 0 in Figures 5 and 6) so the pattern of concentration did not
simply reflect dilution of runoff entering from the canal. The pattern of DOC con-
centration followed a general gradient of plant production (Davis 1991) and soil P
concentrations (Qualls and Richardson 1995). The correlation of DOC concentra-
tion in water vs. soil P concentration (to 25 cm depth) was 0. 96. (P < 0.05). The
concentrations of DOC in soil pore water tend to be 1.5 to 2 times those in the
surface water. As in other areas of the Everglades, the nitrogen content of the dis-
solved organic matter was generally consistent as indicated by a C/N ratio close to

Figure 4. Average proportion of particulate, dissolved organic, and dissolved inorganic P (PO4-P) in
surface water in three plots in the unenriched (southern areas) of Water Conservation Area 2A over the
sampling period. Total P concentration was 30 �g L−1 (± 16 SD).
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20 (Figure 7a). Therefore, the high concentrations of DON simply reflect the high
concentrations of DOM.

Surface water concentrations of DOP were quite variable and in some months
when no water was flowing into WCA-2A from the P enriched Hillsboro Canal,
there was no significant trend along the gradient (Figure 8). However, there was a
highly significant trend in April when the canal water was flowing into WCA-2A
(shown as a separate regression in Figure 8). There was also a trend of decreasing
DOP along the gradient in the pore water at 12.5 cm depth which is similar to a
trend in soil pore water PO4, solid soil bicarbonate exchangeable organic P and soil
humic acid P (Qualls and Richardson 1995). The dissolved organic matter is very
low in organic P content with organic C/P ratios generally well above 1000. Figure
7b shows the lack of relationship between DOC and DOP, indicating that the P
content of the dissolved organic matter is much more variable than the N content.

Figure 5. DOC in surface water and soil pore water (12.5 cm depth below the soil surface) along a P
and plant productivity gradient in WCA-2A. Error bars indicate ±SE for 7 to 8 samplings over time at
each plot. Regressions were significant (P < 0.05). DOC concentrations at the 25 and 60 cm depth also
declined significantly with distance along the gradient (not shown).
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Causes of patterns in concentration of dissolved organic nutrients

Although actual measurements of production are rare, in the Everglades watershed
in general, the plant biomass is lower and peat depths are shallower in the marshes
of the southern everglades where the DOC concentrations tended to be lower. Us-
ing the data set for the survey of the Everglades watershed shown in Table 1, we
found that the DOC concentration in marsh surface water was significantly corre-
lated to the log of our index of approximate plant biomass (r=0.72). There was also
a similar relationship for DOC concentration in shallow pore water (r=0.80). There
was also a significant but poorer relationship between the log of DOC concentra-
tion and the depth of peat (r=0.55). Although this index of plant biomass was only
intended as a crude comparison of plant biomass among a large number of sites it
suggests that higher plant productivity contributes to higher DOC concentrations
through leaching of plants and litter.

We also used our data on soluble organics and along with Davis (1989, 1991)
aboveground primary production data, to estimate the average annual production of
soluble organic nutrients in WCA-2A in plant leaf litter (Table 2). As such, our

Figure 6. DON in surface water and soil pore water (12.5 cm depth below the soil surface) along a P
and plant productivity gradient in WCA-2A. Error bars indicate ±SE for 7 to 8 samplings. Regressions
were significant (P < 0.05). DON concentrations at the 25 and 60 cm depth also declined significantly
with distance along the gradient (not shown).
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estimate is an underestimate of all soluble organic matter produced by plants be-
cause we did not consider soluble organic matter exuded from living leaves, algae,
and belowground production. Plant production is greater and species composition
is different in the nutrient enriched northern area of WCA-2A where DOC concen-
trations are high. In WCA-2A, Davis (1989, 1991) measured aboveground foliar
production in cattail stands ranging from 3035 g m−2 y−1 in the enriched area to
1077 g m−2 y−1 in the unenriched area along the same gradient where our samples
were taken. Productivity in sawgrass stands was lower, ranging from 1943
g m−2 y−1 in the enriched area to 986 g m−2 y−1 in the unenriched area. Cattail has
largely replaced sawgrass in the most enriched areas near the Hillsboro Canal. This
greater plant production and the dominance of cattail in the enriched area results in
a higher production of soluble organic C, N and P in litterfall (Table 2). Senescent
cattail leaves contain more soluble organic C than sawgrass leaves, so the changes
in species composition have also affected the production of soluble organics. There
was only a 7% greater soluble C content in sawgrass leaves in the enriched area
compared to those from the unenriched area. Thus the most important factors in-

Figure 7. (a) Generally consistent DON content in dissolved organic matter in surface water from
WCA-2A. Points represent individual samples for 18 plots over the sampling period. The dashed line
represents a C/N ratio of 20. (b) DOP vs. DOC in surface water in WCA-2A showing a variable content
of P in dissolved organic matter.
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fluencing production of soluble nutrients in the litterfall was the difference in cat-
tail vs. sawgrass and the difference in NPP along the gradient.

