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ABSTRACT
Transpiration-driven nutrient accumulation has been identi! ed as a potential mechanism governing the creation and
maintenance of wetland vegetation patterning. This process may contribute to the formation of nutrient-rich tree islands within
the expansive oligotrophic marshes of the Everglades (Florida,United States). This study presents hydrogeochemical data
indicating that tree root water uptake is a primary driver ofgroundwater ion accumulation across one of these islands. Sap
" ow, soil moisture, water level, water chemistry, and rainfall were measured to identify the relationships between climate,
transpiration, and groundwater uptake by phreatophytes andto examine the effect this uptake has on groundwater chemistry
and mineral formation in three woody plant communities of differing elevations. During the dry season, trees relied more on
groundwater for transpiration, which led to a depressed watertable and the advective movement of groundwater and dissolved
ions, including phosphorus, from the surrounding marsh towards the centre of the island. Ion exclusion during root water
uptake led to elevated concentrations of all major dissolved ions in the tree island groundwater compared with the adjacent
marsh. Groundwater was predominately supersaturated with respect to aragonite and calcite in the lower-elevation woody
communities, indicating the potential for soil formation.Elevated groundwater phosphorous concentrations detected in the
highest-elevation woody community were associated with the leaching of inorganic sediments (i.e. hydroxyapatite) in the
vadose zone. Understanding the complex feedback mechanisms regulating plant/groundwater/surface water interactions,
nutrient dynamics, and potential soil formation is necessary to manage and restore patterned wetlands such as the Everglades.
Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Spatially varying transpiration rates are thought to cause
anisotropic nutrient distributions and vegetation patterning
across many landscape types (Heuperman, 1999; Rietkerk
et al., 2004; Engelet al., 2005; Jacksonet al., 2009). In
some wetlands, vegetation is characterized by a mosaic of
slightly elevated hummocks or ridges of high-density
vascular plants, surrounded by hollows containing a lower
density of nonvascular vegetation (Rietkerk and van de
Koppel, 2008). Positive feedbacks linking root water
uptake to convergent" uxes of dissolved nutrients and
increased plant growth have been cited as a formative
factor in these wetlands and similarly structured habitats
(Rietkerk et al., 2004; Wetzelet al., 2005; Rosset al.,

2006; Eppingaet al., 2008; Sahaet al., 2010). In these
systems, root uptake of groundwater during transpiration is
thought to depress the water table and cause the advective
movement of water and associated ions, including
nutrients, from the surrounding water bodies (Rietkerk
et al., 2004; Chenget al., 2011). Increased nutrients and
aerated soils in elevated zones are then expected to lead to
greater plant productivity and enhanced potential for soil
accretion (Eppingaet al., 2008; Rietkerk and van de
Koppel, 2008). As nutrients become concentrated in the
more densely vegetated zones, productivity can decrease
in the surrounding areas, and distinct vegetation patterns
may form across the landscape (Rietkerk and van de
Koppel, 2008).

Landscape patterning has been observed in wetlands
worldwide, including the Okavango Delta and the Great
Vasyugan Bog in Siberia (McCarthyet al., 1993; Eppinga
et al., 2008). In these wetlands, elevated concentrations of
nutrients and other dissolved ions have been detected in the
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groundwater under isolated, woodedÔtreeÕ islands.
Groundwater under Okavango tree islands also has been
shown to be supersaturated with respect to the minerals
calcite and amorphous silica, and the precipitation of these
minerals was associated with vertical soil accretion
(McCarthy et al., 1993). Woody plant transpiration also
was associated with a water table depression and increased
groundwater ion concentrations under eucalyptus planta-
tions in the Pampas of Argentina (Engelet al., 2005;
Jobb‡gy and Jackson, 2007).

