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ABSTRACT
Transpiration-driven nutrient accumulation has been identiﬁed 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 of groundwater ion accumulation across one of these islands. Sap
ﬂow, soil moisture, water level, water chemistry, and rainfall were measured to identify the relationships between climate,
transpiration, and groundwater uptake by phreatophytes and to 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 water table 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; Engel et al., 2005; Jackson et 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 ﬂuxes 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; Wetzel et al., 2005; Ross et al.,
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2006; Eppinga et al., 2008; Saha et 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; Cheng et 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 (Eppinga et 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 (McCarthy et 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, wooded ‘tree’ 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 plantations in the Pampas of Argentina (Engel et al., 2005;
Jobbágy 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 comprise 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
signiﬁcant 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 (Gann et al., 2005; Ross
et al., 2006). The nitrogen-to-phosphorus (N:P), carbon-tonitrogen (C:N), and 15N:14N ratios of leaves on these
islands conﬁrm localized nutrient accumulation (Wetzel
et al., 2005, 2011; Saha et al., 2009, 2010; Wang et 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 ﬂood
duration (Wetzel et al., 2005; Ross et al., 2006). Across the
landscape, the highest soil [P] has been detected on tree
islands in the southern Everglades (Wetzel et al., 2009;
Wang et 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 (Wetzel et al., 2005;
Coultas et al., 2008).
Stable isotope studies by Saha et 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 ﬂuctuations and the dry season
Copyright © 2013 John Wiley & Sons, Ltd.

development of localized depressions in the water table
beneath these tree islands (Ross et al., 2006; Sullivan et al.,
2011; Wetzel et 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 (Coultas et al., 2008; Graf et al.,
2008). Ion exclusion during root water uptake and the
subsequent mineral precipitation have been hypothesized to
explain these enigmatic carbonate layers (Graf et 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 veriﬁed in ﬁeld
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 proﬁles, 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
inﬂux of groundwater and inﬂuences 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 ﬂow, soil moisture, water level,
and rainfall measurements were made for 3 years on a tree
island in Everglades National Park (ENP). Sap ﬂow, water
levels, and soil moisture were used to identify and quantify
groundwater uptake by overlying vegetation. Concentrations 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 concentrations 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 (Duever et al., 1994). The majority of rainfall
occurs during the June-to-November wet season. Typically,
Ecohydrol. (2013)
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potential evapotranspiration (ET) is greater than precipitation 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; Price et al., 2008).
Much of the freshwater Everglades is characterized by a
parallel landscape patterning consisting of sawgrass
(Cladium jamaicense) ridges separated by predominantly
ﬂooded sloughs and isolated tree islands (Ross et al., 2006;
Larsen et 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! 390 34∙8500 N, 80! 450 21∙2400 W)
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, upstream ‘head’ and an elongated,
relatively low-elevation ‘tail’ oriented downstream.
Satinleaf includes three woody community types distributed across an elevation and ﬂooding 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 ﬂooding tolerance. The
BH, which surrounds the HH, is subject to wet season
ﬂooding and has a mean ground elevation of 1∙60 m. The
BHS, located at the downstream end of the tree island, is
submerged for 5–9 months each year and has an average
ground elevation of 1∙45 m. The elevation of the surrounding 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), and Coccoloba 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 (Ruiz et al., 2011), similar to the BH canopy
(Ross et 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).
Copyright © 2013 John Wiley & Sons, Ltd.
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lowest leaf area and is characterized by temperate tree species
and a well-developed understory (Ross et 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://
soﬁa.usgs.gov/eden/index.php) located 1 km southwest of
Satinleaf. Longer-term rainfall measurements during
25 years (1985–2010) 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 Nikon™ 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 HOBO™ U20 water-level loggers. Groundwater 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 HOBO™ U20 water-level
logger located in a dry vented box on the HH. All waterlevel data were processed using HOBOware™. 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://soﬁa.usgs.gov/eden/index.php) located
~4∙8 km from the island.
Volumetric soil water content (VSWC) was measured
using water content reﬂectometers (model CS615, Campbell Scientiﬁc Inc., Logan, UT) in the HH at depths of 10
and 30 cm every 15 min and averaged daily. Standard
calibration coefﬁcients were used to convert sensor signals
to VSWC for soils that have an electrical conductivity of
1∙8 dS m$1.