In each of the species of plants, the P leached from the senescent leaves was
much higher in those from the P enriched area (Table 2) although a higher % initial
P was extracted from cattail from the unenriched area.

Budgets for the marsh areas of the Everglades

Despite the high concentrations of dissolved organic nutrients in the marshes and
high production of soluble organics by plants and decomposers, there was no net
export of dissolved organic nutrients from the marsh areas of WCA-1, WCA 2A,
and WCA 3A (Table 3). There was a large gross export of DON in runoff from the
Water Conservation Areas but large amounts also flow into the areas. The DON
flowing in and out of WCA-2A might be construed as simply flowing through. The
WCA-1 and WCA-3A marshes are a net sink for a portion of the DON entering the
areas. The drained soils of the Everglades Agricultural Area export less DON on an
areal basis than the marshes but they show a high net export because the source of

Figure 8. DOP in surface water and soil pore water (12.5 cm depth below the soil surface) along a P
and plant productivity gradient in WCA-2A. Error bars indicate ±SE for 7 to 8 samplings. The regres-
sion for surface water was significant for April (shown separately) but was not significant for the means
of other dates (P < 0.05).
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water for the EAA is rainfall and water from Lake Okeechobee that is relatively
low in DON concentration (see Table 1).

The relative amounts of runoff in and out of the EAA and WCA’s also influence
the import and export of DON. Rainfall in excess of evapotranspiration accounted
for a greater net runoff of water from the Everglades Agricultural Area while
WCA-2A was dominated by runoff moving through the area.

Sorption-desorption equilibria of DOC with peat soil

Our experiments show that peat can desorb or release potentially soluble organic
matter into solution but high initial DOC concentrations can suppress this desorp-
tion or even cause DOC to sorb to the solid peat (Figure 9a). When water with no
DOC added was shaken with the marsh peat, the solid peat released 22.6 mg L−1

organic carbon into solution. Only 52% of this DOC could be accounted for by the
DOC of pore water in the moist peat added initially. Thus the equivalent of 10.8
mg L−1 of C desorbed from the solid peat. When undiluted pore water was shaken
with the marsh peat, the DOC concentration remained the same–apparently the
DOC concentration was at equilibrium and the higher concentration suppressed the
desorption of additional potentially soluble organic matter from the solid peat.
When concentrated DOC was shaken with the marsh peat, 25% of the DOC was
removed from solution and presumably was sorbed to the solid peat. Sorption, not
precipitation was indicated because DOC did not precipitate in a control that con-
tained DOC without peat (not shown).

The peat soil from a sugar cane field in the Everglades Agricultural Area exhib-
ited the same tendency to desorb and sorb DOC as the marsh peat except it initially

Table 3. Budgets of DON and water for the Everglades Agricultural Area (EAA), and Water Conserva-
tion Areas (WCA) 1, 2A, and 3A. The budget covers the period Oct. 1, 1978–Sept. 30 1988 and is
derived from data furnished by the South Florida Water Management District. The water budget and
total N budget were reported directly by the South Florida Water Management District (1992). The wa-
ter budget for the Everglades Agricultural Area was taken from Abtew and Khanal (1994). The DON
budget was estimated from the total N budget as summarized in the text. Net export is export minus
import.

Material EAA WCA-1 WCA-2A WCA-3A

DON (g m−2 y−1) import 0.26 3.0 3.9 1.4

export 1.4 2.5 3.9 0.9

net export 1.2 −0.5 0 −0.8

Water (cm) runoff in 24.7 99.0 162.5 77.0

runoff out 59.6 94.2 187.5 48.1

rain 117.5 120.7 113.4 110.7

evapo-transpiration* 82.6 129.9 133.5 133.2

Water residence time (y) N.A. 0.36 0.2 0.73

Area (km2) 2401 588 448 2063

*For EAA, calculated as rain + runoff in–runoff out. For WCA areas, calculated from pan evaporation
for comparison to rain + runoff in–runoff out.
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contained much more potentially soluble organic matter, releasing 45.5 mg L−1

DOC into the water with no added DOC (Figure 9b). The equilibrium DOC con-
centration was much higher (about 97 mg L−1) but the slope was remarkably simi-
lar to that of the marsh soil. This high equilibrium concentration also corresponded
to the high DOC concentrations found in pore water in other surface soil in the
drained agricultural area (Table 1).

