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Climate change due to elevated carbon dioxide levels in the atmosphere presents a long-term threat to
the biosphere. The contribution of soil oxidation to global carbon dioxide levels is of growing concern.
Until the past century, for over five millennia, the Everglades has been accreting peat soils and acting as a
carbon sink. Anthropogenic drainage of the northernmost one-fourth of the Everglades, one of the largest
deposits of organic soils in North America, began in the 1880s. Subsequently, the peat soils of that area
began subsiding and releasing carbon dioxide (CO;) into the atmosphere. We quantified subsidence and

gjﬁg‘;gﬁ; CO, evolution at the regional scale by calculating the changes in peat volume using surface maps recon-
Peat structed from historical and current data. The estimated peat volume was originally about 7 x 10° m? and
Oxidation is currently about 3 x 10° m3. The average subsidence was about two meters and the CO, emitted was
Subsidence 4.9 x 108 metric tons. Assuming a constant CO, emission rate during the century since drainage, then the
Carbon regional scale CO, flux rate from this study (0.2 gCO, m~2yr—') was similar to short-term, small-scale

Carbon dioxide measurements made under controlled conditions (0.2-6gCO, m~2yr—').

Published by Elsevier B.V.

1. Introduction

Climate change presents a long-term threat to the biosphere as
global carbon dioxide levels rise. The contribution to global car-
bon dioxide levels by the oxidation of soils is of growing concern.
North American wetlands and their associated organic soils are an
important component of the global carbon cycle, containing an esti-
mated 2.2 x 101! metric tons of carbon (Bridgham et al., 2006). The
largest contiguous body of organic soils (peats) within the conti-
nental United States occurs in the Florida Everglades (Zelazny and
Carlisle, 1974), forming an area originally greater than 8900 km?
(McVoy et al., 2011). Peat deposition began approximately 5000
years ago (McDowell et al., 1969; Gleason and Stone, 1994), reach-
ing a maximum thickness of 3-3.7 m by the 1900s (Baldwin and
Hawker, 1915), corresponding to an average accumulation rate of
about 0.07 cmyr~!. The deposit thinned with distance southward
from Lake Okeechobee to a minimum of 0.3-0.5 m thick (Baldwin
and Hawker, 1915; McVoy et al,, 2011). Prior to anthropogenic
alterations, the Everglades was a broad, shallow freshwater marsh
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system originating at the southern edge of Lake Okeechobee and
flowing more than 150 km south to discharge into the Atlantic
Ocean, Biscayne and Florida Bays, and the Gulf of Mexico (Fig. 1).

The combination of thick organic soils and subtropical climate
attracted interest in draining the Everglades for agricultural use at
least as early as the 1840s (Smith, 1848).

This effort began in earnest in the 1880s, when initial lower-
ing of Lake Okeechobee water levels reduced lake inflows into the
Everglades (McVoy et al.,, 2011). Drainage efforts further intensi-
fied during the 1910s and 1920s, when dikes fully isolated Lake
Okeechobee from the Everglades and when four major canals were
dredged through the Everglades (Light and Dineen, 1994).

The lowering of Lake Okeechobee, dike construction, and unre-
strained canal drainage together strongly affected the Everglades.
Water tables were lowered from above ground surface to well
below ground surface (Sklar et al., 2002), altering vegetation, and
exposing the organic soils to subsidence. The occurrence of dra-
matic soil subsidence is well-documented (Clayton et al., 1942;
Neller, 1944; Stephens and Johnson, 1951; Shih et al., 1978,
1979a,b,c, 1997; Cox et al.,, 1988; Snyder and Davidson, 1994;
Ingebritsen et al., 1999; Snyder, 2005). The northernmost portion
of the Everglades, approximately 2540km? (23%), was formally
designated in the 1950s as the Everglades Agricultural Area (EAA).
Drainage and a degree of agriculture had already been present there
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Fig. 1. Location of the Everglades Agricultural Area (EAA; solid line, heavy) within
the historical Everglades (dotted line), showing close correspondence of the EAA to
the predrainage sawgrass plains and custard apple swamp landscapes.

for a number of decades. A concrete marker at the Agricultural
Research and Education Center in Belle Glade shows that the 2.6 m
of organic soil present in 1924 (already reduced from predrainage
conditions) had been reduced to less than 1.25 m by 1978 (Stephens
etal., 1984). Field measurements of subsidence within the EAA indi-
cate loss of elevation at a rate of about 3cmyr—! (Neller, 1944;
Stephens and Speir, 1969; Snyder, 2005).

The EAA encompassed essentially all of the original Sawgrass
Plains landscape (Fig. 1), an area dominated by sawgrass, Cla-
dium jamaicense, as well as the much smaller Custard Apple
Swamp, dominated by pond apple, Annona glabra. Both landscapes
were associated with similarly sized areas of corresponding soils
(Jones et al., 1948; McVoy et al,, 2011). The custard apple mucks,
found bordering the southeast shoreline of Lake Okeechobee, was
described in 1915 as “black, finely divided and well-decomposed
vegetable matter, . .. fairly uniform in texture, structure, and color
to a depth of 40-75in. [1-1.9m]” (Baldwin and Hawker, 1915).
The total soil thickness of the custard apple mucks was 2.8-3.8 m
and the average organic matter content about 60% (Baldwin and
Hawker, 1915). At the time of observation, 1915, the water table
had already been lowered 0.5-1 m below the surface, so it is pos-
sible that this soil was originally less decomposed than in Baldwin
and Hawker’s description, that is, more brown than black and more
fibrous than finely divided. The soil mineral content may also have
increased somewhat but probably always was relatively high. The
custard apple muck soils are presently classified as the Torry series
of Typic Haplosaprists and in 1988 comprised 7% of the EAA.