The Everglades is similar to those landscapes in that it
consists of herbaceous freshwater marshes interspersed
with isolated, tree-dominated communities that contain
higher soil nutrient concentrations. These features com-
prise only approximately 2% of the land cover in the
Everglades, but they represent important upland habitat
for many vertebrates (Davis and Ogden, 1994). Since the
1940s, there has been a marked decline in tree island
cover across the Everglades, and in the large Water
Conservation Areas (WCA), between 60% (WCA 3) and
90% (WCA 2) of the tree island area has been lost
(Patterson and Finck, 1999; Sklar and van der Valk,
2002). This period was also marked by the widespread
loss of characteristic ridge-and-slough patterning and
signi! cant man-made changes in water levels in the
Everglades (Ogden, 2005).

Although typically less than 1 m of elevation differences
separates the surface of Everglades tree islands from the
surrounding marsh soil surface, soil and pore-water
phosphorus concentrations ([P]) are two to three orders
of magnitude higher on the islands (Gannet al., 2005; Ross
et al., 2006). The nitrogen-to-phosphorus (N:P), carbon-to-
nitrogen (C:N), and15N:14N ratios of leaves on these
islands con! rm localized nutrient accumulation (Wetzel
et al., 2005, 2011; Sahaet al., 2009, 2010; Wanget al.,
2010), although the mechanisms by which these nutrients
accumulate have yet to be determined. Soil and pore-water
[P] have been positively correlated with soil height above
the surrounding marsh and negatively correlated to" ood
duration (Wetzelet al., 2005; Rosset al., 2006). Across the
landscape, the highest soil [P] has been detected on tree
islands in the southern Everglades (Wetzelet al., 2009;
Wanget al., 2010; Ross and Sah, 2011). Nutrients on these
islands are thought to originate from variable inputs of bird
guano, bones, dry deposition, and transpiration-driven
nutrient accumulation, although quantitative measures of
these inputs have not been developed (Wetzelet al., 2005;
Coultaset al., 2008).

Stable isotope studies by Sahaet al. (2010) show that
trees on Everglades islands rely on vadose zone soil
moisture during the annual wet season to support
transpiration and on deeper and lateral groundwater sources
during dry periods. Several other studies have documented
diurnal groundwater" uctuations and the dry season

development of localized depressions in the water table
beneath these tree islands (Rosset al., 2006; Sullivanet al.,
2011; Wetzelet al., 2011).

Recently, transpiration-driven ion accumulation has
been suggested as a mechanism that may explain the
petrocalcic horizons found in the soils beneath 20 large
Everglades tree islands (Coultaset al., 2008; Grafet al.,
2008). Ion exclusion during root water uptake and the
subsequent mineral precipitation have been hypothesized to
explain these enigmatic carbonate layers (Grafet al., 2008;
Schwadron, 2010; Chmura and Graf, 2011). Precipitation
of carbonate soil layers may contribute to the differences in
elevation between these islands and the surrounding
marshes, although this has not been veri! ed in ! eld
studies. What roles do transpiration and ion exclusion
during root water uptake play in the accumulation and
precipitation of dissolved solids in tree island soils? And if
these processes are occurring, to what extent might their
presence contribute to our understanding of the substrate
composition, topographic pro! les, and age of Everglades
tree islands? Concurrent observations on tree island
groundwater chemistry, transpiration, water and ion
budgets, and geochemical modelling are needed to answer
these questions.

The objective of this paper is to test three hypotheses: (1)
transpiration-driven ion exclusion is concurrent with the
in" ux of groundwater and in" uences the concentration of
dissolved ions, including P, in tree island soils; (2) the
magnitude of transpiration-driven ion accumulation differs
along topographic gradients on tree islands; and (3)
carbonate soil formation is supported by high ionic
strengths (I) in tree island groundwater. To test these
hypotheses, continuous sap" ow, soil moisture, water level,
and rainfall measurements were made for 3 years on a tree
island in Everglades National Park (ENP). Sap" ow, water
levels, and soil moisture were used to identify and quantify
groundwater uptake by overlying vegetation. Concentra-
tions and ratios of dissolved ions as well as oxygen and
hydrogen stable isotopes were used to determine the
interaction between the tree island groundwater, marsh
groundwater, and marsh surface water. Hydraulic head
gradients, aquifer characteristics, and chloride concentra-
tions were used to calculate the net ion transport between
the tree island and the surrounding marsh. Lastly,
groundwater saturation indices (SIs) were modelled with
respect to aragonite, calcite, and hydroxyapatite (HYA) to
examine potential soil-forming processes.