Figure 9. The DOC concentration in solution limits the desorption and sorption of soluble organic mat-
ter on peat. (a) shows a marsh peat, 0–5 cm depth and (b) a drained agricultural peat (0–5 cm depth)
from the same original soil series. The final equilibrium concentration is plotted vs. the concentration in
the solution initially added to the soil (solid points) along with the solid regression line. The dashed line
indicates no change in the initial vs. final concentration. The line for (a) indicates that the soil released
soluble organic C to solution when the initial DOC concentration was below about 42 mg L−1 but the
solid peat sorbed DOC from solution when the initial added DOC concentration was higher. The 42
mg L−1 equilibrium point also corresponded well with the porewater drained from the sample from the
field.
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Sequential extraction of the peat from the 0–5 cm depth in WCA-2A indicated
that approximately 2.7 mg C per gram dry mass of peat, or 0.58% of the C was
potentially soluble in water (Figure 10). The pool of potentially soluble organic
matter was less than 1% of the carbon in the peat sample but the very large amount
of this organic soil underlying the water column corresponds to large pools of po-
tentially soluble organic matter. The capacity of this pool to buffer DOC concen-
trations over long periods of time is indicated by the persistently high concentra-
tions leached even after a large number of extractions.

The similarity of the sequential extraction curves (Figure 9) with and without
HgCl2 suggests that microbial dissolution was low relative to the leaching rate of
potentially soluble organic matter. We use the term microbial dissolution to refer to
the production of water-soluble organic matter from insoluble organic matter as a
by-product of microbial decomposition. The slowness of the biodegradation rate of
the DOC in water alone in the biodegradation experiments (presented later) sug-
gested that that the simultaneous decomposition of the DOC in the solution phase
was negligible during this experiment.

Composition of dissolved organic matter

In the shallow porewater sample, the largest single fraction of the DOC was the
humic substances, which comprised about 46 to 50% of the DOC (Figure 11, the
“initial” sample). The hydrophilic acids comprised 32 to 33% of the DOC. These
hydrophilic acids consist of small carboxylic acids, fulvic acid-like substances with

Figure 10. An estimate of the total pool of soluble organic matter in a peat sample by sequentially
extracting 1 g dry mass equivalent of peat with 20 mL of water with or without 20 mg L−1 HgCl2 once
each day for 21 days. The calculated asymptote, an estimate of the total pool of soluble organic carbon,
was 2.7 mg which was 0.58% of the C in the peat. The 95% confidence interval for the asymptote
corresponded to 2.5 to 3.0 mg.
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lower molecular size and more COOH groups per unit carbon, and sugar phosphates
which are believed to be the major form of organic P (Qualls and Haines 1991).
Thus about 78 to 83% of the DOC consists of organic acids, mostly highly colored
and of large molecular size. A third important fraction was the hydrophilic neutral
compounds comprising about 14% of the DOC. This class is likely to contain
polysaccharides and low molecular weight alcohols, some of which might be the
more biologically available substances. The sample of surface water from WCA-2A
that was fractionated contained 44% humic substances and 26% hydrophilic acids
and a sample of surface water from the southern Everglades contained 52% humic
substances and 34% hydrophilic acids (not shown).

Degradation by solar radiation

When the filter sterilized shallow pore water was exposed to sunlight in sterile
quartz tubes in the Everglades Area for 21 days during Spring, 20.5% of the DOC
was mineralized (Table 4). At the same time about 7% of the DON was mineral-
ized and a concomitant increase in ammonium could account for 68% of the de-
crease in DON (as show by the decrease in DON compared to the increase in am-
monium). While the increase in ammonium was not enough to account for 100%
of the decrease in DON, the discrepancy might have reflected analytical error. Con-
trols incubated in the darkened tubes did not measurably change in DOC, DON, or
ammonium concentration. In a longer incubation in sunlight over 51 d, 30.4% of

Figure 11. Change in composition of dissolved organic matter taken from shallow porewater after ex-
posure to 21 d of sunlight. Water from the solar radiation experiment (Table 4) including the initial
sample, the light exposed sample, and the dark control were subjected to a fractionation procedure. Er-
ror bars indicate ± 1 S.E. (n=3). The initial, dark control and light exposed treatment means for a given
fraction were compared with Duncan’s multiple range test and similar means (P < 0.05) are indicated
with the same letter above the bar.
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the DOC and 10.8% of the DON was mineralized (Figures 1 and 2). The rate of
loss of DOC and DON declined over time.

