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Aeolian dust is rarely considered an important source for nutrients 
in large peatlands, which generally develop in moist regions far 
from the major centers of dust production. As a result, past studies 
assumed that the Everglades provides a classic example of an origi
nally oligotrophic, P-limited wetland that was subsequently degraded 
by anthropogenic activities. However, a multiproxy sedimentary 
record indicates that changes in atmospheric circulation patterns 
produced an abrupt shift in the hydrology and dust deposition in 
the Everglades over the past 4,600 y. A wet climatic period with 
high loadings of aeolian dust prevailed before 2800 cal BP (calibrated 
years before present) when vegetation typical of a deep slough 
dominated the principal drainage outlet of the Everglades. This dust 
was apparently transported from distant source areas, such as the 
Sahara Desert, by tropical storms according to its elemental chemis
try and mineralogy. A drier climatic regime with a steep decline in 
dustfall persisted after 2800 cal BP maintaining sawgrass vegetation 
at the coring site as tree islands developed nearby (and pine for
ests covered adjacent uplands). The marked decline in dustfall 
was related to corresponding declines in sedimentary phosphorus, 
organic nitrogen, and organic carbon, suggesting that a close 
relationship existed between dustfall, primary production, and 
possibly, vegetation patterning before the 20th century. The cli
matic change after 2800 cal BP was probably produced by a shift 
in the Bermuda High to the southeast, shunting tropical storms to 
the south of Florida into the Gulf of Mexico. 

Sahara dust | Holocene climate change | P-limitation |
long-distance transport | ridge-slough-tree island patterning 

The Everglades in south Florida remains one of the largest and 
most distinctive wetlands in North America. Before the 20th 

century, the Everglades covered more than 1 million ha and 
served as a conduit for runoff draining from Lake Okeechobee to 
the sea (1–4). This original drainage pattern is still marked by the 
striking alignment of the slough, ridge, and tree island networks, 
providing visible evidence for a tight linkage between ecosystem 
processes and hydrology (2–9). During the past 100 y, however, 
the wetlands south of Lake Okeechobee were converted to ag
ricultural fields, and the northern and central Everglades were 
compartmentalized into Water Conservation Areas that regulate 
flow southward to Everglades National Park (Fig. 1) (1–4). These 
massive projects altered the flow regime and nutrient fluxes 
within the Everglades so pervasively that current conditions may 
no longer be indicative of the principal drivers that once con
trolled the development of this ecosystem. 
Stratigraphic studies provide an alternative means to reconstruct 

the past dynamics of the Everglades with respect to climate, sea 
level, and geology (9–12). The 160-km-long bedrock trough that 
underlies the Everglades now has a regional slope of only 3 cm 
km−1, making the system especially sensitive to small changes in 
precipitation or sea level (10–13). A moist climate coupled with 
slowly rising sea levels have, therefore, been identified as the 
principal drivers for the long-term development of the Everglades 
(12). However, climatic shifts also can have a substantial in
fluence on the aeolian transport of dust, which was probably the 
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primary source of P in the predrainage Everglades (4). At present, 
it is not known whether nutrient inputs played a prominent role in 
the development of this vast wetland or whether dustfall patterns 
were related to the frequency of moisture sources, such as tropical 
storms and El Niño. 
We, therefore, conducted a multiproxy analysis of a sediment 

core from the Northeast Shark River Slough (NESRS) after 
finding initial evidence for paleodust indicators in cores from the 
central Everglades (Fig. 1 and SI Materials and Methods). The 
NESRS should also contain a highly sensitive record of hydro
logical change across the broader Everglades because of its lo
cation near the head of a southwest-trending bedrock trough that 
served as the principal drainage outlet for this wetland before the 
drainage era (12). In contrast, most stratigraphic investigations 
in the Everglades are concentrated in the northern and central 
Everglades, and only limited work has been conducted in the 
Shark River Slough (2, 3, 7). 

Results 
Core Lithology. The NESRS core has four lithologic units (12) 
representing major shifts in mineralogy, organic content, and 
elemental composition (Figs. 2 and 3 and Datasets S1 and S2). 
These units are readily distinguished by their relative proportions 
of carbonates, organic matter, and ash. The two uppermost units 
are dominated by carbonates that account for 90% of the dry 
mass in Unit I (6–50 cm) and 80% of the dry mass in Unit II (50– 
68 cm), with the remainder mostly consisting of organic matter. 
The lithology shifts from carbonates to organic matter in Unit III 
(68–96 cm), which is dominated by fine-grained organic matter 
(60–80%), with a significant fraction of ash (10–20%) and a mi
nor component of carbonates (5–7%). The organic content then 