The sawgrass peats that underlaid about 90% of the present
EAA originally were highly organic, containing 90% organic mat-
ter (Baldwin and Hawker, 1915). While a degree of drainage had
already occurred by 1915, surface water was still present in some
areas and the soil appears to still have retained much of its original
character. Referred to as “Brown fibrous peat,” it was described as
“uniform in composition and texture for many square miles” and
as “typically consist[ing] of brown fibrous to dark-brown semifi-
brous, slightly decomposed organic matter” (Baldwin and Hawker,
1915). When later mapped again in the 1940s, the sawgrass peats
had decomposed further to develop a surface layer of “black, finely
fibrous, well decomposed organic material, 6-18in. [15-45cm]”
thick (Jones et al., 1948; McVoy et al., 2011). Although not part
of the formal system of soil taxonomy, the name given by Jones
et al. (1948), “Everglades peats,” has persisted in general use. By
the 1970s the sawgrass peats had further subsided and were classi-
fied as the Montverde (sawgrass) muck series of Typic Medifibrists
(Volk, 1973). Under the present classification system (Soil Survey
Staff, 1998, 1999), all the soils of the EAA are classified as Saprists,
the most decomposed suborder of Histosols. Four series are recog-
nized, in order of decreasing soil thickness: the Terra Ceia series,
a Typic Haplosaprist, and three Lithic Haplosaprists, the Pahokee,
Lauderhill and Dania series. In 1988, less than 10% of the EAA fell
within the thickest series (Terra Ceia, >130 cm thick). As noted by
Rice et al. (2005), subsidence is causing the soils of the EAA to con-
tinually transition from thicker to thinner soil series, and they note
that these soils may eventually be classified as mineral soils.

This study estimates the volume and mass of peat soil that has
been lost over the last 125 years within the EAA as aresult of anthro-
pogenic land use change from Everglades wetlands into drained
agricultural fields. The time period of interest was defined as imme-
diately prior to the onset of anthropogenic drainage (i.e., <1880)
through the present, which required the use of imperfect histor-
ical data sets developed from land and soil surveys conducted in
the early 1900s (McVoy et al., 2011). To offset limitations in the
historical as well as current data sets, we used two independent
methods and sets of data to estimate the volumes of peat lost. The
first method was based on historical and current estimates of peat
thickness, in both cases measured with sounding rods inserted to
the underlying mineral substrate. The second method was based on
estimates of the historical and current surface topography. We used
a GIS to organize the historical data, to interpolate, and to calculate
differences.

We additionally estimated atmospheric releases of CO, from the
EAA associated with the land use change from Everglades wetlands
to agriculture. This estimate required differentiation of the soil vol-
ume changes (subsidence) into physical and biochemical processes.
Subsidence is caused by a combination of physical consolidation
due to loss of buoyancy, physical shrinkage due to increased matric
potential, biochemical mineralization of organic C to CO, due to
microbial oxidation (Volk, 1973; Schothorst, 1977), and, if the soil
becomes dry for extended periods, occasionally outright burning
(Davis, 1943a,b; Allison et al., 1944; Robertson, 1953; Simpson,
1920; Loveless, 1959; Mayo, 1940). We used historical and current
data for bulk density, fraction of organic matter, and carbon content
to estimate the portion of subsidence that produced atmospheric
CO,. By prorating the estimated releases over the century of sub-
sidence and by taking into account soil nomenclature changes, we
were able to compare our estimated rates of CO, release with liter-
ature values measured in lab and field column studies of Everglades
soils (e.g., Knipling et al., 1970; Volk, 1973; Gesch et al., 2007).

The carbon release estimates made here provide context for
ongoing proposals to return surface water to portions of the
EAA. Potential plans include the creation of treatment marshes
to reduce undesired nutrient concentrations in water destined for
the remaining Everglades, the creation of shallow flow ways with
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Fig. 2. Map of estimated contours of peat thickness (ft) in the EAA, ca. 1915, show-
ing measurements of peat thickness from township surveys (dots) and from canal
surveys (pluses).

some resemblance to predrainage sawgrass marshes, or the cre-
ation of deeper reservoirs to store water for Everglades restoration.
While carbon accumulation rates associated with these potential
land use changes have not been quantified, at a minimum, it can be
assumed that reflooding of the soils would reduce or eliminate the
soil subsidence and CO, releases that have been occurring during
the previous 125 years.

2. Methods

The Everglades Agricultural Area or EAA, located in southern
Florida, USA is the former northern portion of the Everglades that
was set aside in the early 1900s and drained for agricultural pro-
duction. Sugar cane (Saccharum spp.) is grown in most of the EAA
with a large portion of the nation’s winter vegetable crops grown
there as well (Gesch et al., 2007). Soil subsidence has been pro-
nounced in this area and is of concern both due to soil loss and to
the contribution to atmospheric carbon dioxide. We utilized data
from land surveys conducted in the late 19th and early 20th cen-
turies, a bedrock elevation map, and a recent space-based radar
topographic survey. Contour maps shown in Figs. 2-6 reflect the
English units used in the historic field measurements; these were
converted to SI units for the final calculations of peat volume and
carbon loss. The calculations were conducted in these units for the
two methods discussed and then converted to SI units for the final
calculations of peat volume and carbon loss.

2.1. Method 1 (peat thickness)

We estimated the volume of peat lost between approximately
1915 and 2003 as the difference between a map of historic peat
thickness (Fig. 2) and a map of current peat thickness (Fig. 3), both
created as part of this study.

2.1.1. Historic peat thickness, ca. 1915 (Fig. 2)
The earliest measurements of peat thickness within the EAA
area were made as part of an agricultural survey (Kreamer, 1892).