Most of the loss of DOC occurred from the humic substances; a loss that could
account for 24% of the initial DOC (Figure 11) (significant difference vs. dark con-
trol and initial, p < 0.05, Duncan’s multiple range test). There was also a small but
statistically insignificant decline in the hydrophilic acid fraction. About 4% of the
initial DOC was converted from one of the acid fractions to hydrophilic neutral
compounds (significant difference vs. dark control and initial, p < 0.05, Duncan’s
multiple range test). These data show that it is mainly the humic fraction that is
mineralized by the solar radiation. Our results suggest only a relatively minor per-
centage of the humic fraction was converted to low molecular weight organic com-
ponents. In our sunlight-exposed samples, there was also rapid bleaching, particu-
larly in the absorbance in the 300 to 360 nm range (not shown).

Biodegradability of DOM

The organic matter that remained after exposure to sunlight underwent important
alterations that enabled further mineralization by microorganisms. The unexposed
dissolved organic matter in shallow pore water was not very biodegradable (Fig-
ure 13). The addition of inorganic N and P did not stimulate the biodegradation of
the dissolved organic matter, but the DOC remaining after exposure to solar UV
light was rendered somewhat more easily degraded by microorganisms. The natu-
ral water lost only a few percent of the initial DOC even after 184 d, even with
additions of inorganic nutrients. Thus, while PO4 present in the high concentrations
in the area enriched by agricultural runoff appeared to stimulate production of dis-
solved organic matter, they did not stimulate decomposition of the DOC. The hu-
mic fractions isolated from dark controls and light exposed samples lost less than
5% of their DOC to decomposition over 184 d. The hydrophilic acid fraction, how-
ever, was rendered far more susceptible to decomposition by prior exposure to sun-

Table 4. Mineralization of dissolved organic nitrogen and dissolved organic carbon in water from shal-
low porewater in WCA-2A after 21 days of exposure to sunlight in sterile quartz tubes.

Treatment Initial Dark Control Light Exposed

Time of exposure (d) 0 21 21

DON (mg L−1) 2.20 (0.008) 2.19 (0.012) 2.05 (0.020)*

NH4-N (mg L−1) 0.526 (0.003) 0.524 (0.031) 0.627 (0.018)*

NO3+NO2-N (mg L−1) 0.050 (0.002) 0.052 (0.007) 0.052 (0.005)

% of initial DON 100 (0.4) 99.6 (0.7) 93.3 (1.1)*

change in DON (mg L−1) – −0.01 (0.015) −0.15 (0.025)*

change in NH4-N (mg L−1) – −0.002 (0.015) 0.101 (0.023)*

% of initial DOC 100 (0.2) 98.9 (0.7) 79.5 (3.2)*

Standard errors of the mean (n = 3 tubes) are shown in parentheses. Asterisks indicate a significant
difference (P � 0.05) from the initial value as tested with both t-tests (light exposed vs. initial and dark
control vs. initial) and multiple comparisons (Duncan’s multiple range test).
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light. In addition, when the hydrophilic acid fraction was separated from the humic
substances and incubated alone, over 30% decomposed

Discussion

The relative abundance of inorganic and organic N and P in water

The great majority of N in water from most environments of the Everglades is
transported in the dissolved organic form. The close correlation between DON and
DOC at a C/N ratio of about 20 also probably indicates some common processes
involved in the formation of DOM in various different environments. DON is often
the most abundant form of N in streams and rivers draining unpolluted forested
watersheds (Lewis et al. 1999). The concentrations of DOC, and especially DON,
are very high compared to most natural waters (studies reviewed by Thurman
(1985) and Lewis et al. (1999)). In the case of P, however, PO4-P comprized the
largest fraction of total P in water. The relatively high percentage of PO4-P is
somewhat unusual compared to most lakes and rivers (Wetzel 1983) and may be
related to the near absence of clay sediments which tend to adsorb PO4-P. The P

Figure 12. Declines in concentration of DOC and DON over 51 days of incubation in summer sunlight
in Durham, NC, USA Each point represents one separate sealed tube harvested on the given day. The
hypothesis that the concentration declined significantly over time was tested by showing that the slope
of a linear regression of the dependent variable vs. the square root of time was significant. Selection of
the square root transformation was based solely on the best empirical fit to several models and does not
imply any particular rate relationship.
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content of dissolved organic matter is characteristically variable because, unlike N,
P is not an integral part of all molecules of dissolved humic substances. Instead,
the organic P content is carried by more specific substances that can vary more
than other components of the DOM (Qualls and Haines 1991).