Significance 

Wind-blown dust is seldom considered an important source for 
nutrients in large peatlands, such as the Everglades. However, 
a sedimentary record suggests that high loadings of dust-borne 
nutrients once prevailed in the central Everglades during a pe
riod of moister climate with intense tropical storms that ended 
2,800 y ago. Afterwards, a drier climatic regime with a steep 
decline in dustfall may have been the impetus for the striking 
surface patterning of the Everglades. This study provides addi
tional support for the importance of aeolian dust in ecosystem 
development. 
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apatite at the bottom of the quartz layer. In contrast, low and 
igh magnesium calcite is the dominant mineral fraction in Unit 
V (95–99 cm), with a minor component of quartz. 
The elemental profiles for inorganic and organic carbon 

losely track the relative abundances of carbonates and organic 
atter in the NESRS core (Fig. 2). However, these relationships 

ack a 1:1 correspondence, because the molar fractions of carbon 
n calcite (12%) and cellulose (44%) are different. Total organic 
arbon is closely related to %P and especially, total organic ni
rogen, which varies linearly (r2 = 0.99) with total organic carbon 
hroughout the core. 

ollen Zonation. The pollen stratigraphy has four distinct zones 
haracterized by changes in the relative abundance of both 
ocal (e.g., Cladium vs. Nymphaea) and r egional ( e.g., Pinus  vs. 
maranthaceae) pollen types (Figs. 5 and 6). The most impor
ant pollen boundary at 67–68 cm (from a Pinus–Cladium as
emblage in pollen zone 2 to an Amaranthaceae–Nymphaea 
ssemblage in zone 3) coincides with a major change in lithology 
rom carbonates to organic matter (between Units II and III). In 
ontrast, the other pollen zones are slightly offset from the 
tratigraphic divisions. A detailed description of the pollen zo
ation is presented in SI Results. 

ge Model. Sediments in the Everglades are subject to dating 
rrors from both the hard water effect and the downward 
ransport of modern carbon by plant roots (12). An age model 
or this 99-cm–long core was, therefore, based on eight accel
rator mass spectrometry-14C dates of gastropod shells that were 
alibrated using CALIB (15) after the magnitude of the hard 
ater effect was first quantified and corrected (12). This age 
odel (Fig. 2) was constructed using TGView (16), because the 
ates fit a nearly linear age vs. depth relationship. Sediment 
egan accumulating at this site around 4600 cal BP (calibrated 
ears before present) and continued at a slow (0.2 mm y−1) but 
early linear (r2 = 0.98) rate, despite the marked changes in the 
ithology and stratigraphy (12). 

iscussion 
arge peatlands (>1,000 km2) generally develop into oligotrophic, 
-limited ecosystems as their thickening peat profile separates the 
urface waters and vegetation from the mineral substratum. Sev
ral factors would have intensified this developmental pathway in 
he Everglades before the drainage era. First, the surface waters 
ere progressively diluted by precipitation along flow lines that 
xceeded 100 km before 1900. Second, the exceptionally low re
ional gradient would further amplify the diluting effects of pre
ipitation by increasing the residence times of surface waters. 
hird, south Florida rests on a limestone platform with only a thin 
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Fig. 1. Landsat image of the Everglades and surrounding region. The fea
tures marked are (1) Lake Okeechobee, (2) the Everglades Agricultural Areas, 
(3–6) Water Conservation Areas 1, 2, 3A, and 3B, respectively, and (7) Shark 
River Slough. Other marked areas are (I) Lake Wales Ridge, (II) Big Cypress 
Swamp, and (III) Miami Rockland Ridge. The coring site is marked by the 
arrow. Adapted with permission from American Geophysical Union (12). 

falls to 10–26% in Unit IV (96–99 cm), which has larger fractions 
of carbonates (16–48%) and ash (48–58%). 

The mineral stratigraphy is largely distinguished by changes in 
dominance between calcite and quartz (Fig. 3). The mineral 
fraction of Units I and II consists almost entirely of pure calcite, 
with only 1–2% quartz and less than 0.1% P oxides as a per
centage of the total crystalline fraction. These calcareous silt 
layers contain both low Mg (interpreted as endogenic) and high 
Mg (interpreted as allogenic) calcite. The evaporite mineral 
gypsum first appears at the transition between Units II and III 
and extends down to a depth of 83 cm. In contrast, quartz is the 
dominant mineral in Unit III, where it is associated with signif
icant amounts of gypsum along with crustal elements, such as 
titanium, aluminum, and iron, and greater than 0.3% P oxides. In 
the lower portion of Unit III, quartz ranges from 60% to 70% of 
the mineral fraction, with almost pure quartz lenses at depths of 
75 and 93 cm. The quartz ranges from silt-sized particles to 
coarse, angular quartz grains that are up to 200 μm in size and 
faceted like desert ventifacts (14), with a patina of reprecipitated 
silica or amorphous oxides (Fig. 4). P oxides range up to 3.5% of 
the inorganic fraction at 93-cm depth, with large particles of 
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Fig. 3. Inorganic (X-ray diffraction and X-ray fluorescence) stratigraphy of 
the NESRS core. Mineral concentrations are in mass percentage of total 
crystalline fraction, whereas elemental concentrations are in mass percent
age of total sample less C and N compounds and scaled by convention 
according to their respective normative oxides. The wet climatic period be
fore 2800 cal BP is marked in blue. 