STUDY AREA

South Florida is subtropical with a 145-cm average annual
precipitation (Dueveret al., 1994). The majority of rainfall
occurs during the June-to-November wet season. Typically,
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potential evapotranspiration (ET) is greater than precipita-
tion during the December-to-May dry season (German,
2000). The average annual temperature is 25! C, with
monthly means ranging from 15 to 32! C (German and
Sumner, 2002; Priceet al., 2008).

Much of the freshwater Everglades is characterized by a
parallel landscape patterning consisting of sawgrass
(Cladium jamaicense) ridges separated by predominantly
" ooded sloughs and isolated tree islands (Rosset al., 2006;
Larsenet al., 2007). Tree islands experience seasonal to no
inundation during a given year. Surface water in the
Everglades freshwater marshes is typically separated from
the underlying limestone aquifer by a layer of peat with
variable thicknesses and/or a layer of carbonate mud (less
than 1 m, Ross and Sah, 2011). Where peat formations are
thin or nonexistent, surface water is in direct contact with
the underlying limestone aquifer.

Satinleaf Tree Island (25! 39034!8500N, 80! 45021!2400W)
is located in Shark Slough (Figure 1), the principal
drainage feature within ENP. Like many of the other
islands in Shark Slough, Satinleaf is thought to have
originated on a limestone outcrop or sediment mound
(Loveless, 1959). The island is teardrop in shape, with a

slightly elevated, upstreamÔheadÕ and an elongated,
relatively low-elevationÔtailÕ oriented downstream.
Satinleaf includes three woody community types distri-
buted across an elevation and" ooding gradient: hardwood
hammock (HH), bayhead (BH), and BH swamp (BHS).
The HH is located on the upstream end of the island at a
ground elevation of 2!20 m (North American Vertical
Datum of 1998, NAVD88) and is dominated by tropical
hardwood species with minimal" ooding tolerance. The
BH, which surrounds the HH, is subject to wet season
" ooding and has a mean ground elevation of 1!60 m. The
BHS, located at the downstream end of the tree island, is
submerged for 5Ð9 months each year and has an average
ground elevation of 1!45 m. The elevation of the surround-
ing marsh is 1!29 m. The HH community is dominated by
tropical and subtropical tree species [e.g.Eugenia axillaris
(EA), Chrysophyllum oliviforme(CO), Bursera simaruba
(BS), andCoccoloba diversifolia(CD)], whereas the BH is
dominated by subtropical and temperate tree species (e.g.
Annona glabra, Salix caroliniana, Morella cerifera, and
Chrysobalanus icaco). The canopy of HH has a leaf area
index of 2!92 (Ruizet al., 2011), similar to the BH canopy
(Rosset al., 2006). Of the three communities, BHS has the

Figure 1. Satinleaf Tree Island in Everglades National Park, South Florida, United States. Groundwater wells (! ) were monitored (left centre) in all three
vegetation community types on the island: hammock (HH), bayhead (BH), and bayhead swamp (BHS) (bottom). Marsh groundwater was also monitored

using shallow groundwater collectors (! ) (left centre).
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lowest leaf area and is characterized by temperate tree species
and a well-developed understory (Rosset al., 2006).

METHODS

Precipitation, groundwater, surface water, and soil water
monitoring

Total daily rainfall measurements during the 3-year study
were obtained from a tipping-bucket gauge (G-620;http://
so! a.usgs.gov/eden/index.php) located 1 km southwest of
Satinleaf. Longer-term rainfall measurements during
25 years (1985Ð2010) were obtained from a gauge
(S12D; http://my.sfwmd.gov/dbhydroplsql) located 14 km
northeast of Satinleaf.