Causes of patterns in concentration of dissolved organic nutrients

The decrease in DOC and DON concentrations along the north to south gradient on
WCA-2A and the patterns in the larger area of the Everglades might be explained
by several hypotheses which center on 3 aspects–production, regulation of concen-
tration, and degradation. Higher concentrations of dissolved organic nutrients may
be caused by (1) greater plant production of soluble organic matter, (2) greater pro-

Figure 13. Microbial mineralization of previously sunlight exposed and non-exposed DOC during in-
cubations of 21 and 184 d. Samples incubated were: (group 1) original marsh water; original marsh
water with P, N, and micronutrient (�) supplements; (group 2) marsh water incubated aseptically in
either sunlight or dark (dark control), for 21 days and then subsequently inoculated with microbes and
amended with nutrient supplements; and lastly, (group 3) humic substance or (group 4) hydrophilic acid
fractions isolated from sunlight exposed or dark control marsh water and then incubated with microbes
and nutrient amendments. Error bars are ± SE for triplicate flasks. This biodegradation experiment was
designed to show: (a) the biodegradability of the natural DOM, (b) the relative biodegradability of vari-
ous fractions, (c) whether humic substances inhibit biodegradation of other fractions, (d) whether expo-
sure to UV light makes the remaining DOM more biodegradable, and (e) whether biodegradation is
stimulated by inorganic nutrient supplements. The means indicted by bars were compared within each
of groups 1–4, and means that are not significantly different are indicated with the same letter above the
bars within each group, using either t-tests (for 2 means), or Duncan’s multiple range tests. Statistical
comparisons for the 21 and 184 day periods were done separately.
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duction of soluble organic by-products of decomposition in areas where peat is be-
ing decomposed faster, (3) regulation of concentration by solubility or adsorption
equilibrium with soil of varying composition, (4) less mineralization by solar ra-
diation in areas where the water surface is more shaded, (5) faster rates of biodeg-
radation in some environments. These hypotheses neither exhaustive and nor ex-
clusive but represent the most likely explanation given our observations of the
pattern of concentrations. The distribution of dissolved organic nutrients suggests
that the higher concentrations in the north of WCA-2A may be due to higher plant
production, the presence of cattail which might produce more soluble organic mat-
ter, and greater depth of peat which serves as an efficient sorbant and reservoir of
potentially soluble organic matter. While the patterns of concentration of DOC and
soil P are only a correlation, the estimates of greater production of soluble organic
matter in litterfall in the enriched areas provide additional evidence. These patterns
suggest an interesting interaction of the P, C, and N cycles in which runoff of phos-
phate from the Everglades agricultural area causes increased primary production
and a change in species composition, both of which act to increase the production
of DOC, DON, and DOP. We are not aware of any other studies in which the dis-
tribution of DOC concentrations in wetlands has specifically been correlated with
higher plant biomass but eutrophication and algal production have been associated
with increases in DOC, particularly labile DOC, in lakes (Schindler et al. 1992;
Sondergaard et al. 1995).

Budgets for the marsh areas of the Everglades and the influence of sorption
equilibria

It may seem paradoxical that there was no net export of DON from the marshes of
WCA-2A since we have the potential for high production of soluble organic matter
in litterfall (Table 2). One explanation is that decomposition of the dissolved or-
ganic matter balances its production. Another explanation is that high concentra-
tions of DOM can suppress dissolution or desorption of additional DOM. The pat-
tern of import and export of DON (and presumably DOC) suggested the following
hypothesis: high concentrations of dissolved organic matter in runoff from �up-
stream areas� enter the marshes and suppress the net dissolution of more dissolved
organics. In a sense, the concentrations of dissolved organic matter are buffered.
Inputs of rain and irrigation water into the agricultural area (EAA) from Lake
Okeechobee with low DOC concentrations allow the net desorption of DOC and a
high net export. Surface runoff entering the marshes from the EAA already con-
tains high concentrations of DOC and DON and this suppresses the further net de-
sorption of potentially soluble organic matter and might even result in a net sorp-
tion of DOC–analogous to the experiment in which we added 42 mg L−1 DOC and
there was no net production of DOC. Thus, there is no net export from the marsh
areas. The high production rates of soluble organic matter in the enriched area of
WCA-2A probably add to the reservoir of potentially soluble organic matter and
shift the equilibrium concentration higher compared to the less productive areas. In
WCA-3A, which is a net sink for DON, in addition to the suppression of desorp-
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tion, the very long residence time and exposure to sunlight may favor decomposi-
tion of DON. This phenomenon of solubility or sorption equilibrium, as we dem-
onstrated by adsorption experiments, along with sunlight catalyzed decomposition
seems to have the strongest influence on the export of dissolved organic nutrients
over large areas.