T T
81°00"W 80°30'0"W

Fig. 3. Map of estimated contours of peat thickness (ft) in the EAA, 2003, showing
data points (©).
From Snyder (2005).

Data covering a larger portion of the EAA did not become available
until the 1911-1916 period when peat thicknesses were measured
along proposed canal routes (Ensey and Elliot, 1911; FEEC, 1913)
and during land surveys carried out for the Trustees of the Inter-
nal Improvement Fund, State of Florida (Elliot, 1911a,b,c, 1912a,b;
Frederick, 1914a,b,c,d; Horne, 1914a,b,c; Franklin, 1914a,b; Hardin,
1915a,b,c,de,f,g, 1916a,b,c,d,ef,gh,i,jklm; field notes for these
surveys extracted from the Land Boundary Information System,
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Fig. 4. Contour map of bedrock elevation (ft, NGVD29) for the EAA.
From Parker et al. (1955).
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Fig. 5. Contour map of historic peat surface elevation (ft, NGVD29) for the EAA, ca.
1880.

From Said et al. (2006).

FDEP, 1984). Land surveys typically do not include soil depth mea-
surements but because of the interest in converting the Everglades
to agriculture, these surveys did. As the large majority of these mea-
surements were made between 1911 and 1916, an average date of
1915 was assigned. As surveys, all of these measurements were
georeferenced (e.g., the distance from the corners of a township or
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Fig. 6. Contour map of current peat surface elevation (ft, NGVD29) for the EAA, ca.
2005.

Modified from Holt et al. (2006).

from the end of a canal), thus we were able to create a GIS database
(Lo and Yeung, 2002) of depth measurements.

Most of the peat depths in the land surveys were recorded as
“9ft” (2.74m) or “10ft” (3.05m), with some indicated as “>10 ft”,
suggesting that the land surveyors used a 10 ft-long sounding rod
that in those cases did not reach bedrock. A total of 34 (7%) of the
soundings were reported as “>10 ft”; for lack of additional quantifi-
cation, werecorded these as 10 ft. Surveyors from a different agency
(FEEC, 1913) used longer sounding rods; their measurements of up
to 14ft (4.27 m) along the northern portion of some canals were
included in our GIS data base.

Estimation of a thickness surface required additional spatial
information in areas. Near the eastern edge of the historic Ever-
glades, where measurements from the late 1800s to early 1900s
were absent or scarce, we included peat thicknesses measured by
sounding rod in the 1940s by Jones et al., 1948 recognizing that
these measurements underestimate 1915 thicknesses. The known
boundaries of the Everglades (McVoy et al., 2011), recognized both
as a vegetational boundary and as the boundary between peat and
sand soils, were used to define the locations of zero peat thickness.

A historical map (raster grid) of peat thickness was calculated
from 456 agricultural, land and canal survey points across the EAA.
Ordinary kriging with a Gaussian semi-variogram (Bonham-Carter,
1994; ESRI, 2004) was used to create the map. Fig. 2 shows the
estimated peat thickness present ca. 1915 within the present Ever-
glades Agricultural Area.

2.1.2. Current peat thickness, ca. 2003 (Fig. 3)

Current (2003) peat thickness was estimated from measure-
ments taken at 15 locations throughout the EAA (Snyder, 2005).
Ten replicates were taken at each location (Snyder, 2005). Soil sub-
sidence has tended to level this area substantially (Snyder, 2005)
so that a small data set may be appropriate to use. A map of current
peat thickness (Fig. 3) was calculated using ordinary kriging with a
Gaussian semi-variogram (Bonham-Carter, 1994; ESRI, 2004).

2.2. Method 2 (topography)

A second and independent estimate of the volume of peat lost
was made on the basis of predrainage and current surface topog-
raphy. These two topographic surfaces were converted to peat
thicknesses by subtracting the bedrock surface from Parker et al.
(1955) (Fig. 4). The two resultant peat thicknesses were subtracted,
yielding the volume of peat lost.

2.2.1. Bedrock surface (predrainage and current) (Fig. 4)

A 100ft by 100ft (30.5m by 30.5m) Digital Elevation Model
(DEM) of the bedrock surface underlying the EAA was estimated
from the only known source of such information, a set of 1ft
(30 cm) contours shown in Parker et al. (1955). We assumed that
the bedrock surface has been constant between 1880 and the cur-
rent time. Parker’s map is a slight modification of an earlier map
(Jones et al., 1948), entitled “Approximate contours on the rock sur-
face under the organic soils in the Everglades Region.” Jones et al.
(1948) indicated that: (1) these contours were drawn from data
obtained while running approximately 440 miles (710 km) of sur-
vey lines covering the Everglades; (2) land surface elevations were
surveyed to 0.1 foot (3 cm) along the lines; and (3) thicknesses of
the peat soil (i.e., distance from surface to bedrock) were measured
at 660 ft (200 m) intervals. These numbers suggest that approxi-
mately 3500 measurement points throughout the Everglades might
have been used by Jones et al. (1948) to draw the contours. Jones
et al. (1948) described the bedrock surface as “very uneven”, i.e.,
locally variable, and indicated that they mapped only its “general
configuration.” Shih et al. (1979a,b,c) confirm the local variabil-
ity, showing a magnitude of about 0.5m along line transects
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300-1000 m long. At the scale of the 2540 km? EAA, the contours
obtained from Parker et al. (1955) and shown in Fig. 4, likely are
a good regional representation of the average bedrock surface.
We converted the Parker et al. (1955) contours from ‘Punta Rassa
datum’ to NGVD29 by subtracting 1.44 ft (0.44 m) (Parker et al.,
1955; U.S. Army Corps of Engineers, 1978).