wells. Water levels were monitored at 0∙5-s intervals with
an in situ Level Troll™ 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 assuming partially penetrating wells in an unconﬁned aquifer
(Bouwer and Rice, 1976).
Speciﬁc yield. The available speciﬁc 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. The Syr
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), and Syr was determined
according to Meinzer (1923; Table I). This process was
repeated three times on each core, and all values were
averaged to determine the Syr of the soil per community
type. Syr values in deeper soil layers were not determined.
Average surface Syr values may underrepresent variability
in speciﬁc yield with depth in the soil column.
Evapotranspirational losses from groundwater
Diurnal groundwater ﬂuctuations 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 for ETGW
developed by White (1932), the Hays method accounts for
recharge during the drawdown period and allows for a
more ﬂexible rising period. The ﬂexibility of the Hays
method more accurately reﬂects the complexity of wetland
hydrology (Mould et al., 2010). Tidal forcing, pumping, or
variations in atmospheric pressure were assumed to have a
negligible effect on diurnal groundwater ﬂuctuations. The
ETGW could not be calculated when surface water was
present or during precipitation events. Total monthly ETGW
(cm m$1) was calculated by multiplying the monthly
average daily ETGW by the number of days in that month.

Aquifer characteristics

Transpiration

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

From July 2007 through August 2010, sap ﬂow velocity
(v; mm s$1) was monitored using Granier-type thermal

Copyright © 2013 John Wiley & Sons, Ltd.
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Table I. Description of equations and variables used to determine available speciﬁc yield, groundwater evapotranspiration, sap ﬂow
velocity, and groundwater ﬂuxes on Satinleaf Tree Island.
Available speciﬁc yield (Syr)
wd
Syr ¼ VVcore

(Meinzer, 1923; Meyboom, 1967)
Vwd = volume of water drained (ml)
Vcore = total volume of the soil core (cm3)

Groundwater evapotranspiration (ETGW; mm day$1)
h
i
Þ
T
ETGW ¼ ðH1 $ LÞ þ ðH2T$L
1000Sy
2
1

(Hays, 2003)

Sap ﬂow velocity (v; mm s$1)
v = 0.119k1.231
Sapwood length ≥ 2 cm:
$ΔTÞ
k ¼ ðΔTmΔT
Sapwood length < 2 cm:
sw Þ
k ¼ ðΔTmΔT$ΔT
sw
m
ΔTsw ¼ ΔT$bΔT
a

Ionic strength (I; mol kg$1)
X
I ¼ 12
mi z2i

H1 and H2 = 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 = speciﬁc yield
(Granier, 1987; Clearwater et al., 1999)
k = temperature differences between the reference and heated thermal
dissipation probes
∆Tm = daily maximum temperature difference
∆T = measured daytime temperature difference
∆Tsw = measured daytime temperature difference corrected for
proportion of probe in nonconducting sapwood tissue
b = proportion in nonconducting sapwood tissue
a = proportion of the probe in contact with conducting tissue
(Langmuir, 1997)
m = concentration of ion i (mol kg$1)
z = charge of ion i
i = ion

Groundwater ﬂux per unit width of aquifer (Q; m3 day$1)
Q¼K

h20 $h2l
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)

dissipation probes (model TDP-30™, Dynamax Inc.,
Houston, TX) installed in 10–12 trees comprised of four
dominant species in the HH: EA (n = 3–5), CO (n = 2), BS
(n = 3–4), and CD (n = 2). Sap ﬂow 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 CR1000™
Campbell Scientiﬁc, Inc., Logan, UT), and hourly averages
were used to calculate n (Grainer, 1987; Table I). If the
sapwood length was less than 2 cm, the k values were
corrected to account for the proportion of the probe in contact
with the conducting tissue (Clearwater et 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.
Copyright © 2013 John Wiley & Sons, Ltd.

Approximately 60% of the sap ﬂow 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 ﬂow 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 Ross et 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 ﬂow 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 = 6–12 cm, 12 cm > DBH)
within each species found in the HH (Table II).
Ecohydrol. (2013)
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Groundwater and surface water chemistry

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.