In the Everglades Agricultural Area, the high concentration of potentially soluble
organic matter in peat could be caused by one or more of the following: (1) inef-
ficient leaching by rain and irrigation water, (2) concentration by evapotranspira-
tion of irrigation water, (3) production by decomposition of peat, or (4) concentra-
tion of potentially soluble fulvic acids as the peat (the sorbant) rapidly decomposes
and disappears. Which of these is most important we can only determine from fur-
ther investigation. This sorption-desorption phenomenon in peat has a large capac-
ity to buffer DOC concentrations and could explain the patterns of export of dis-
solved organic matter from the ecosystems of the Everglades (Table 3). Since the
DOC/DON ratios of the solution did not change during the sorption desorption ex-
periments, it is likely that DON behaved in the same manner as DOC.

Lewis (2002) summarized the yield (output) of DON as a function of runoff of
water from 19 minimally disturbed watersheds in the United States. The gross out-
put (in g m−2 yr−1) of the EAA and WCA-2A are both about 10 times that pre-
dicted for their runoff using an equation derived from the 19 watersheds. This might
be expected because the watersheds were largely upland watersheds with average
DON concentrations of between 200 and 300 �g L−1. Other workers have also re-
ported high concentrations of DON in drainage water of farms on the EAA. In a
study of several farms, DON averaged about 3900 �g L−1 in farm ditches and 2400
�g L−1 in main farm canals (Capone et al. 1995). Using data reported in this study
for two sugar cane farms, we calculated an export of 1.2 g m−2 yr−1 of DON, which
matches our estimate of long term export of 1.2 g m−2 yr−1 from the entire EAA
(Table 3).

Although DOC was not measured in the South Florida Water Management Dis-
trict survey used for calculation of DON budgets, we can estimate the equivalent
DOC export because of the good correlation of DOC with DON, corresponding to
a C/N ration of 20 (Figure 7, Table 1). Using this ratio, for the Everglades Agri-
cultural Area we estimate an import, export, and net export of 5.1 29, and 24
g m−2 yr−1 DOC, respectively. For WCA-2A we estimate an import, export, and
net export of 78, 78, and 0 g m−2 yr−1 of DOC. Urban et al. (1989) found exports
of DOC from 3 peatlands ranged from 8 to 40 g m−2 yr−1. The very high export
from WCA-2A is, in part, a result of the large amounts of water flowing in and out
of the catchment.

One of the most widespread disturbances to peatlands worldwide is drainage that
results in subsidence. Apparently the peat soils of the Everglades Agricultural Area
continue to produce high concentrations of dissolved organic nutrients even after
over 50 years of drainage and the loss of 0.3 to 2 m (Tate 1980) of peat depth
through decomposition and compression. Most of the subsidence in the drained
soils of the EAA can be attributed to aerobic oxidation (Tate 1980). Could the dis-
solution and export of dissolved organic matter actually account for a significant
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loss of soil? The estimated net export of DOC of about 24 g m−2 yr−1 is only a
small portion (0.7%) of the estimates of annual carbon loss of 3300 g m−2 yr−1 in
the soil of the Everglades Agricultural Area (Tate 1980).

Composition of dissolved organic matter

The composition of the Everglades DOC (Figure 11) was remarkably similar to
DOC from a wide variety of habitats, including Amazon black waters, soil water in
Wyoming, the Appalachians, and the Adirondacks, and stream water in the Appa-
lachians (reviewed in Qualls and Haines (1991)). The percentage of hydrophilic
neutral compounds tends to be in the upper end of the range for the literature val-
ues. The DOC in an acid peat bog in New England was somewhat different in
composition, containing 67% humic substances, 20% hydrophilic acids, and only
3% hydrophilic neutral compounds (McKnight et al. 1985). It would be useful to
compare more acid and neutral peatlands but studies of this sort are rare. Dissolu-
tion of humic substances from soil is favored by alkaline pH (Thurman 1985). If
the slightly alkaline pH values over 8.0 which sometimes occur in the Everglades
were active in dissolving humic matter we might expect to see an unusually high
proportion of humic substances in the Everglades water but nevertheless, the con-
tent of humic substances seems typical.