Shallow groundwater wells were installed near the centre
of the HH, BH, and BHS communities, and a surface water
monitoring station was installed in the nearby marsh
(referred to as marsh surface water; Figure 1). All wells
were 5!08 cm in diameter with an average depth of 67!7 cm,
and they were installed in the sediment overlying the
bedrock with similar elevations at the bottom of the wells
(average of 95!3 cm; NAVD88). The top of each well and
the surface water site were visually surveyed to the
NAVD88 datum from nearby permanent benchmarks using
a Nikonª AS-2 34" automatic level and stadia rod. The
total error in the water levels associated with the surveying
technique, equipment, and water-level loggers was
estimated as# 9!6 mm. Water levels at these sites were
recorded every 30 min from April 2009 through September
2010 using HOBOª U20 water-level loggers. Groundwa-
ter levels in the HH and marsh surface water also were
monitored from July 2007 to June 2008 and from January
to March 2009. Barometric pressure effects on water levels
were corrected using a second HOBOª U20 water-level
logger located in a dry vented box on the HH. All water-
level data were processed using HOBOwareª . Between
June 2008 and January 2009, marsh surface water levels
were estimated by interpolating between surface water
levels measured at two adjacent stations (NP202 and
NP203, http://so! a.usgs.gov/eden/index.php) located
~4!8 km from the island.

Volumetric soil water content (VSWC) was measured
using water content re" ectometers (model CS615, Camp-
bell Scienti! c Inc., Logan, UT) in the HH at depths of 10
and 30 cm every 15 min and averaged daily. Standard
calibration coef! cients were used to convert sensor signals
to VSWC for soils that have an electrical conductivity of
1!8 dS m$ 1.

Aquifer characteristics

Hydraulic conductivity. Sediment hydraulic conductivity
was determined using slug tests in the HH, BH, and BHS

wells. Water levels were monitored at 0!5-s intervals with
an in situ Level Trollª 500 pressure transducer for at least
3 min prior to the introduction or removal of 15- and 30-cm
slugs. Water levels were then measured until they were
within 5% of starting values. Sets (introduction and
removal) of slug tests were repeated two to six times for
both slug lengths. Water-level data were analysed assum-
ing partially penetrating wells in an uncon! ned aquifer
(Bouwer and Rice, 1976).

Speci! c yield. The available speci! c yield (Syr) of tree
island soils was measured in the vicinity of the wells in all
three communities (Meyboom, 1967). Soil cores were
collected using polycarbonate tubes with a diameter of
5!08 cm inserted into the ground to depth of refusal. TheSyr

was determined separately on soil cores from the HH
(n= 4; average length 7!0 cm), the BH (n= 3; average
length 5!5 cm), and the BHS (n= 2; average length
10!5 cm). On average, 1 cm of compaction was observed
when the core was removed. The cores were transferred
intact to a laboratory where they were submerged slowly
from the bottom in deionized water. Care was taken to
ensure that cores were completely saturated, with no
standing water at the top. The cores were allowed to drain
for 12 h (Meyboom, 1967), andSyr was determined
according to Meinzer (1923; Table I). This process was
repeated three times on each core, and all values were
averaged to determine theSyr of the soil per community
type.Syr values in deeper soil layers were not determined.
Average surfaceSyr values may underrepresent variability
in speci! c yield with depth in the soil column.

Evapotranspirational losses from groundwater

Diurnal groundwater" uctuations from July 2007 through
September 2010 were used to estimate groundwater
withdrawals by phreatophytic vegetation (ETGW) according
to the expression developed by Hays (2003; Table I).
Unlike the more commonly applied model forETGW

developed by White (1932), the Hays method accounts for
recharge during the drawdown period and allows for a
more " exible rising period. The" exibility of the Hays
method more accurately re" ects the complexity of wetland
hydrology (Mouldet al., 2010). Tidal forcing, pumping, or
variations in atmospheric pressure were assumed to have a
negligible effect on diurnal groundwater" uctuations. The
ETGW could not be calculated when surface water was
present or during precipitation events. Total monthlyETGW

(cm m$ 1) was calculated by multiplying the monthly
average dailyETGW by the number of days in that month.