The average daily sap ﬂux velocity (Vavg) and sapwood
area index (r) for i = 4 species in j = 3 size classes were
used to estimate stand-level transpiration on a ground area
basis, E (mm day$1) after Engel et al. (2005):
!
3 X
4
X
rStand
Vavg:i; j ri; j
(1)
E¼
rmon
j¼1 i¼1
The ratio of the total sapwood area of all the trees in the
stand (rStand) to the total sapwood area of the species
monitored for sap ﬂow (rmon) was used to scale the
measurements to the whole-stand level. The value for this
ratio was 1∙2. Sap ﬂow 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 2009–2010 estimates of E, a linear regression
(R2 = 0∙61; slope = 1∙26; p < 0∙01) was developed between
sap ﬂow velocity measurements in this individual tree and
the average sap ﬂow velocity measured in three other BS
trees in this size class during 2007–2008. The sap ﬂow
velocity for BS in this size class for 2009–2010 was then
determined by multiplying the measurements in the single
BS tree by the slope of this linear regression.

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 3month intervals between September 2009 and June 2010
using temporary shallow groundwater collectors
(Fourqurean et 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 measured in situ
(YSI 85™, Yellow Springs, OH) along with pH (Orion
Three-Star™ pH metre, Thermo Scientiﬁc Inc., Beverly,
MD). Four samples were collected from all wells and
surface water. Two of the samples were ﬁltered using
0∙45-mm glass ﬁbre ﬁlters. One ﬁltered sample and one
unﬁltered sample were preserved with 10% HCl to
determine cation and total phosphorus ([TP]) concentrations, respectively. The other unﬁltered sample was analysed
for concentrations of total organic carbon ([TOC]). The
remaining ﬁltered sample was analysed for total alkalinity,
major anions, phosphate concentration ([PO3$
4 ]), and
oxygen and hydrogen isotope analyses. One ﬁltered water
sample (0∙45-mm glass ﬁbre ﬁlter) and one acidiﬁed ﬁltered
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. [PO3$
4 ], [TP], and
[TOC] were analysed using an Alpkem™ 300 Series fourchannel rapid-ﬂow analyser, an Alpkem™ rapid-ﬂow
analyser with a two-channel expanded range detector, and
a Shimadzu TOC-V™, respectively.
Stable isotopes of oxygen (d18O) and hydrogen (dD) in
each water sample were determined using a Los Gatos
DTL-100™ 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
[HCO$
3 ] was determined by titration on all samples using

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

DBH < 6

6 < DBH < 12

DBH > 12

Bursera simaruba
Chrysophyllum oliviforme
Coccoloba diversifolia
Eugenia axillaris
Other

1∙93E$06
4∙87E$06
0
4∙56E$05
7∙16E$06

7∙31E$05
1∙54E$04
1∙23E$05
5∙38E$05
8∙89E$05

3∙41E$03
2∙53E$04
1∙84E$05
0
3∙89E$04

DBH, diameter at breast height.
Copyright © 2013 John Wiley & Sons, Ltd.
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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
2007–2010 varied seasonally from 0∙81 to 2∙05 m above
NAVD88 (Figure 3A). Dry season groundwater levels in
all treed communities were 2–5 cm lower than marsh
surface water levels (Figure 3B). The largest differences
between groundwater and surface water levels were
detected during the 2008–2009 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

HH GW Level

SW Level Marsh

2.2

Gro
ation
HH Ground
Elevation

2.0
1.8
1.6
1.4

Interpolated SW

BH Ground
evation
Elevation
und
ndd
BHS Ground
Elevationn

1.2

rsh Ground
Grou
Marsh
Elevation

1.0
0.8

A)

B)

Hammock

Bayhead

Bayhead Swamp

3
2
1
0
-1
-2
-3
-4
-5
-6
-7
Jul-07
Sep-07
Nov-07
Jan-08
Mar-08
May-08
Jul-08
Sep-08
Nov-08
Jan-09
Mar-09
May-09
Jul-09
Sep-09
Nov-09
Jan-10
Mar-10
May-10
Jul-10
Sep-10