Degradation by solar radiation

Physicochemical mineralization of DON and DOC has the capacity to be a signif-
icant pathway of mineralization because of the high concentration of DOM and its
otherwise refractory nature in the absence of solar radiation. The physicochemical
mineralization of DON to NH4 is a pathway in the N cycle that has only relatively
recently been demonstrated (Qualls and Richardson 1993; Bushaw et al. 1996).

Three alternative hypotheses could have explained the decline in DON and in-
crease in ammonium in the tubes exposed to the sun (Figure 12, Table 4): (1) pho-
tochemical degradation of the bonds binding the N into the organic molecules with
ammonium ion as a product, (2) microbial mineralization by microorganisms con-
taminating the tubes, (3) partial breakdown of organic matter by sunlight into mol-
ecules which contaminating microbes could then mineralize, and (4) precipitation.
Explanation 2 was eliminated because dark controls did not change significantly.
Explanation 3 was eliminated because plating of aliquots of water and swabs of the
walls of the tube failed to reveal significant microbial contamination. Explanation
4 was eliminated because filtration of water after incubation did not remove DON
and a potassium dichromate digestion (Strickland and Parsons 1972) in the emptied
tube failed to detect significant quantities of organic carbon on the inner surface of
the tube.

After all, or large portions, of individual molecules of humic substances begin
to be broken down, the complete mineralization appeared to be very rapid and
nearly complete because there was not a major accumulation of smaller organic
molecules in the hydrophilic acid or neutral fraction. If the humic molecules had
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been partially broken down into small fragments, compounds like formaldehyde,
formic acid, pyruvic acid, etc. (see Keiber et al. (1990)), we would have seen a
large increase in the hydrophilic acid and hydrophilic neutral fractions as the large
molecules were cleaved. There was a small increase in the hydrophilic neutral frac-
tion that may indicate some breakdown into small aldehydes or alcohols but this
only accounted for about 18% of the carbon lost from the humic and hydrophilic
acid fraction (4.9% of the initial DOC) (Figure 11). The accumulation of low mo-
lecular weight aldehydes in the 50 hr experiments of Keiber et al. accounted for
only less than 0.1% of the initial DOC. Our experiment indicates that complete
mineralization of organic carbon in humic substances can be a more important
pathway than partial breakdown to small organic compounds under long exposure
to spring or summer sun in the subtropics. Keiber et al. (1990) found that irradia-
tion of natural dissolved organic matter with sunlight for periods up to 50 hr re-
sulted in formation of low molecular weight aldehydes cleaved from humic matter.
Most production was due to wavelengths between 290 and 315 nm. They found, as
we did, that the humic fraction was the most photochemically labile.

This experiment shows that the natural levels of sunlight on the surface of the
Everglades water can potentially cause a very significant release of both ammonia
and inorganic carbon. Bushaw et al. (1996) have also shown that ammonium can
be released photochemically from aquatic dissolved organic matter. They reported
that between 7 and 16 percent of the DON was converted to ammonium over a 3
day incubation, results which are similar to ours given that our kinetic experiment
showed that most of the photochemical release occurred within the first few days
(Figure 12). Thus, this newly discovered pathway in the nitrogen cycle has been
demonstrated in aquatic samples from different locations.

The humic substance molecules that are completely mineralized also contained
N and P atoms. Although the humic fraction comprises about half of the DOC, the
humic molecules typically contain a lower percentage of N and P than some of the
other fractions (Qualls and Haines 1991) which probably accounts for the fact that
only 7% the DON was mineralized, while over 20% of the DOC was mineralized.

The bleaching of the DOC when exposed to sunlight suggested that an unusu-
ally low absorbance per unit DOC might serve as a �signature� of the influence of
solar radiation in the field. Indeed, surface and shallow pore water from the south-
ern Everglades, areas with less shading by macrophytes, were more bleached at
320 nm and had a lower DOC/DON ratio than did water from areas with more
shading (Table 1). Other hypotheses, however, might explain these patterns such as
a greater percentage of algal derived non-humic DOC.