veneer of calcareous soils that are largely depleted in phosphorus 
and nitrogen. As a result, the ecosystems of south Florida were 
largely dependent on atmospheric sources for essential mineral 
nutrients before the 20th century (3, 4). Phosphorus is generally 
considered the key limiting nutrient in freshwater wetlands, 
because most available phosphate is rapidly incorporated and 
conserved within biomass, whereas the remainder is largely se
questered in insoluble complexes or precipitates (4). 

Holocene Vegetation and Hydrology. The pollen stratigraphy indi
cates that the Holocene vegetation succession in the NESRS was 
closely linked to climate-driven shifts in hydrology and dust de
position (Figs. 3, 4, 5, and 6). Initially, a wet prairie (pollen zone 
4) became established on the pitted bedrock surface of the 
coring site at 4600 cal BP This assemblage was dominated by 
grasses and sedges typical of a marl prairie, with pockets of 
deeper water in bedrock pits supporting aquatic and emergent 
vascular plants (e.g., Nymphaea, Utricularia, Sparganium, and 
Sagittaria). At this time, marl was biogenically precipitated and 
mixed with organic detritus to form a thin veneer of sediment 
over the bedrock. This initial phase of wetland development was 
apparently associated with a period of slowly rising sea level 
based on the influx of mangrove (Rhizophora) pollen blowing in 
from the nearby coasts. The low values for pine and much higher 
values for Amaranthaceae indicate a regionally high water table 
with extensive wet or brackish meadows adjacent to the modern 
Everglades. 
This marl prairie assemblage was soon replaced by a slough-

like assemblage (pollen zone 3) marked by deeper water levels 
and longer hydroperiods indicated by the dominance of Nym
phaea and the presence of other aquatics, such as Utricularia, 
Sparganium, and Sagittaria. The greater water depths and higher 
nutrient loadings from dustfall (Figs. 3, 4, 5, and 6) supported 
a rapid rise in primary production and the accumulation of or
ganic carbon in the sediment (Fig. 2). Sawgrass (Cladium) and 
other sedges were present but not dominant during this wet 
phase, which was probably representative of the broader Ever
glades, because the Shark River Slough functioned as the prin
cipal natural drain for the extensive wetlands upslope. 
During this early period (pollen zones 3 and 4), the regional 

water table was apparently too high to support pine forests or oak 
savannas on adjacent uplands, because both oak and pine pollen are 
poorly represented, except for a distinct pine peak at 82 cm. Mesic 
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hammock taxa (e.g., Celtis, Taxodium, and  Myrica), which typically 
occupy higher points on the uplands, were present but not abundant 
(Fig. 5). In contrast, the regional pollen rain was dominated by 
pollen of chenopods and Amaranthus. Today, the native species 
from this group have a largely coastal distribution in Florida, 
although the very robust A. australis, which is largely found in 
salt or brackish marshes, also extends inland on disturbed fresh
water sites along drainage ditches, canals, and drained sloughs (17– 
20). Dust deposition was apparently high throughout this period, 
despite the wet climate, because of long-distance transport from 
distant source areas (Fig. 3). 
After 2800 cal BP the slough assemblage was replaced by 

a Cladium (sawgrass) ridge assemblage, which represented a shift 
to lower water levels and shorter hydroperiods. This reconstruc
tion is supported by the transition in the local sediment lithology 
from the organic detritus of pollen zone 3 to the carbonates of 
zone 2. Lower water levels are consistent with the appearance of 
the evaporite mineral gypsum at the transition from zone 3 to zone 
2 (Fig. 3) and preference for marl deposition in warm shallow 
water (2). Regionally, Pinus became the most abundant pollen 
type, because drier conditions favored the expansion of pine for
ests on the Miami Rockland Ridge to the east and other nearby 
mineral uplands. Pollen zone 2 is also marked by the rise nearby of 
Taxodium and hammock species (Myrica, Morus rubra, Trema, and  
Celtis) and also ferns (Dryopteris), which are characteristic of the 
modern tree islands of the Everglades. These changes seem to be 
the result of a regional change in climate rather than sea level or 
geomorphic factors alone, because there was a dramatic decline in 
the quartz assemblage, indicative of dustfall after 2800 cal BP 
(Fig. 3). 
Pollen zone 1 is marked by a gradual decline in pine beginning 