Groundwater/surface water interactions were investigated by
comparing the ionic ratios, [Cl$], and d18O values sampled in
each of the water bodies, and water bodies with similar
chemical compositions indicated an increased interaction.
The groundwater ﬂux per unit width of aquifer (Q) on the
island was also quantiﬁed (Table I). Positive ﬂuxes indicated
groundwater recharge (i.e. subsurface ﬂow towards the
island), whereas negative ﬂuxes indicated groundwater
discharge. Monthly averages of water inputs (Q, rainfall),
losses (E), and changes in groundwater storage represented
the primary components of the island water budget.
Changes in groundwater [Cl$] represent a conservative
tracer of surface water/groundwater interactions and overall
water budgets, whereas changes in the groundwater concentration ratios of [Ca2+]:[Cl$] may indicate a disposal
mechanism for chloride (e.g. downward ﬂuxes) or sinks for
Ca2+ (e.g. precipitation of CaCO3). Monthly rainfall inputs
and groundwater ﬂuxes were multiplied by their average
annual [Cl$] and [Ca2+]. Complete root exclusion of chloride
was assumed in determining the effect of E on the Cl$ and
Ca2+ budget. Rainfall [Cl$] and [Ca2+] values were obtained
from the National Atmospheric Deposition Program (NADP)

RESULTS

Water Level (m) NAVD88

Tree island hydrodynamics

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

Average Monthly GW Level
Normalized to SW (cm)

a Brinkman Titrino™ 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$] and sulfate
™
ion chro[SO2$
4 ]) were determined using a Dionex-120
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 signiﬁed
potential precipitation. Negative SI values indicated undersaturated conditions with respect to that mineral and signiﬁed
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 with a < 0∙05 and (r) > 0∙60
between chemical constituents and SI values were
considered signiﬁcant. A one-way analysis of variance
and a post hoc Tukey test (a = 0∙05) were used to test the
null hypothesis that HH, BH, and BHS groundwater
chemistry was not signiﬁcantly different.

Figure 3. (A) Groundwater (GW) levels in the hardwood hammock (HH)
community (black) and marsh surface water (SW) levels (grey) from July
2007 through September 2010. (B) Average monthly normalized GW
levels in the HH ( ), bayhead (BH, ), and bayhead swamp (BHS, )
communities. Positive values indicate that the GW was elevated compared
with the SW, whereas negative values indicate GW levels were lower than
SW levels. NAVD88, North American Vertical Datum of 1998.
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Soil moisture and aquifer characteristics
Depth-averaged, monthly average VSWC ranged from 0∙15
to 0∙62 (θ, cm3 cm$3, Figure 4). The lowest VSWC was
concurrent with an extended period of below-average rainfall
in the 2008–2009 dry season. Hydraulic conductivity and
speciﬁc yield test results were similar across community types
and averaged 4∙01 m day$1 and 0∙08 # 0∙05, respectively
(Table III).

Monthly average, total daily E in the HH ranged from 1∙39
to 4∙63 mm day$1 (Figure 4). Monthly average ETGW was
lower, ranging from 0∙40 to 2∙34 mm day$1 and, unlike E,
exhibited a signiﬁcant 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 ﬂuctuations used to
calculate ETGW were detected in the HH almost continuously
throughout the study period (except in April–May 2009,
E
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VSWC
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Figure 4. The average daily transpiration (E, ) and groundwater
) per month and standard error for the
evapotranspiration (ETGW,
hardwood hammock community compared with the average daily
volumetric soil water content (VSWC, brown) per month.

Table III. The average hydraulic conductivity (K, m day$1) and
readily available speciﬁc 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
Bayhead
Bayhead swamp

3∙46 # 1∙65
6∙23 # 2∙01
2∙20 # 0∙40

0∙07 # 0∙03
0∙05 # 0∙02
0∙08 # 0∙06

Copyright © 2013 John Wiley & Sons, Ltd.
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were similar year-round and lower than those in the HH for
approximately 30% of the study period.