This experiment was only designed to show the maximum potential effects on
DOM at the water surface during summer sunlight. In the water column these
maximum effects will be reduced by (1) shading by plants and periphyton, and (2)
the limited transmission of light around 320 nm (generally 33 to 75% transmittance
cm−1, Table 1) caused by the humic substances themselves. Shading by plants will
also reduce the photochemical reaction rates on an areal basis. Increased water
depth may not necessarily decrease the maximal reaction rates on an areal basis but
will tend to dilute the effects as the water column mixes.
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Biodegradability of DOM

In the absence of solar radiation the DOM was quite refractory and its biodegra-
dation was not significantly limited by inorganic nutrients. In contrast, decomposi-
tion of solid litter was stimulated by PO4 additions in mesocosms in WCA-2A and
the P content of microbial biomass was increased by 9 fold (Qualls and Richardson
2000).

After exposure of DOM to solar radiation some portion of the humic fraction
may have been converted to hydrophilic acids by sunlight and then rendered more
susceptible to microbial decomposition. The humic substances may also have been
inhibiting the biodegradation of the other fractions. Since UV light can destroy the
humic substances, it may also increase the biodegradability of the remaining DOC
by removing the inhibitory effects in addition to generating some smaller molecules
from the hydrophilic acid fraction which are more accessible to bacterial enzymes.
Overall, maximum potential solar UV radiation alone in the surface layer of Ever-
glades water can initially degrade DOC much faster than microbial decomposition
but the two processes appear to work in tandem.

Other studies have noted photolysis of aquatic DOC (Geller 1986; Keiber et al.
1990; Mopper et al. 1991; Bushaw et al. 1996) and a subsequent increase in bio-
degradability (Geller 1986; Keiber et al. 1990; Mopper et al. 1991; Wetzel et al.
1995). Wetzel et al. (1995) found that exposure of natural aquatic organic matter to
a laboratory source of UV-B radiation resulted in generation of significant quanti-
ties of low molecular weight fatty acids and some degradation of lignin derived
phenolic components of the natural macromolecules.

Factors regulating concentration and export of dissolved organic nutrients

The concentrations of DOC, DON (and DOP) in water of the Everglades are a
product of inputs (production of new soluble organic matter and imports of DOM
in water) exports (microbial decomposition and solar mineralization) and exchanges
with the solid organic matter by adsorption and desorption, (see Figure 1). The in-
puts of new DOC, DON, and especially DOP are substantially increased by in-
creases in plant productivity associated with P enrichment. This increase was not
only associated with increased productivity but by a shift in species to cattail, which
produces more DOC in newly senesced litter. Another source of input of soluble
organic matter could be microbial dissolution of the otherwise insoluble fraction of
peat but we were unable to detect a significant rate of microbially induced disso-
lution into the bulk solution of DOC.

The concentrations of DOC, DON, and DOP are also influenced by outputs due
to microbial decomposition and mineralization caused by solar radiation. The rate
of microbial decomposition in the dark seems very slow compared to other pro-
cesses of input, hydrologic transport, and adsorption. In fact, natural levels of solar
radiation in summer sunlight near the water surface can potentially mineralize the
dissolved organic nutrients much faster than microbes can. However, the solar ra-
diation and microbial degradation can work in tandem and complement one an-
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other to some extent. Solar radiation degrades the humic fraction, which is the one
that is most resistant, and perhaps inhibitory, to microbial degradation. In terms of
the eutrophication in the Everglades and other wetlands, it might be considered de-
sirable if the dissolved organic nutrients were not mineralized and simply flowed
through the system. To certain extent this is the case. Even under near optimum
conditions, (sunlight for 21 days followed by laboratory incubation in the dark for
56 days) less than 36% total of the initial DOC was degraded by all mechanisms. It
would be much smaller in the field since not all the water column is exposed to the
solar UV. The microbial decomposition of DOC was also not limited by the supply
of inorganic nutrients.

While the balance of inputs and outputs in WCA-2A might initially suggest little
turnover of DOC in the marsh, we suggest that the exchange with a large pool of
potentially soluble organic matter by adsorption/desorption replaces DOC con-
sumed by the combination of microbial decomposition and solar radiation.

The export of dissolved organic matter in water from the various areas of the
Everglades has important implications for downstream sections of the Everglades
and Florida Bay. Not only is most N carried in the form of DON but also most Hg
is carried complexed with DOC (Strober et al. 1995). We hypothesize that the
flowthrough of water and the adsorption equilibria are both very important in con-
trolling the net export of DOC and DON. Sorption and desorption from the peat
acts as a buffer and strongly regulates concentration.

These processes of input, output, exchange of soluble organic matter and de-
composition are likely to be important in other wetlands with accumulations of peat.
In other wetlands, hydrologic flowthrough, the concentration of DOM in water, the
adsorption properties of peat, the solar radiation reaching the water column and
plant productivity are likely to influence the relative importance of the processes
discussed in this study.
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