Transpiration

From July 2007 through August 2010, sap" ow velocity
(v; mm s$ 1) was monitored using Granier-type thermal
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dissipation probes (model TDP-30ª , Dynamax Inc.,
Houston, TX) installed in 10Ð12 trees comprised of four
dominant species in the HH: EA (n= 3Ð5), CO (n= 2), BS
(n= 3Ð4), and CD (n= 2). Sap" ow measurements on CD were
conducted between May 2009 and August 2010. Temperature
differences (k) in the reference and heated TDP probes were
recorded every 15 min on a data logger (model CR1000ª

Campbell Scienti! c, Inc., Logan, UT), and hourly averages
were used to calculaten (Grainer, 1987; Table I). If the
sapwood length was less than 2 cm, thek values were
corrected to account for the proportion of the probe in contact
with the conducting tissue (Clearwateret al., 1999; Table I).

The depth of active xylem in three individual trees of
each of the four species (EA, CO, BS, and CL) was
measured by injecting a 0!1% indigo carmine dye solution
into each tree after removing a 5-mm core. After 2 h, a
second 5-mm core was removed 2 cm above the injection
point, and the length of the dyed core was measured.

Approximately 60% of the sap" ow probes had some
contact with the nonconducting tissue. The length of three
dyed cores was assumed to represent the sapwood radius of
the tree and was used to solve for the sapwood area. Ten of
the 12 trees cored to determine the sapwood area in 2010
were also monitored with sap" ow probes. Linear
regression was used to relate the sapwood area of the
cored trees to diameter at breast height (DBH;R2 = 0!85,
p= 0!07, Figure 2). The DBH was measured on all trees in
a 625-m2 quadrat in the HH by Rosset al. (unpublished
data) in November 2009. This quadrat represented
approximately 91% of the total area of the HH community,
and the species monitored for sap" ow represented 83% of
its total basal area. The total sapwood area and the
sapwood area index (square metre of sapwood area per
square metre of ground area) were calculated for three size
classes (DBH< 6 cm, DBH = 6Ð12 cm, 12 cm> DBH)
within each species found in the HH (Table II).

Table I. Description of equations and variables used to determine available speci! c yield, groundwater evapotranspiration, sap" ow
velocity, and groundwater" uxes on Satinleaf Tree Island.

Available speci! c yield (Syr) (Meinzer, 1923; Meyboom, 1967)
Syr % Vwd

Vcore
Vwd= volume of water drained (ml)
Vcore= total volume of the soil core (cm3)

Groundwater evapotranspiration (ETGW; mm day$ 1) (Hays, 2003)

ETGW % H1 $ L& ' ( H2$ L& '
T1

T2

h i
1000Sy H1 andH2 = high groundwater level at the beginning and end of the

day, respectively (m)
T1 and T2 = number of hours that occurred during the groundwater

rising and drawdown periods, respectively (h)
L = low water level (m)
Sy = speci! c yield

Sap" ow velocity (v; mm s$ 1) (Granier, 1987; Clearwateret al., 1999)
v= 0.119k1.231 k = temperature differences between the reference and heated thermal

dissipation probes
Sapwood length" 2 cm:

k % ! Tm$ ! T& '
! T # Tm= daily maximum temperature difference

# T= measured daytime temperature difference
Sapwood length< 2 cm:

k % ! Tm$ ! Tsw& '
! Tsw

# Tsw= measured daytime temperature difference corrected for
proportion of probe in nonconducting sapwood tissue

! Tsw % ! T$ b! Tm
a b= proportion in nonconducting sapwood tissue

a= proportion of the probe in contact with conducting tissue

Ionic strength (I; mol kg$ 1) (Langmuir, 1997)

I % 1
2

X
miz2

i m= concentration of ioni (mol kg$ 1)
z= charge of ioni
i = ion

Groundwater" ux per unit width of aquifer (Q; m3day$ 1)

Q % K h2
0$ h2

l
2L K = hydraulic conductivity (m day$ 1)

h0 and hl = hydraulic heads of the surface water and groundwater,
respectively (m)