Figure 5. The correlation between the per cent of groundwater (GW)
taken up by phreatophytes through transpiration and volumetric soil water
content (VSWC, black).

when water levels dropped below the pressure transducer)
but were detected only in the BH and BHS communities
during the driest periods in 2009 (April–June) and 2010
(January–March). The average monthly ETGW 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
$
+
2+
2+
Groundwater [HCO$
3 ], [Cl ], [Na ], [Mg ], and [Ca ] 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). Groundwater I in all three
communities was highest in the wet season and lowest in the
dry season and reﬂected 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 groundwater I was substantially
dampened in the BHS compared with both the BH and HH.
Marsh surface water I was highest during the dry season. The
concentrations of all major ions, with the exception of
+
sulfate [SO2$
4 ] 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 [HCO$
3 ].
Surface water d18O 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 the d18O values during 2009
remained fairly constant in the BH and BHS. During
2010, the d18O values in groundwater at all locations were
greater than those in surface water.

Ecohydrol. (2013)

Copyright © 2013 John Wiley & Sons, Ltd.

!

Temperature
Conductivity
pH
HCO$
3
Cl$
SO2$
4
Na2+
NH+4
K+
Mg2+
Ca2+
TP
PO3$
4
TOC
2
dH
d18O
I
SIaragonite
SIcalcite
SIHYA
Log(pCO2)

24∙4 # 0∙7
958 # 89 B, BS
7∙02 # 0∙04 B, BS
6∙23 # 0∙25 B, BS
2∙54 # 0∙17
0∙02 # 0∙07
2∙34 # 0∙13 B, BS
0∙03 # 0∙01
0∙06 # 0∙01
0∙47 # 0∙03 B, BS
2∙70 # 0∙09 B, BS
16∙49 # 0∙09 B, BS
1∙87 # 0∙33 B, BS
1∙27 # 0∙08 B, BS
6∙8 # 1∙1
1∙34 # 0∙29
0∙0122 # 0∙0006 B, BS
$0∙02 # 0∙06
0∙12 # 0∙05
$1∙68 # 0∙26 B, BS
$1∙46 # 0∙04 B, BS

Hammock
24∙9 # 0∙9
1686 # 55 H
6∙67 # 0∙09 H
12∙35 # 0∙51 H, BS
5∙36 # 0∙27 H, BS
0∙08 # 0∙06
5∙53 # 0∙22 H, BS
0∙06 # 0∙01
0∙01 # 0∙01
0∙94 # 0∙03 H, BS
5∙66 # 0∙17 H, BS
1∙33 # 0∙57 H
0∙27 # 0∙08 H
4∙64 # 0∙44 H
4∙3 # 0∙9
0∙82 # 0∙29
0∙0243 # 0∙0005 H, BS
0∙24 # 0∙10
0∙39 # 0∙10
$4∙90 # 0∙49 H
$0∙93
0∙08 H

Bayhead
25∙0 # 0∙9
1348 # 58 H
6∙69 # 0∙08 H
10∙28 # 0∙43 H, B
3∙96 # 0∙09 H, B
0∙30 # 0∙10
4∙05 # 0∙08
(u)
(u)
0∙79 # 0∙01 H, B
4∙79 # 0∙09 H, B
0∙60 # 0∙11 H
0∙25 # 0∙18 H
4∙03 # 0∙33 H
3∙3 # 0∙6
0∙59 # 0∙21
0∙0209 # 0∙0003 H, B
0∙14 # 0∙09
0∙28 # 0∙09
$5∙54 # 0∙62 H
$1∙03 # 0∙08 H

Bayhead Swamp

<0∙001
<0∙001
<0∙001
<0∙001
<0∙001
0∙075
0∙114
<0∙001
0∙1
0∙097
<0∙001
<0∙001

0∙147
<0∙001
0∙038
<0∙001
<0∙002
0∙11
<0∙001

p

24∙5 # 1∙7
439 # 43
7∙57 # 0∙12
3∙18 # 0∙29
0∙89 # 0∙09
0∙11 # 0∙07
1∙55 # 0∙12
0∙03 # 0∙02
0∙10 # 0∙01
0∙40 # 0∙03
1∙23 # 0∙11
0∙31 # 0∙09
0∙37 # 0∙29
1∙41 # 0∙10
7∙9 # 2∙1
1∙08 # 0∙37
0∙007 # 0∙001
0∙11 # 0∙11
0∙26 # 0∙12
$2∙47 # 0∙89
$2∙45 # 0∙15