about 1200 cal BP and relatively stable values for Amaranthaceae. 
In contrast, the economic expansion after World War II (pollen 
zone 1a) was marked by much lower values for pine as the Miami 
Rockland forests were cut (13) and the rise in disturbance or in
vasive indicators, such as Salix, Ambrosia, Casuarina, Rhus, and  
Melaleuca. Although Willard et al. (7) argue that Casuarina was 
introduced to south Florida in the late 19th century, the pollen 
assemblage in pollen zone 1a seems to fit most closely the post-
World War II changes described by Craighead (13) and was in
dependently dated by Schottler and Engstrom (21). The local rise 
in Utricularia and Sparganium during this period indicates that the 
water table was too low to favor the growth of water lilies. 

Climatic Determinants of Ecosystem Development. The onset of peat 
accumulation in the Everglades basin coincided with a regional 
shift to a moister climate after 5600 cal BP that was detected by 
several paleoclimatic records. On the Lake Wales Ridge just 
north of Lake Okeechobee, a shift to a moister climate after 
5,000 y BP was marked by rising water levels, regional expansion EC
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Fig. 4. Scanning electron micrograph of a large-faceted quartz grain from 
76-cm depth. 

PNAS | October 22, 2013 | vol. 110 | no. 43 | 17213 



Urtic
ac

Age
 (c

Dep
th 

1000 20 

10 
500 

15 

50 

ea
e

Apia
ce

ae
 al 

BP)
(cm

) 

Med
ian

 C
ali

bra
ted

 

10 

1214 

1551 

1885 

2405 
2551 
2852 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
20 40 60 80 20 

e 

20 40 60 80 100 

Zone 

1a 

1b 

2 

3 

4 

14 C Age
 

4608 

0 

500 
1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

Pollen Analyst: Barbar a C.S. Hansen 

Fig. 5. Regional pollen stratigraphy of the NESRS core. The blue zone marks the wet period between 4600 and 2800 cal BP 

of pine forests, and contraction of oak savanna (22, 23). Addi
tional evidence indicates that this wet period persisted at other 
sites in Mexico and Haiti until about 2700 cal BP (24–26). This 
prolonged period of higher rainfall may have been caused by 
increased activity of El Niño or a greater frequency of tropical 
storms (27–29). 

A major shift to a drier climate after 2800 cal BP was apparently 
responsible for the change from pollen zone 3 to pollen zone 2. 

This chronology closely matches other paleoclimatic records from 
Haiti (24, 26), the Yucatan Peninsula of Mexico (25), and the 
Gulf Coast of northwestern Florida (30). The timing of this 
shift also roughly coincides with the marked decline in the peat 
accretion rate reported in the  Big Cypress  Swamp of southwest  
Florida (31). Lower water depths would have favored the 
abrupt change from the slough-like assemblage in pollen zone 
3 to one typical of a drier sawgrass ridge in zones 2 and 1. A 
decline in water depth could also explain the shift from organic-
rich sediment in Lithologic Unit III to carbonate in Unit II, be
cause marl deposition is favored by shallow water in the modern 

before 2800 cal BP (Units III and IV), when quartz, Al, Fe, and 

Everglades (2). 

Aeolian Dust and Nutrient Influx. The profiles of P, N, quartz, and 
crustal elements are strikingly coherent within the NESRS core, 
suggesting that the influx of nutrients was closely linked to
dustfall. Phosphorus levels were highest during the wet phase 

Ti were also deposited. In contrast, P levels declined dramati
cally after 2800 cal BP when the deposition of quartz and crustal 
elements either fell or ceased and shallower waters prevailed at 
the coring site. The higher influx of P during pollen zone 3 (Figs. 
3 and 4) could have stimulated local N fixation (32) and helped 
favor producers other than oligotrophic species, such as Cladium
and periphyton. In contrast, the lower influx of phosphorus and 
nitrogen after 2800 cal BP (zones 2 and 1) would have favored 
Cladium and periphyton, which are now hallmarks of the central 
Everglades. The decline in dustfall could also have created 
a template for spatial patterning across the central Everglades by 
allowing localized hot spots for P deposition from guano to drive 
the development of tree islands, which was suggested by Givnish 
et al. (8) and others (6, 7). 
The recent postdrainage era, however, is marked by only 

a slight rise in phosphorus from 0.02% to 0.031% at the very top 
of the core (Fig. 3 and Dataset S1C). Apparently, neither the 
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site. Moreover, phosphorus levels remained low (<0.02%) down 
to a depth of 69 cm, indicating little vertical transport of this 
labile nutrient within the sediment profile. The consistent distri
bution of high P levels (>0.084% to 0.165%) in the deeper sedi
ment (Units III and IV) along with quartz and primary crustal 
elements, therefore, provides strong evidence for an aeolian origin 
for these components before the drainage era. 