L = distance from the well to the marsh (m)
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The average daily sap" ux velocity (Vavg) and sapwood
area index (r ) for i = 4 species inj = 3 size classes were
used to estimate stand-level transpiration on a ground area
basis,E (mm day$ 1) after Engelet al. (2005):

E %
X3

j%1

X4

i%1

Vavg:i; j r i; j

 !
r Stand

r mon
(1)

The ratio of the total sapwood area of all the trees in the
stand (r Stand) to the total sapwood area of the species
monitored for sap" ow (r mon) was used to scale the
measurements to the whole-stand level. The value for this
ratio was 1!2. Sap" ow measurements on trees in the largest
size class were made primarily on a single species (BS).
Four BS trees in this size class were measured in 2007 and
2008. However, only one BS tree in this size class was
successfully monitored during the period from January
2009 to August 2010 because of instrument failure. To
improve our 2009Ð2010 estimates ofE, a linear regression
(R2= 0!61; slope = 1!26; p< 0!01) was developed between
sap" ow velocity measurements in this individual tree and
the average sap" ow velocity measured in three other BS
trees in this size class during 2007Ð2008. The sap" ow
velocity for BS in this size class for 2009Ð2010 was then
determined by multiplying the measurements in the single
BS tree by the slope of this linear regression.

Groundwater and surface water chemistry

Discrete bimonthly samples of tree island groundwater
and marsh surface water were collected from October
2008 to June 2010 for laboratory analysis. Each well was
purged completely three times prior to sampling. Four
groundwater samples from the marsh were collected at 3-
month intervals between September 2009 and June 2010
using temporary shallow groundwater collectors
(Fourqureanet al., 1992) (Figure 1). Each collector,
measured 80 cm in depth, was purged with helium to
maintain an anoxic environment and sampled within 48 h
of deployment.

Temperature and conductivity were measuredin situ
(YSI 85ª , Yellow Springs, OH) along with pH (Orion
Three-Starª pH metre, Thermo Scienti! c Inc., Beverly,
MD). Four samples were collected from all wells and
surface water. Two of the samples were! ltered using
0!45-mm glass! bre ! lters. One! ltered sample and one
un! ltered sample were preserved with 10% HCl to
determine cation and total phosphorus ([TP]) concentra-
tions, respectively. The other un! ltered sample was analysed
for concentrations of total organic carbon ([TOC]). The
remaining! ltered sample was analysed for total alkalinity,
major anions, phosphate concentration ([PO4

3$ ]), and
oxygen and hydrogen isotope analyses. One! ltered water
sample (0!45-mm glass! bre! lter) and one acidi! ed! ltered
water sample were taken from the shallow groundwater
collectors and analysed for alkalinity and major anions, and
cations, respectively. All samples were transported on ice to
the lab where they were stored at 4! C. [PO4

3$ ], [TP], and
[TOC] were analysed using an Alpkemª 300 Series four-
channel rapid-" ow analyser, an Alpkemª rapid-" ow
analyser with a two-channel expanded range detector, and
a Shimadzu TOC-Vª , respectively.

Stable isotopes of oxygen (d18O) and hydrogen (dD) in
each water sample were determined using a Los Gatos
DTL-100ª liquid-water isotope analyser and referenced to
the Vienna Standard Mean Ocean Water. The analytical
precision of the DTL was found to be# 0.1% and# 1.0%
for oxygen and hydrogen, respectively. Total alkalinity
calculated as milliequivalents per litre of bicarbonate
[HCO3

$ ] was determined by titration on all samples using

Figure 2. Linear regression derived between the sapwood area of cored
trees [Bursera simaruba(BS), Chrysophyllum oliviforme(CO),
Coccoloba diversifolia(CD), and Eugenia axillaris (EA)] and the
diameter at breast height (DBH) to determine the sapwood area of all

species in the stand.