Surface water

A one-way analysis of variance and a post hoc Tukey test were used to identify signiﬁcant differences in the HH, BH, and BHS groundwater chemistry. (u) means under the detection limit. H, B, and BS
indicated which communities groundwater chemistry signiﬁcantly differed from the given communities HH, BH, and BHS, respectively, on the basis of the post hoc Turkey test (a = 0∙05).
BH, bayhead; BHS, bayhead swamp; HH, hardwood hammock; SI, saturation index; TP, total phosphorus; TOC, total organic carbon.

bar

C
ms cm$1
—
mmol l$1
mmol l$1
mmol l$1
mmol l$1
mmol l$1
mmol l$1
mmol l$1
mmol l-1
mmol l$1
mmol l$1
mmol l$1
%
%
mol kg$1

Unit

Chemical constituents

2$
3$
$
+
+
2+
2+
Table IV. The average values and standard error of temperature, conductivity, pH, major ions (HCO$
3 , Cl , SO4 , Na , K , Mg , and Ca ), nutrients (TP, PO4 , and TOC), stable
18
isotopes (dD and d O), ionic strength (I), SI values (aragonite, calcite, and hydroxyapatite) and pCO2 in the groundwater in the HH, BH, and BHS and marsh surface water from
October 2008 to June 2010.
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Figure 6. Chloride concentrations (A) and d18O values (B) in the marsh
surface water (SW, ) and the groundwater (GW) in the hardwood hammock
), bayhead (BH, ), and bayhead swamp (BHS, ) communities
(HH,
from October 2008 through June 2010. The dry seasons are indicated by the
grey boxes. VSMOW, Vienna Standard Mean Ocean Water.

The BH and BHS groundwater consistently exhibited
distinctly different stable isotope and geochemical
signatures than marsh groundwater and surface water
(Figure 7A). On the other hand, HH groundwater chemistry
was indistinguishable from that of the marsh groundwater
and surface water during the dry season and was similar to
that of the BH and BHS communities during the wet
season. The Na+:Cl$ to Mg2+:Ca2+ ratios in the HH, BH,
and BHS wells were similar to each other but were
different from the marsh surface water, whereas ratios in
the marsh groundwater were between the marsh surface
water and the tree island groundwater (Figures 7A and 7B).
Water, chloride, and calcium ﬂuxes
Water budget calculations (Figure 8A) indicate that rainfall
was the largest hydrologic input to Satinleaf during the
annual wet seasons between 2007 and 2010. Estimates of
groundwater ﬂow along the hydraulic gradient between the
marsh and the HH were greater than rainfall during the
2007–2010 dry season (Figure 8A). Wet season groundwater ﬂuxes into HH approached 0. Groundwater discharge
from the HH was observed occasionally (e.g. September
2007, February 2008, and May 2009). However, the largest
loss of water from Satinleaf occurred by transpiration,
which was highest during March and June.
The average [Cl$] and [Ca2+] in marsh surface water and
groundwater (1∙54 and 2∙07 mmol l$1 and 1∙24 and
3∙67 mmol l$1, respectively) were signiﬁcantly greater than
[Cl$] and [Ca2+] in rainfall (3∙38 and 5∙14 mmol l$1;
Copyright © 2013 John Wiley & Sons, Ltd.