2.2.2. Predrainage peat surface, ca. 1880 (Fig. 5)

Said et al. (2006) estimated the predrainage topography of the
Everglades by combining known elevations of the borders of the
Everglades with contour shapes within the Everglades estimated
from peatland directionality. The predrainage eastern and west-
ern border elevations were known from modern measurements,
based on the assumption that the mineral soils along those borders
had not been altered by drainage. The elevation of the north-
ern border of the predrainage Everglades, that is, the southern,
peat-based shoreline of Lake Okeechobee, seasonally overflow-
ing into the Everglades, was known from predrainage stages of
Lake Okeechobee. Contour shapes for the peat-filled predrainage
Everglades were estimated based on the assumption that contours
were perpendicular to predrainage directions of surface water flow.
Directions of flow were assumed to have been parallel to land-
scape directionality, as reported by a number of predrainage and
early post-drainage observers (McVoy et al., 2011). The estimates
of predrainage topography compared well with the ground sur-
face elevations derived from early post-drainage surveys along the
lengths of muck canals (FEEC, 1913). For this study we used the
EAA portion of the 100 ft by 100 ft (30.5m by 30.5m) DEM grid
estimated by Said et al. (2006), assigning to it the date of 1880,
representing the end of predrainage conditions.

2.2.3. Current peat surface, ca. 2000 (Fig. 6)

A corresponding 100 ft by 100 ft (30.5m by 30.5m) DEM grid
of the current peat surface (Fig. 6) was created from the South
Florida Digital Elevation Model (SFDEM). This was produced from
data collected during an 11-day Space Shuttle Radar Topography
Mission (SRTM) in February of 2000, which utilized a specially mod-
ified radar system aboard the Space Shuttle Endeavor (Holt et al.,
2006). Holt et al. (2006) processed the SRTM data using additional,
later data collected in the surrounding regions. We converted the
data reported by Holt et al. (2006) from NAVD88 vertical datum
to NGVD29 by applying a uniform offset of 1.39ft (0.42 m). The
decision to apply a uniform offset was based on results from the
CORPSCON program (U.S. Army Corps of Engineers, 2009) when
applied to a 2 by 2 mile (3.22km) grid of 251 points covering
the EAA. The results indicated an offset of 1.39 +0.05 ft. The small
standard deviation, 0.05 ft, suggested that applying a single offset
for the whole EAA was an appropriate approximation.

2.3. Calculation of carbon emissions

The above calculations quantify the drainage-induced loss of
volume in the organic soils of the EAA. The volume loss reflects
a combination of physical consolidation, biochemical oxidation,
and possibly erosive losses. We assumed that losses to water ero-
sion were negligible due to the extremely low surface slope and
to the absence of surface water during most of the post-drainage
period. Wind erosion from EAA soils has rarely been reported; addi-
tionally, most eroded particles would have been deposited on dry
land where they would ultimately have oxidized and been released
as CO,, a pathway equivalent to in situ oxidation. Carbon emis-
sions were estimated here as the fraction of volume loss not due
to physical consolidation. Following Schothorst (1977), we used
changes in the soil bulk density and organic matter to distinguish

Method 1 (88 years)

2.3 meters

0.3 meters
0.4 meters

B.D.=0.10 B.D.=0.14

O.M.=0.90 0O.M.=0.86

Predrainage Current

Method 2 (120 years)
2.9 meters

0.3 meters
0.9 meters

B.D.=0.10 B.D.=0.14
0.M.=0.90 O.M.=0.86
Predrainage Current

Fig. 7. Estimated values of soil parameters for predrainage and current soil profiles
in the Everglades Agricultural Area.

consolidation from oxidation using the following general formula-
tion for an organic soil with k layers:

Closs = Azk (pbllcfoclkOMIkZIk) - Azk(prkfochOMszFk) (1 )

where Cjoss (Mg C) is the metric tons of C transferred from the soil
to the atmosphere by oxidation from an area A (m?), py, is bulk
density (Mgm3), f,c is the fraction of organic carbon in the soil
organic matter (kgCkgOM~1), OM is the fraction of soil organic
matter (kg OM kg soil=1), and z is the thickness of the layer (m). The
subscripts I and F refer to the initial (i.e., predrainage) and final (i.e.,
current) time periods.

The summation signs in Eq. (1) reflect the possibility of up to k
distinct layers of soil being present within the full soil profile. The
available current and predrainage soil profile information for the
EAA suggests that these organic soils were vertically highly uni-
form. We therefore represented the initial predrainage profile as a
single layer and the current profile as two distinct layers (Fig. 7).
Division of the current, post-subsidence EAA soil profile into two
layers was based on soil tillage: an upper layer from 0 to 30cm
thick corresponding to the tilled root zone, and a lower layer from
—30cm down to bedrock.