Table II. The sapwood area index for each species (Bursera simaruba, Chrysophyllum oliviforme, Coccoloba diversifolia, andEugenia
axillaris) within each size class (DBH< 6, 6Ð12, 12 cm< DBH) in the stand.

Species/size class DBH< 6 6< DBH < 12 DBH> 12

Bursera simaruba 1!93E$ 06 7!31E$ 05 3!41E$ 03
Chrysophyllum oliviforme 4!87E$ 06 1!54E$ 04 2!53E$ 04
Coccoloba diversifolia 0 1!23E$ 05 1!84E$ 05
Eugenia axillaris 4!56E$ 05 5!38E$ 05 0
Other 7!16E$ 06 8!89E$ 05 3!89E$ 04

DBH, diameter at breast height.
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a Brinkman Titrinoª 751 titrator with a 0!1-M concentration
of HCl to a pH of 2. The concentrations of the major cations
(calcium [Ca2+], magnesium [Mg2+], sodium [Na+], and
potassium [K+]) and anions (chloride [Cl$ ] and sulfate
[SO4

2$ ]) were determined using a Dionex-120ª ion chro-
matograph. The charge balance of the major cations and
anions for all of the water samples deviated from 0 by less
than 10%. Major concentrations were then used to determine
the overall ionic strength (I) of the water (Table I).

The mineral SIs for aragonite, calcite (both CaCO3), and
HYA (Ca10(PO4)3(OH)2) as well as the partial pressure of
carbon dioxide (pCO2) of each water sample were
determined with the geochemical model PHREEQC
(Parkhurst and Appelo, 1999). The chemical composition
of each sample served as the input into PHREEQC.
Positive SI values indicated that the water sample was
supersaturated with respect to that mineral and signi! ed
potential precipitation. Negative SI values indicated under-
saturated conditions with respect to that mineral and signi! ed
potential dissolution. SI values of 0 indicated equilibrium
conditions, and neither precipitation nor dissolution was
expected to predominate. SI values of 0!00# 0!05 for calcite
and aragonite were considered to be at equilibrium.

Spearman correlations witha< 0!05 and (r) > 0!60
between chemical constituents and SI values were
considered signi! cant. A one-way analysis of variance
and apost hocTukey test (a= 0!05) were used to test the
null hypothesis that HH, BH, and BHS groundwater
chemistry was not signi! cantly different.

Tree island hydrodynamics

Groundwater/surface water interactions were investigated by
comparing the ionic ratios, [Cl$ ], andd18O values sampled in
each of the water bodies, and water bodies with similar
chemical compositions indicated an increased interaction.
The groundwater" ux per unit width of aquifer (Q) on the
island was also quanti! ed (Table I). Positive" uxes indicated
groundwater recharge (i.e. subsurface" ow towards the
island), whereas negative" uxes indicated groundwater
discharge. Monthly averages of water inputs (Q, rainfall),
losses (E), and changes in groundwater storage represented
the primary components of the island water budget.

Changes in groundwater [Cl$ ] represent a conservative
tracer of surface water/groundwater interactions and overall
water budgets, whereas changes in the groundwater concen-
tration ratios of [Ca2+]:[Cl$ ] may indicate a disposal
mechanism for chloride (e.g. downward" uxes) or sinks for
Ca2+ (e.g. precipitation of CaCO3). Monthly rainfall inputs
and groundwater" uxes were multiplied by their average
annual [Cl$ ] and [Ca2+]. Complete root exclusion of chloride
was assumed in determining the effect ofE on the Cl$ and
Ca2+ budget. Rainfall [Cl$ ] and [Ca2+] values were obtained
from the National Atmospheric Deposition Program (NADP)

F11 Station (http://nadp.sws.uiuc.edu), located on Long Pine
Key (ENP) from January 2009 through September 2010.

RESULTS

Rainfall and water levels

Total annual rainfall was similar to the 25-year average
(128 cm year$ 1) throughout the study except in 2009 (109 cm).
Wet season monthly rainfall was below the 25-year average
during the study period. Dry season (December to May)
monthly rainfall was equivalent to or below the 25-year
average except during 2009.