NADP-11 Long Pine Key). Estimates of groundwater Cl$
ﬂuxes across the marsh/tree island boundary indicated an
average input of 88∙52 mmol m$3 per month to the tree
island, whereas ﬂuxes of [Ca2+] were approximately twice
that amount (162∙07 mmol l$1). Fluxes of both ions showed
the same pattern with the greatest inﬂux from Q estimated
in the dry season when the lowest HH groundwater [Cl$]
and [Ca2+] were detected (Figure 8B; only Cl$ shown).
Average Cl$ and Ca2+ inputs to Satinleaf from rainfall
were an order of magnitude smaller by comparison. Mass
balance calculations indicated that the exclusion of Cl$ and
Ca2+ during root water uptake could lead to an average
increase of 208∙82 and 221∙67 mmol m$3 aquifer per
month, respectively, beneath the HH. The average value
of [Ca2+]:[Cl$] in HH groundwater samples (1∙19) was
54% lower than the value of this ratio (1∙83) in the marsh
groundwater. This reduction suggests that the removal of
Ca2+ from the solution occurs in the HH substrate, likely as
a result of calcite precipitation.
Calcium carbonate geochemical modelling
The marsh surface water and groundwater in the BH and
BHS had similar SI values and were predominantly at
saturation or supersaturated with respect to aragonite and
calcite (Table IV). The HH groundwater was typically
undersaturated with respect to aragonite and saturated or
supersaturated with respect to calcite. [Ca2+] and [Cl$]
were positively correlated in the tree island groundwater
when all of the communities were grouped together
(Figure 9A). Groundwater SIcalcite and SIaragonite values
2+
were positively correlated to [Ca2+], [HCO$
3 ], and [Mg ]
beneath the tree island (Figure 9B; Table V) but not in the
marsh surface water.
Modelled pCO2 in all tree island groundwater samples was
elevated compared with pCO2 surface water estimates, and
the highest values occurred in the BH and BHS (Table IV).
Surface water pCO2 and groundwater I were both signiﬁcantly correlated to SIaragonite and SIcalcite and indicate that the
saturation state of carbonate minerals in the surface water was
driven by pCO2, whereas in the groundwater, I was the
governing factor (Figure 9B and C; Table V).
Dissolved nutrients
Tree island groundwater [TOC], [TP], and [PO3$
4 ] were
enriched compared with those in the marsh surface water,
with the highest [TP] and [PO3$
4 ] found in the HH
(Tables IV). When all three communities were grouped
together to investigate whole tree island processes,
groundwater [TOC] was negatively correlated to both
[TP] and [PO3$
4 ] but was positively correlated to most
other major ion concentrations and to both SIcalcite
and SIaragonite. SIHYA values indicated that both the
Ecohydrol. (2013)
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0∙34

0∙01
$0∙64

pH

Cl$

SO2$
4
Na+

NH+4
Mg2+

Ca2+
TP

PO3$
4
TOC

0∙01
0∙28 0∙38 0∙21 0∙34 0∙10 0∙16 $0∙33 $0∙16 0∙03
0∙86
0∙87 $0∙16 0∙87 0∙40 0∙88 0∙87 $0∙48 $0∙57 0∙79
$0∙69 $0∙71 $0∙18 $0∙73 $0∙42 $0∙68 $0∙66 0∙47 0∙46 $0∙46
0∙84 $0∙18 0∙87 0∙46 0∙95 0∙94 $0∙42 $0∙61 0∙88
0∙03 0∙97 0∙38 0∙91 0∙92 $0∙41 $0∙49 0∙72
0∙01 0∙20 $0∙10 $0∙08 $0∙37 $0∙31 $0∙27
0∙35 0∙93 0∙95 $0∙45 $0∙52 0∙73
0∙45 0∙43 $0∙56 $0∙67 0∙48
0∙99 $0∙42 $0∙60 0∙86
$0∙42 $0∙60 0∙85
0∙66 $0∙33
$0∙61

HCO$
3

SI, saturation index; TP, total phosphorus; TOC, total organic carbon.

Temperature
Conductivity
pH
HCO$
3
Cl$
SO2$
4
Na+
NH+4
Mg2+
Ca2+
TP
PO3$
4
TOC
dD
d18O
I
SIaragonite
SIcalcite
SIHYA

Conductivity
$0∙07
$0∙31
0∙55
$0∙31
$0∙33
$0∙13
-∙31
0∙25
$0∙21
$0∙23
0∙27
0∙11
$0∙17

dD
0∙00
$0∙15
0∙39
$0∙16
$0∙26
$0∙11
$0∙30
0∙46
$0∙16
$0∙20
0∙02
$0∙07
$0∙04
0∙74

d18O
0∙16
0∙88
$0∙51
0∙93
0∙95
$0∙14
0∙96
0∙30
0∙98
0∙99
$0∙57
$0∙57
0∙83
$0∙27
$0∙25