Sources of Aeolian Dust. It seems unlikely that the mineral assem
blage in Lithologic Unit III (pollen zones 3 and 4) was derived from 
a local source. Fluvial transport of the quartz sand, for example, 
would have been limited by the broad reach of the wetland, the 
exceptionally low regional gradient, and the large sediment trap 
formed by Lake Okeechobee at the head of the watershed. Wind 
transport of sand from the adjacent uplands would also have been 
unlikely during a humid period when the landscape was vegetated 
and no dunes were active, except near the coast. The beaches and 
shallow soils of south Florida, moreover, contain a large fraction 
of carbonates, whereas the mineral assemblage of Lithologic Unit 
III is dominated by quartz with little calcite (Fig. 3). The quartz 
grains in this unit also lack the highly polished surfaces and tri
angular etch pits characteristic of beach sands (33). 

It also seems unlikely that the quartz assemblage in the NESRS 
core was derived from tephras blowing in from the volcanic belt of 
the Lesser Antilles to the east. Volcanoes on Dominica, for ex
ample, currently produce ash that has only a minor component of 
quartz mixed with a dominant fraction of mafic minerals and glass 
shards (34), which were not detected in the NESRS core. The two 
peaks in Al/Ti profile in this core (Fig. 4) greater than 50 could be 
indicative of tephras from the Dominica region (35). However, no 
paleorecords exist for eruptions in the Lesser Antilles between 
4600 and 2800 cal BP (Units III and IV), and the more recent 
historic eruptions of these volcanoes (34, 35) failed to produce 
a detectable signal in the NESRS core. It also seems unlikely that 
this quartz assemblage was blown in from the west: (i) the pre
vailing westerly winds lack sufficient strength to transport large 
quartz grains to south Florida, and (ii) the Peoria Loess Plain of 
the lower Mississippi Valley was relatively inactive after 5000 cal 
BP (35). 
In contrast, the mineralogy, elemental composition, and quartz 

surface textures in this quartz assemblage are consistent with long-
distance transport from the African Sahara. The Sahara currently 
produces most of the world’s aeolian dust, which is transported 
over the Atlantic Ocean by the East African Jet (14). Dust from 
the western Sahara is dominated by quartz and rich in titanium, 
which is usually ascribed to rutile (36–38). During transport over 
the Atlantic Ocean, quartz is dominant in this dust layer, and ti
tanium also remains high, with Al/Ti ratios of 11 in aerosols over 
the western Sahara, 13 in aerosols over Cape Verde Islands, and 
14 in aerosols over Barbados and Miami (36). These values are 
comparable with the Al/Ti ratios in Lithologic Units III and IV, 
that range from 13 to 32, with an average value of 20. The Sahara 
dust layer is also characterized by significant concentrations of 
phosphorus (720 ppm, which is equivalent to 0.072% dry mass less 
carbon) and nitrate over the Atlantic Ocean, with P usually as
cribed to hydroxyapatite and amorphous aerosols that are 10–30% 
soluble (39, 40). These values are comparable with the concen
trations of phosphorus measured in Units III and IV of the 
NESRS core. 
The larger quartz grains in Lithologic Units III and IV are also 

consistent with quartz grains from hot deserts (14, 33), that are 
often angular if smaller than 200 μm and covered with patinas of 
reprecipitated silica or amorphous oxides (Fig. 4). Large dust 
grains (>75 μm), moreover, have been found in the atmosphere 
and water column from the center of the northern Pacific that 
were linked to long-distance transport of aeolian dust from China 
(41, 42). The absence of felsic minerals from the NESRS quartz 
assemblage is unexpected but could be the result of highly specific 

local controls on the mineralogy of Saharan dust (43), differential 
weathering and transport histories of dust (43), or preferential 
dissolution of dust in sediments saturated with circumneutral pore 
waters and organic acids (44) (SI Results). 
The most likely transport mechanisms that could account for 