Marsh surface water and groundwater elevations in
2007Ð2010 varied seasonally from 0!81 to 2!05 m above
NAVD88 (Figure 3A). Dry season groundwater levels in
all treed communities were 2Ð5 cm lower than marsh
surface water levels (Figure 3B). The largest differences
between groundwater and surface water levels were
detected during the 2008Ð2009 dry season. Wet season
groundwater levels in all three communities were, within
error, equivalent to the marsh surface water levels. Within
the tree island, groundwater levels in the BH and BHS
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B)
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were similar year-round and lower than those in the HH for
approximately 30% of the study period.

Soil moisture and aquifer characteristics

Depth-averaged, monthly average VSWC ranged from 0!15
to 0!62 (" , cm3cm$ 3, Figure 4). The lowest VSWC was
concurrent with an extended period of below-average rainfall
in the 2008Ð2009 dry season. Hydraulic conductivity and
speci! c yield test results were similar across community types
and averaged 4!01 m day$ 1 and 0!08# 0!05, respectively
(Table III).

Stand-level transpiration (E) and groundwater
evapotranspiration (ETGW)

Monthly average, total dailyE in the HH ranged from 1!39
to 4!63 mm day$ 1 (Figure 4). Monthly averageETGW was
lower, ranging from 0!40 to 2!34 mm day$ 1 and, unlikeE,
exhibited a signi! cant negative correlation to volumetric
soil water content (p< 0!01,R2= 0!49). Groundwater uptake
(ETGW/E) by overlying phreatophytes was greatest when
VSWC was low (Figure 5), which typically occurred in the
dry season. The diurnal groundwater" uctuations used to
calculateETGW were detected in the HH almost continuously
throughout the study period (except in AprilÐMay 2009,

when water levels dropped below the pressure transducer)
but were detected only in the BH and BHS communities
during the driest periods in 2009 (AprilÐJune) and 2010
(JanuaryÐMarch). The average monthlyETGW during these
dry periods slightly differed between these communities
with values of 1!37, 1!46, and 1!75 mm day$ 1 observed in the
HH, BH, and BHS, respectively.

Groundwater and surface water ion and stable isotope
chemistry

Groundwater [HCO3
$ ], [Cl$ ], [Na+], [Mg2+], and [Ca2+] in

all three tree island communities were elevated compared
with the concentrations of these ions in marsh surface water.
Groundwater ionic strength (I) was highest in the BH and
lowest in the HH (Table IV). GroundwaterI in all three
communities was highest in the wet season and lowest in the
dry season and re" ected seasonal changes in [Cl$ ]
(Figure 6A). The only exception occurred in March 2010
(a dry season month with above average rainfall) when
relatively high [Cl$ ] were detected in the HH and the BH.
The seasonal variation in groundwaterI was substantially
dampened in the BHS compared with both the BH and HH.
Marsh surface waterI was highest during the dry season. The
concentrations of all major ions, with the exception of
sulfate [SO4

2$ ] and ammonium [NH4
+], in the tree island

groundwater were positively correlated to each other
(Table V). Concentrations of major ions in the marsh
surface water were uncorrelated to [Ca2+] or [HCO3

$ ].
Surface waterd18O values followed the same seasonal

trends as dissolved ion concentrations (Figure 6B). During
2009, d18O values in the HH groundwater exhibited a
dampened seasonal trend compared with those in the marsh
surface water, whereas thed18O values during 2009
remained fairly constant in the BH and BHS. During
2010, thed18O values in groundwater at all locations were
greater than those in surface water.
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Table III. The average hydraulic conductivity (K, m day$ 1) and
readily available speci! c yield (Syr, unitless) and standard

deviation of underlying geology of all three communities at
Satinleaf (hardwood hammock, bayhead, and bayhead swamp).

Communities K (m day$ 1) Syr

Hardwood hammock 3!46# 1!65 0!07# 0!03
Bayhead 6!23# 2!01 0!05# 0!02
Bayhead swamp 2!20# 0!40 0!08# 0!06
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