The predrainage parameters needed for Eq. (1) were the soil
bulk density, pp, and the soil organic matter content, OM;. No
predrainage measurements of soil bulk density were found. We
estimated pp,; by selecting from measurements made in the cur-
rently remaining soils (Table 1), adjusted for location and the
effects of drainage. We chose pp;=0.10 Mg m—3, the lowest of the
Saunders et al. (2008) values. We chose the lowest value because all
areas sampled by Saunders et al. have experienced increased post-
drainage drying and can therefore be expected to have increased
slightly in density. We avoided the even lower values of 0.06-0.08
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Table 1
Properties of peat soils of the Everglades [Agricultural Area]. BD =bulk density (Mg m~3); OM = organic matter content (kgkg~'); OC/OM = organic carbon content/OM.
BD oM OC/OM Source
Predrainage (or analogs) 0.12 Saunders et al. (2008): 3B1, Sawgrass, 0-30 cm
0.13 Saunders et al. (2008): 3B1, Sawgrass, 30-74 cm
0.10 Saunders et al. (2008), SRS-3, Sawgrass, 0-30 cm
0.12 Saunders et al. (2008), SRS-3, Sawgrass, 30-100 cm
0.07 Corstanje et al. (2006), WCA1, 0-10cm
0.08 Corstanje et al. (2006), WCA1, 10-20cm
0.06 USEPA-REMAP (2007), WCAT1, 0-10 cm (median)
0.10-0.15 USEPA-REMAP (2007), WCA 3B, 0-10cm
0.92 Miller (1918); Sawgrass 1, 0-152 cm
0.91 Miller (1918); Sawgrass 1, 152-305cm
0.93 Miller (1918); Sawgrass 2, 0-63 cm
0.90 Miller (1918); Sawgrass 2, 63-208 cm
0.92 Baldwin and Hawker (1915), 0-30cm
0.88 Baldwin and Hawker (1915), >30cm
0.93 USEPA-REMAP (2007), WCA 1,0-10cm
0.47 Corstanje et al. (2006), WCA1, 0-10cm
0.49 Corstanje et al. (2006), WCA1, 10-20cm
Current, top 30 cm 0.36 Weaver and Speir (1960), Everglades, 0-8 cm
0.36 Weaver and Speir (1960), Everglades, 8-15cm
0.34 Weaver and Speir (1960), Everglades, 15-23 cm
0.29 Weaver and Speir (1960), Everglades, 23-30 cm
0.26 Zelazny and Carlisle (1974), Montverde, 0-13 cm
0.22 Zelazny and Carlisle (1974), Montverde, 13-36 cm
0.33 Zelazny and Carlisle (1974), Pahokee, 0-18 cm
Estimated 0.3 Smith et al. (2001), Rotenberger WMA, 2-10cm
0.45 Wright and Inglett (2009), Dania muck, 0-30cm
0.94 Volk and Schnitzer (1973), Terra Ceia, 0-20 cm
0.93 Volk and Schnitzer (1973), Pahokee, 0-25 cm
0.75 Janardhanan and Daroub (2010), Lauderhill, 0-20 cm
0.83 Janardhanan and Daroub (2010), Pahokee, 0-20 cm
Estimated 0.9 Smith et al. (2001), Rotenberger WMA, 2-10cm
0.6 Snyder (2005) (from Talisman Property, 10in. profile)
0.50 Volk and Schnitzer (1973), Terra Ceia, 0-20 cm
0.53 Volk and Schnitzer (1973), Pahokee, 0-25 cm
Current, > 30 cm 0.14 Weaver and Speir (1960), Everglades, 30-43 cm
0.13 Weaver and Speir (1960), Everglades, 51-58 cm
0.12 Weaver and Speir (1960), Everglades, 66-74 cm
0.15 Weaver and Speir (1960), Everglades, 81-99 cm
0.08 Zelazny and Carlisle (1974), Montverde, 36-81 cm
0.18 Zelazny and Carlisle (1974), Pahokee, 18-86 cm
0.49 Wright and Inglett (2009), Dania muck, 30-45 cm
0.93 Volk and Schnitzer (1973), Terra Ceia, 20-122 cm
0.94 Volk and Schnitzer (1973), Pahokee, 25-107 cm
0.56 Volk and Schnitzer (1973), Terra Ceia, 20-122 cm
0.48 Volk and Schnitzer (1973), Pahokee, 25-71 cm
0.55 Volk and Schnitzer (1973), Pahokee, 71-107 cm
0.51 Bhatti and Bauer (2002), used by Wright and Inglett

from Corstanje et al. (2006) and USEPA-REMAP (2007) because
these were measured only in the upper 0-10 cm, which is of lower
density than the overall profile.

A number of predrainage or near-predrainage datasets of soil
organic matter content, OMj, were available (Table 1). The spatially
and numerically most extensive was that of Baldwin and Hawker
(1915), with more than 400 cores samples. We used the average of
their upper and lower profile values, OM; =0.90 kg kg~1.

The thickness of the predrainage peat profile, z;, was calculated
simply as V//A, that is, for the purposes of Eq. (1), the predrainage
EAA peat deposit was assumed to be of equal thickness throughout.

The available data for current soils in the EAA appears to be
more limited than might be expected (Table 1). We assumed that
as the predrainage soil profile oxidized, its original mineral content
was deposited onto the upper portion of the currently remaining
soil, and redistributed by tillage throughout the upper 30 cm. As
the mineral fraction accumulated, the soil organic matter content
of the upper profile, OMg;, would have correspondingly decreased.
The upper profile bulk density, ppri, would have increased with
increasing mineral content, and additionally as a result of tillage

and drying of the soil. For pprq, we considered the Table 1 value of
0.45Mgm~3 from Wright and Inglett (2009) to be an outlier and
chose 0.32 Mg m~3 as a midrange among the remaining values. For
OMgq, we excluded the Table 1 values of 0.93 and 0.94 from Volk and
Schnitzer (1973) because these values were actually greater than
the predrainage soil organic matter contents. With these values
excluded, we chose a midrange value of 0.80 kg kg~1.

For the current soil profile below 30 cm, we assumed that this
lower, untilled portion of the profile would retain some resem-
blance to the original predrainage soil characteristics but also that
the profiles would have experienced lowered water tables and
periodic drying of essentially the entire profile, leading to slight
decreases in organic matter and increases in bulk density.