the size and abundance of quartz grains in Lithologic Unit III are 
tropical storms that begin as disturbances (African Easterly 
Waves) over the Sahara, where they entrain dust that is then 
transported across the Atlantic Ocean to south Florida by the 
African Easterly Jet (37, 45, 46). Evan et al. (47) reported that an 
anticorrelation exists between hurricane activity and the advec
tion of the dusty Saharan Air Layer over the north Atlantic 
Ocean. The work by Evan et al. (47) suggested that this inverse 
relationship may be a result of (i) the dust layer disrupting the 
formation or reducing the intensity of tropical cyclones over the 
Atlantic Ocean (48) or (ii) the association of the African East
erly Waves with higher precipitation patterns that decrease dust 
formation over the Sahara Desert (49). However, the high winds 
generated by tropical cyclones (or a stronger East African Jet) 
are the only apparent transport mechanism that could account 
for the large (>20 μm) quartz grains that are abundant in Lith
ologic Units III and IV (Figs. 3 and 4) and the quartz peaks at 75 
and 85–93 cm, respectively. Tropical storm activity must have 
remained intense during this wet period, because the current de
position of Saharan dust over south Florida, which peaks during 
the summer rainy season (50), deposited only trace amounts of 
quartz in the upper portions of the NESRS core (Fig. 3). 

Mechanisms for Climatic Change. The age chronology for the 
NESRS core indicates that, after ∼2800 cal BP the climate at this 
site changed from a wet phase with frequent tropical storms to 
a drier period with fewer tropical cyclones. Hodell et al. (25) 
suggested that the mid-Holocene moist period in the Caribbean 
before 2800 cal BP was caused by an increase in the intensity of 
the orbital precessional cycle of the Earth and sun. Forman et al. 
(51), however, hypothesized that this moist period was de
termined by the position of the jet stream and Bermuda High in 
the North Atlantic. Between 7000 and 3000 cal BP a more 
northerly trajectory of the jet stream and northeasterly position 
of the Bermuda High generated anticyclonic winds around the 
Bermuda High, shunting storm tracks and moist air to Florida 
and the Atlantic coastline of the United States. A more southern 
trajectory of the jet stream after 3000 cal BP then produced 
a southwestward shift of the Bermuda High that channeled storm 
tracks south of Florida to the Gulf of Mexico, creating a relatively 
drier climate in Florida. 
Lui and Fearn (30) and Elsner et al. (52) further proposed that 

the intensity of the North Atlantic Oscillation controlled the 
location of the Bermuda High and the trajectory of hurricanes 
across the North Atlantic. These works suggest that an increase 
in the intensity of the North Atlantic Oscillation between 4000 
and 3000 cal BP would have shifted the location of the Bermuda 
High to the northeast, shunting hurricanes and moister air to 
Florida (30, 52). Hurricanes then became less frequent along the 
Gulf Coast of Florida and Alabama (43), whereas the south
eastern tip of Florida remained wet with high dustfall and tropical 
storm activity according to this study (43). After 3000 cal BP 
a southward shift in the jet stream and a movement of the Bermuda 
High to a more southeasterly position would have directed storm 
tracks away from southeast Florida to the Gulf of Mexico, which 
was indicated by cores from the Gulf Coast of Florida and Alabama 
(43). In addition, an increase in El Niño activity after 2700 cal BP 
which was suggested by Sandweiss (53), may have caused a decline 
in hurricane frequency in the Tropical Atlantic. 

Conclusions 
A major climatic change around 2800 cal BP seems to have altered 
the hydrology, nutrient influx, and vegetation of the Everglades. 
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The multiproxy record from the NESRS core suggests that (i) 
dustfall was an important source for nutrients in the early history 
of the Everglades, (ii) a marked decline in dustfall, nutrients, and 
water levels after 2800 cal BP seems to have occurred con
currently with the origin of vegetation patterning in the Ever
glades, and (iii ) development of this large wetland was probably 
coupled to the location of the Bermuda High that controlled 
atmospheric circulation patterns across the Gulf of Mexico and 
the Caribbean. Additional study will be needed to determine 
the regional replicability of this hypothesis. However, this study 
still provides support for the importance of long-distance trans
port of dust and nutrients in the development of nutrient-limited 
ecosystems, such as oceanic islands and extensive peatlands (54). 
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SI Materials and Methods 
Core Recovery and Logging. We first recovered 42 cores from the 
southern Everglades across water conservation areas (WCA)-3A 
and the Northeast Shark River Slough to obtain a general 
overview of the sediment stratigraphy of our study area (1). All 
cores were collected with a piston corer equipped with a poly-
carbonate core barrel (7.5 cm in diameter), which was able to 
recover the entire sedimentary sequence from the sediment/ 
water interface to the underlying bedrock in a single drive (1). 
The soft near-surface sediment was first extruded vertically in 1-cm 
intervals from the top of the core barrel using a custom extruder 
described in the work by Glaser and Griffith (2). Each 1-cm slice 
of near-surface sediment was stored in a separate container. The 
remainder of the core containing the firmer sediment was next 
extruded horizontally, wrapped in plastic, and stored in PVC pipe 
for transport from the field. 
All cores were scanned with a Geotek Multisensor Core Logger 

at the Limnological Research Center in Minneapolis, MN, to 
obtain values for wet bulk density by γ-ray attenuation. The cores 
were next split longitudinally into archive and sample sections 
and imaged with a color digital line scanner (RGB) at 300 dots 
per inch. Initial core descriptions were made on all of the cores 
using the methods described in the work by Glaser et al. (1). The 
general lithology of each core was initially determined by dis
persing small samples of sediment with water in a Petri plate and 
identifying the major components with the aid of dissecting and 
compound microscopes. 
On the basis of these initial core descriptions, we found evi

dence for paleodust indicators (e.g., large quartz grains) in many 
but not all of 42 cores recovered from our study area. We, 
therefore, selected the longest core with the most interesting 
stratigraphy for more detailed analysis (Fig. 1). This core also 
offered the best opportunity to obtain a reliable age model, 
despite the apparent problems caused by the hard water effect 
and contamination by fine rootlets (1). The core was recovered 
from a sawgrass (Cladium) ridge at 25.746° N and 80.583° W in 
the Northeast Shark River Slough of Everglades National Park. 

Loss On Ignition and Pollen Analyses. Four complete sets of 1-cm−3 

subsamples were collected from the Northeast Shark River 
Slough core for pollen analysis, loss on ignition (LOI), carbon 
elemental analysis, and analysis by X-ray diffraction (XRD) and 
X-ray fluorescence (XRF). All subsamples were extracted using 
a small open-mouthed plastic tube equipped with a graduated 
scale and a piston (1). The pollen samples were collected at 2- to 
5-cm depth intervals and prepared by standard methods (3). 
Microscopic slides were prepared from these samples and counted 
under a compound microscope, and the results were plotted as 
percentages based on a sum of 300 pollen grains and spores. The 
LOI analysis followed the standard procedures first described in 
1974 by Dean (4) to determine the relative fractions of organic 
matter, carbonates, and inorganic ash (remaining after ignition 
at 1,000 °C). The LOI samples were collected at 2-cm depth in
tervals and placed in glass vials before analysis. An analytical 
balance was used to determine the weight of (i) initial wet mass, 
(ii) dry mass after being left in a freeze-drier for 24 h to remove 
the water content, (iii) dry mass after ignition at 550 °C for 4 h to 
remove the organics, and (iv) dry mass after ignition at 1,000 °C 
for 2 h to remove the carbonates. All dry sample weights were 
determined after the samples had cooled in a desiccator and 
reached constant weight. 

Elemental Carbon and Nitrogen Analyses. The third set of sediment 
samples was also collected at 2-cm depth intervals, dried for 24 h 
in a freeze-drier, weighed with an analytical balance, and then 
ground into a powder with a mortar and pestle for analysis of total 
carbon and nitrogen content using a Carlo Erba NC2500 ele
mental analyzer. Bulk samples were assayed in 5 × 9-mm tin 
capsules using an elemental analyzer and conventional methods 
(5, 6). Subsamples were assayed for total organic carbon in 5 × 9
mm silver capsules. Deionized water (50 μL) was dispensed into 
each capsule, and acid (HCl) was fumigated for 7.5 h in a sealed 
glass desiccators to decompose carbonates. Total inorganic car
bon was calculated by difference, and total nitrogen was assumed 
to predominantly be in the form of total organic nitrogen. 
Concentration data were normalized to National Institute of 
Standards and Technology (NIST) 2710 and NIST 2711 soils (0.3 
and 0.13 wt %N and 3.01 and 1.73 wt %C, respectively); fumi
gation efficiency was confirmed by spiking soil standards with 
pure CaCO3. Precision was typically less than 0.5 and 1.0 wt % 
for N and C, respectively (5, 6). 

XRD and XRF Analyses. Samples for mineralogy were freeze-dried 
for 24 h and then heated at 550 °C for 4 h to remove organic 
matter but preserve carbonate minerals. The samples were 
powdered and pressed as a 0.2-mm layer onto briquettes com
posed of Chemplex X-Ray Mix. The identical briquettes were 
analyzed for both quantitative mineralogy by XRD (Panalytical 
Xpert Pro) and elemental composition by XRF (Phillips PW
1480). By convention, elemental results were reported as nor
mative oxides summing to 100% of the inorganic fraction ex
cluding carbonate C (carbon is not detected by XRF): MnO, 
CaO, K2O, SO2, P2O5, Al2O3, SiO2, Fe2O3, Na2O, MgO, and 
TiO2. Mineralogy was interpreted as mass percentages of the 
total crystalline fraction (both excluding and including XRF-
estimated amorphous Fe and Al oxides) using search-match and 
reference-intensity ratios from the PDF-2 database (International 
Center for Diffraction Data); results were validated by the ele
mental concentrations. Selected splits of the same samples were 
gold-sputtered and examined with a Hitachi S-4000 scanning 
electron microscope, and energy-dispersive spectra were observed 
qualitatively, identifying C, O, Fe, Na, Al, Si, S, Cl, P, Mg, and Ca. 
The results of all analytical methods were corroboratory. The age 
model was based on eight accelerator mass spectrometry-14C 
dates of gastropod shells obtained from the Center for Mass 
Spectrometry at the Lawrence Livermore National Laboratory. A 
more complete description of the dating methods was presented in 
the work by Glaser et al. (1). 
Any use of trade, firm, or product names is for descriptive 