For the lower profile soil bulk density, pprp, we compared to
the predrainage soil bulk density, p; =0.10 Mg m~3, excluded what
seemed to be an outlier value in Table 1 of 0.49Mgm~3, and
chose a higher midrange value of 0.14Mgm~3 from Table 1. For
the lower profile soil organic matter content, OMg,, few litera-
ture values were available and they were of little guidance as they
were actually greater than the predrainage value of 0.90 kgkg~!
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(Table 1). We chose a value of 0.86kgkg~1,slightly lower than
Baldwin and Hawker’s (1915) measured predrainage, lower profile
value of 0.88 kg kg~1.

We assumed a simplified geometry for the currently remaining
peat profile, that is, both layers uniformly thick, with the upper
layer, zg1, equal to 0.3 m and the lower layer, zg, equal to (Vg/A)
-0.3.

We assumed that the fraction of carbon in the soil organic mat-
ter, foc, was constant over time and depth. Given the similarity to
values reported for the EAA (Table 1), we adopted the value used
by Bhatti and Bauer (2002) of foc =0.51 for all depths and both time
periods.

The soil parameters shown in Fig. 7 reflect our best estimates of
predrainage and current values, based on synthesis of the available
data (Table 1), the predrainage and the current distribution of soils
and landscapes (McVoy et al., 2011), and the history of Everglades
drainage (McVoy et al., 2011).

Carbon loss (Mg C) calculated in Eq. (1) was converted to carbon
dioxide released to the atmosphere using the stoichiometric fac-
tor of 44/12 and the assumption that all the peat carbon lost was
immediately or eventually converted to carbon dioxide.

3. Results

We estimate the volume of peat lost over approximately a
century of drainage as 4.5x 10°m? (method 1; Table 2) and
49x10°m3 (method 2). Using Eq. (1) to distinguish physical
changes from actual oxidation gives an estimated peat mass loss of
2.50 x 108 metric tons (both methods) and a release of CO, to the
atmosphere of 4.85 x 108 metric tons (method 1) and 4.92 x 108
metric tons (method 2). With a simplifying assumption of a con-
stant oxidation rate, justified by relatively constant temperatures
and levels of drainage, this corresponds to emission rates of
0.22gC0, m~2h~! formethod 1and 0.16 gCO, m~2 h~! for method
2.The generally small differences between the two methods, along
with the uncertainties inherent in all of the datasets, suggest that
the results from both methods are best combined and considered
as a single estimate.

As aresult of anthropogenic drainage, approximately two-thirds
of the peat volume originally present within the present Everglades
Agricultural Area has been lost during the last century, decreasing
from about 7 x 10° m3 to about 2.5 x 10° m3 (Table 2). This lost
volume corresponds to about 2.5 x 108 metric tons of peat.

The average vertical subsidence over the entire EAA has been
almost 2 m (6 ft; Table 2). However, subsidence has not been uni-
form. The slope of the predrainage Everglades land surface showed
a strong southward trend, ranging from about 6.4 m (21 ft) above
NGVD29 near Lake Okeechobee, down to about 4.3 m (14 ft) at the
southern end of the EAA (Fig. 5). The bedrock slope was more vari-
able (Fig. 4), but generally did not decrease southward, indicating
a southwardly thinning predrainage wedge of peat, thickest near
Lake Okeechobee. Post-drainage subsidence has also followed this
generally north-south trend, with a greater degree having occurred
northward (compare Figs. 5 and 6), where the peat was originally
thicker (Fig. 2; see also Figs. 4 and 5). An important consequence
of this differential subsidence is that the EAA land surface, once
southwardly sloped, is now essentially level (Fig. 6). Under the
assumption that the peat volumes and masses shown in Table 2
were lost specifically to peat oxidation (rather than soil transport
by wind or water, which also may ultimately lead to the transported
carbon being oxidized), these losses correspond to release of about
5 x 108 metric tons of CO,.

An historical approach necessarily includes uncertainties, par-
ticularly if the historical data was collected for very different
purposes. To estimate the effect of parameter uncertainties on our

results, we conducted a simple perturbation analysis of Eq. (1),
varying each of the parameters in combinations that would result
in the highest and lowest values of carbon lost. High and low values
of each parameter were chosen from the range of values shown in
Table 1, combined with best professional knowledge of Everglades
soils as well as of physical constraints (e.g., current organic matter
values cannot exceed predrainage values; Table 3). The resultant
calculations suggest that the estimate of 2.5 x 108 metric tons of
peat loss could be as low as zero (calculated value actually < 0) or as
high as 8.9 x 108 metric tons, and that the estimate of 5 x 10® metric
tons of CO, lost could be as low as zero (calculated value actu-
ally<0) or as high as 17 x 108 metric tons.

4. Discussion

Reconstruction of historical ecological conditions, particularly
in an area of organic soils where the original data has been lost
(literally “oxidized away”) is challenging and certainly subject to
uncertainties. We discuss here specific sources of uncertainty in our
estimates of carbon lost, along with a simple error analysis of Eq. (1),
and emergent insights into apparent constraints on the physically
plausible parameter space for Eq. (1).

The sources of parameter uncertainty can be divided into uncer-
tainties associated with the geometry of the peat deposit, which
here reduces to uncertainty related to the original and current
thicknesses, and uncertainties related to soil properties, specifically
the bulk density and the soil organic matter content. Additional
sources are the conceptualization of the peat deposit in Eq. (1),
specifically the assumption that the deposit could be adequately
represented as having a single, uniform thickness, z, and the
assumption that the profile was and still is (aside from tillage)
vertically quite uniform.

The assumption of uniform peat thickness contradicts the
known north to south thinning of the original deposit. However,
since Eq. (1) is linear and because the deposit was sufficiently
thick that the postdrainage water table has generally been above
bedrock, the soil processes north of a line of average thickness
would be counterbalanced by the processes south of the same line,
suggesting that an average thickness can be reasonably expected
to capture the deposit behavior.

The assumption of vertical uniformity of the peat profile has
strong support in the available current and predrainage data. In
1915, under nearly predrainage conditions, Baldwin and Hawker
(1915) extracted more than 400 soil cores along the full length of
the North New River Canal and several miles to either side. Values of
loss onignition (% organic matter) for the cores extracted within the
area that later became the EAA all fell within a very narrow range:
90+ 2%, with very little difference between the upper and lower
profile (Table 1). Although no predrainage or early post-drainage
data on the vertical distribution of bulk density appears to exist,
present day detailed profiles of bulk density obtained by Saunders
etal.(2008) from peat soil cores sectioned at 1 cm intervals showed
strong uniformity with depth. While these cores were not from
the EAA, they were from comparable areas with originally similar
hydrology and the same sawgrass vegetation.

Uncertainties regarding the original and current average thick-
ness of the peat deposit are somewhat harder to assess. Neither
the current nor the predrainage datasets are ideal. The original
thickness is likely to be an underestimate for at least three rea-
sons. The earliest measurements of peat thickness were made more
than three decades after the onset of drainage in 1882 (McVoy
et al., 2011). At that time, botanists reported plant species char-
acteristic of a drained sawgrass marsh: willow (Salix caroliniana),
elderberry (Sambucus canadensis), careless weed (Amaranthus aus-
tralis) and dog fennel (Eupatorium capillifolium) (Harper, 1927;
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Table 2
Peat and carbon losses from the EAA.

Method 1 (thickness)

Method 2 (elevation) Other studies

Time period 1915-2003 (88 years)
Original peat volume (m?) 6.5 x 10°

Peat volume remaining, ca. 2003 (m?) 2.0x10°

Peat volume lost by 2000/2003, (m?3) 4.5 % 10°

Ave. subsidence, m (ft) 1.6(5.2)

Peat mass lost (metric tons) 2.50 x 108

Mass CO; lost (metric tons) 4,85 % 108

Average emission rate (gCO> m~2h-1) 0.22

1880-2000 (120 years)
8.3 x10°

3.4x10°

49x10°

1.7 (5.6)

2.50 x 108

4.92 x 108

0.17 0.2-6.1¢

4.7 x 109 (in 1940s)*

88yr: 1.3 (4.2)°; 120yr: 1.8 (5.8)°

2 Peat volume estimated as remaining in early 1940s. From Davis (1943a,b) for area already in agricultural use and Davis (1946) for sawgrass peat area not in agricultural

use.
b Subsidence calculated from literature rates of 0.015myr-! (Snyder, 2005).

¢ Emission rates from EAA soils under typical Florida temperatures (10-30 °C); soil columns and field studies (Knipling et al., 1970; Volk, 1973; Gesch et al., 2007).

Davis, 1943a,b). This shift to drier species was corroborated by the
land surveyors’ notations of “land dry.” The botanists’ and land
surveyors’ observations suggest that a degree of subsidence and
perhaps oxidation would have reduced the peat thickness from the
original predrainage wetland conditions. Additionally, the survey-
ors apparently used sounding rods of 10 foot length, but noted in
some of the more northerly locations that the peat was thicker
than this, probably in the range of 12-14ft. Lacking other site-
specific information, we necessarily set these measured lengths at
10 ft. Finally, comparison of cross sections of the EAA kriged thick-
ness with EAA cross sections depicted in Stephens and Johnson
(1951), suggests that the kriging algorithm somewhat underesti-
mated the interior peat thickness as it attempted to fit the edges of
the peat deposit (zero peat thickness). All three of these sources of
error—unaccounted subsidence, sounding rod length, and artifacts
of kriging—will tend to make the thicknesses mapped in Fig. 2 less
than the actual predrainage thicknesses. Although difficult to quan-
tify, we estimate that collectively these three sources of error do not
cause an underestimate of the actual predrainage peat thickness by
more than 20-30%.

The estimation of current peat thickness (Fig. 3) used in Method
1 is also likely to be a source of uncertainty due to the sparseness
of the supporting data set. That said, the uncertainty may not be
as large as the sparseness might suggest. The extreme flatness of
the current EAA ground surface appears to reduce the uncertainty.
We compared Fig. 3 with an older, much more detailed soil map
(Cox et al., 1988), which included five classes of soil thickness (>51;
36-51; 20-36; 8-20; <8in.). We assumed that all thicknesses esti-
mated for 2003 (i.e., Fig. 3) should be less than or equal to those
mapped by Cox et al. in 1988, due to ongoing subsidence between
1988 and 2003. We found only minor areas (< 5%) that contradicted
this criterion, suggesting that Fig. 3 may in fact be a reasonable
estimate of current peat thickness.

For the topography-based calculations of peat loss (Method 2),
both the predrainage and the current estimated topography contain
potential sources of error. Surprisingly, the current land surface
may include more uncertainty than the predrainage surface. If so,
the greater accuracy of the predrainage surface would be due to

the physical constraints that shaped the predrainage system - a
peat surface leveled by the presence of surface water, with water
depths controlled by the elevations of the slightly higher uplands
bordering the Everglades.

While it is difficult to assess the overall effect of thickness-
related uncertainty, we do note the close similarity of the peat
volumes estimated by the two methods. Although not conclusive,
the similarity suggests the possibility that both may in fact capture
the actual change in volume (and thickness).