purposes only and does not imply endorsement by the US 
Government. 

SI Results 
Pollen Zonation. The pollen stratigraphy has four distinct zones 
characterized by changes in the relative abundance of the prin
cipal local and regional pollen types (Figs. 5 and 6). The most 
important pollen boundary at 66 cm (between zones 2 and 3) 
coincides with the major change in lithology from calcite to or
ganic matter (between Units II and III), whereas the other 
stratigraphic divisions are offset. Pollen zone 1 represents the 
cultural horizon with the post-World War II era (zone 1a) marked 
by the sharp rise in Ambrosia and other anthropogenic or dis
turbance indicators, such as Eugenia/Melaleuca, Myrica/Casua
rina, Rhus/Anacardiaceae, and Urtica. Both zone 1a and 1b are 
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also distinguished by the decline in pine, which declines from 
70% of the pollen sum at the base of zone 1b (29–13 cm) to 29% 
to the top of zone 1a (13–6 cm). 

Pollen zone 2 (29–67 cm) is marked by the dominance of Pinus 
pollen (50–75%), with significantly lower concentrations of 
Amaranthaceae (<30%). This zone is also distinguished by the 
rise of Myrica, Alnus, and  Juniperus/Taxodium pollen and the con
sistent occurrence of Iva frutescens and Tubilflorae. Cladium 
jamacense (sawgrass) and Sagitaria with lower abundances for 
Nymphaea and Sparganium are also consistently abundant. 

In contrast, pollen zone 3 (66–85 cm) is marked by much lower 
values for Pinus, which range from 10% to 35% (except for 
a spike of 85% at 83-cm depth), and also, the dominance of 
Amaranthaceae, which is between 40% and 80% of the pollen 
sum. The local pollen is dominated by Nymphaea (water lily), 
with the consistent occurrence of Cladium, Utricularia, Sparganium, 
and Sagitaria. In pollen zone 4 (85–99 cm), Pinus is very low 
(<10%), whereas Amaranthaceae is the dominant regional pollen 
type, generally accounting for more than 80% of the pollen sum. 
Juniperus/Taxodium, Celtis, Rhizophora, and Arecaceae are present 
to the base of the core, and there is a significant increase in Poa
ceae. The local pollen types are dominated by sedges (Cyper
acease), including Cladium and aquatic macrophytes (Nymphaea, 
Utricularia, Sparganium, and Sagittaria). 

Microbially Enhanced Dissolution of Silicate Minerals in Peat. Silicate 
minerals may be subject to microbially enhanced dissolution in 
peat pore waters under certain conditions. Bennett et al. (7) first 
reported evidence for the in situ weathering of aeolian silt grains 
within a raised bog in northern Minnesota. The silicate minerals 
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had apparently blown in from the adjacent Great Plains and 
become embedded within the accumulating peat profile over 
several thousand years. Contrary to expectations, the greatest 
degree of weathering was observed in pore waters with a pH that 
exceeded 7 and had high concentrations of dissolved organic 
matter. A general model of mineral weathering in peat profiles 
was then developed with respect to calcite, aluminosilicates, and 
quartz for this peatland site (8). Both high pH and high con
centrations of labile dissolved carbon compounds were consid
ered necessary to enhance the in situ weathering of silicate 
minerals, even quartz. Bennett et al. (9) later extended this 
model by assuming that dissolution was driven by microbial 
communities scavenging for sparse nutrients, such as P or K. In 
addition, Welch et al. (10) showed that microbes enhanced the 
dissolution of apatite by several orders of magnitude when in
cubated in circumneutral waters with labile carbon substrates. 
These conditions would be expected in the southern and central 
Everglades, and the apparent preservation of the quartz may be 
a function of the size of the grains, their protective coatings of Al 
and Fe oxides (which would also obscure weathering patterns), 
or their lower P and K contents. 
Although the C and N data have been processed successfully on 

a computer system at the US Geological Survey (USGS), no 
warranty expressed or implied is made regarding the display or 
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