The perturbation analysis discussed in the Results section var-
ied the parameter values (Table 3) of Eq. (1) in combinations that
would produce the largest and smallest values of carbon lost. We
estimated the high and low values for each parameter based on val-
ues from the literature (Table 1), field knowledge of the soils and
their drainage history, and logical constraints. For example, physi-
cally, the post drainage organic matter content cannot exceed the
predrainage content and the post drainage bulk density must be
greater than or equal to the predrainage value. The analysis clar-
ified that Eq. (1) is highly sensitive to the estimated value of the
predrainage bulk density. The analysis also suggested that the range
of physically plausible parameter values may in fact be narrow;
even the quite narrow ranges shown in Table 3 resulted in negative
values for the estimated minimum value of carbon released. This is
of course not realistic, suggesting that the Table 3 values of one or
more parameters, or combinations of parameters, had been varied
too widely, at least for the low extreme.

The CO,, losses found in this study can be compared with emis-
sion rates found in other studies, provided that it can be assumed
that emission rates were constant over the century of peat loss.
While it is known that rate of subsidence of peat soils is closer to
exponential than linear, this is primarily due to the initial physi-
cal changes related to dewatering and compaction. Assuming that
the oxidation rate was approximately constant (stationary tem-
perature and depth of drained water table), we calculated a CO,
emission rate of about 0.2 gCO, m~2 h~1 (Table 2). This rate is sim-
ilar to but lower than field-measured values of 0.4-2.7gm 2 h-!
for tilled and untilled EAA soils (Gesch et al., 2007) and also to val-
ues of 0.3 and 0.8 gm~2 h~! measured in an peatland of similar area

Table 3

Values of current and predrainage soil parameters for the Everglades Agricultural Area (EAA) used in this study.
Parameter Time period Depth Symbol Units Low Mid High
Peat thickness Predrainage All bal m 2332 2.63 3232
Peat thickness Current >30cm Vi) m 0.50 0.65 0.80
Bulk density Predrainage All Pbl Mgm—3 0.08 0.10 0.12
Bulk density Current 0-30cm PbF1 Mgm-~3 0.28 0.32 0.36
Bulk density Current >30cm PbR2 Mgm—3 0.10 0.14 0.18
Organic matter Predrainage All OM; kgkg! 0.88 0.90 0.92
Organic matter Current 0-30cm OMF; kgkg! 0.75 0.80 0.85
Organic matter Current >30 OMp kgkg! 0.84 0.86 0.88

2 High and low estimates are intentionally asymmetric to reflect the likelihood that predrainage sources underestimated peat thickness.
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and drainage history in Central Kalimantan, Indonesia (Jauhiainen
et al., 2008).

If consistent with past history, CO, releases from the EAA appear
to be approximately 5 x 10® metric tons per year (Table 2). This is
similar to the annual carbon emissions of approximately 1 x 10°
American households, assuming emissions of 48 metric tons per
year per household (Jones, 2011). If the remaining approximately
30% of the original peat (Table 2) is also oxidized, an additional
1.7 x 108 metric tons of CO, will be released.

According to Bridgham et al. (2006), North American wetlands
form a large carbon pool and serve as a small to moderate car-
bon sink. They estimate that Florida wetlands emit up to about
30gm~2yr! of methane but that these emissions are likely off-
set by the positive benefits of carbon sequestration in the soils and
plants. They contend that carbon sequestration in wetlands can-
not be used as a rationale for preserving them, although the other
ecosystem services they provide justifies their recovery. They do
indicate that protecting and restoring peatlands will contribute to
net carbon sequestration even given the amount of methane emit-
ted.

Approaches to restoration of the remaining Everglades have
included the option of purchasing substantial portions of the EAA
and their conversion to either water quality treatment marshes
or water storage areas (Grunwald, 2008). Both options would re-
inundate remaining peats, preventing further oxidation of peat,
and reducing carbon emissions. Additionally, in some cases, carbon
sequestration as marsh peat would also be expected. This could lead
to the region again becoming a significant carbon sink, providing an
important ecosystem service. Under the assumptions that (a) 40%
of the EAA would be inundated and (b) that the past emission rate
of approximately 0.2 g CO, m~2 h~! would be reduced to zero, this
would eliminate carbon releases from that area.

Assuming a carbon credit price of $10-100 per metric ton
(Mathews, 2008), the eliminated annual carbon releases would be
worth $50 million to $500 million per year, with a total value of
approximately $2 billion to $20 billion for preserving the remaining
approximately 1 x 108 metric tons of peat. This could offset the loss
in sugar production revenues of approximately $749 million cal-
culated for the proposed restoration (Hodges et al., 2008). Given
the world-wide interest in mitigating climate change through the
reduction of carbon emissions, the proposed purchase and its con-
version to either water storage or water treatment wetlands would
appear to be a beneficial choice, both environmentally and econom-
ically.

5. Conclusions

Anthropogenic drainage of the Everglades Agricultural Area
implemented to make use of the organic (peat) soils of the Ever-
glades, has resulted in subsidence and soil loss. Using historic and
recent surveys, we mapped the historic and recent peat thick-
ness and the soil surfaces. The loss of peat was calculated as
the difference between these different thicknesses and surfaces.
Our calculations suggest that over 4billionm3 of peat soil has
been lost from the area. Corresponding bulk emission rates of
0.2gCO, m2h~! were similar to field measurements from other
studies. As soil transport losses are essentially zero in this area, we
assumed that this soil carbon has all been released to the atmo-
sphere through oxidation, translating into about 0.5 billion metric
tons of carbon dioxide released, contributing to global climate
change. Restoring this area to a wetland would preserve the
remaining peat and could ultimately lead to the area again becom-
ing a net sink for carbon. Depending upon future developments in
the carbon credit market, restoration of the area as a carbon sink
could also reap economic benefits.
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