I
0∙25
0∙53
0∙01
0∙65
0∙55
$0∙07
0∙58
0∙41
0∙69
0∙70
$0∙25
$0∙47
0∙70
0∙15
0∙16
0∙64

0∙28 $0∙26
0∙52 $0∙54
0∙00
0∙69
0∙60 $0∙46
0∙54 $0∙51
$0∙06 $0∙37
0∙56 $0∙48
0∙42 $0∙60
0∙66 $0∙50
0∙67
0∙49
$0∙24
0∙60
$0∙43
0∙74
0∙67 $0∙45
0∙18
0∙15
0∙17
0∙04
0∙64 $0∙523
0∙99 $0∙20
$0∙23

$0∙02
0∙60
$0∙95
0∙72
0∙63
0∙05
0∙65
0∙43
0∙64
0∙62
$0∙46
$0∙51
0∙52
$0∙50
$0∙29
0∙64
0∙09
0∙03
$0∙56

SIaragonite SIcalcite SIHYA Log(pCO2)

Table V. Spearman correlation matrix of chemical constituents, ionic strength (I), and SI values of Satinleaf Tree Island groundwater (n = 28).
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Figure 7. Chloride concentration compared with d18O values (A) and the
ratio of Na+ to Cl- compared with Mg+2 to Ca+2 (B) for all groundwater
(GW) and surface water (SW) sites. **d18O values of rainfall were taken
from Price et al. (2008), whereas chloride values of rainfall came from the
National Atmospheric Deposition Program (http://nadp.sws.uiuc.ed). BH,
bayhead; BHS, bayhead swamp; HH, hardwood hammock; VSMOW,
Vienna Standard Mean Ocean Water.

groundwater and surface water were undersaturated with
respect to HYA. When the communities were examined
individually, a positive correlation between both [TP],
$
+
[PO3$
4 ], and [Cl ], and [Na ] was observed in the BH and
BHS groundwater. Because ion exclusion during transpiration dominates the groundwater Cl budget, the positive
$
correlation between [TP], [PO3$
4 ], and [Cl ] in the BH and
BHS indicates that transpiration-driven groundwater inputs
were the primary sources of P in these communities. On
the other hand, in the HH groundwater, the negative
correlation between [TP] and [TOC] indicated that the high
groundwater [P] was likely derived from inorganic material,
whereas the negative correlation between both [TP] and
18
[PO 3$
4 ], and d O values indicated that the high
groundwater [P] was also related to the inﬁltration of
18
O-depleted rainwater (Figure 10A and B). PHREEQC
modelling results indicated that HYA was more likely in the
HH than in either the BH or the BHS. The nonlinear
relationship between the groundwater SIHYA and both
SIcalcite and SIaragonite in the HH community further indicated
that the elevated groundwater SIHYA was not a result of
transpiration-driven root water uptake and ion exclusion, as
was the case for groundwater SIcalcite and SIaragonite values.
Copyright © 2013 John Wiley & Sons, Ltd.

Figure 8. Fluxes of water (A) and chloride (B) in the hardwood hammock
on Satinleaf as a result of precipitation inputs ( ), inputs/losses of
groundwater ( ), and transpiration (E) ( ). Positive values represent
inputs to the island, whereas negative values indicate that losses or outputs
were negative.

DISCUSSION
Wetzel et al. (2005) and Ross et al. (2006) were the ﬁrst to
hypothesize that root water uptake by phreatophytic
vegetation on Everglades tree islands induces subsurface
water ﬂow from the surrounding marshes towards the
island. These authors also suggested that there is a positive
feedback mechanism whereby dissolved nutrients
contained in the water ﬂowing towards the island
accumulate in the island soils, thereby supporting more
dense vegetation, greater groundwater use, and increased
nutrient transport and accumulation. The water balance
calculations, hydrochemical and isotopic analyses, and
geochemical modelling herein generally support this
hypothesis. Moreover, the feedback mechanism exhibits
signiﬁcant spatial and temporal variability depending on
seasonal rainfall patterns and the topographic position
within an island.
Phreatophyte groundwater uptake and dissolved ion ﬂuxes
The sap ﬂow and groundwater measurements in the
elevated HH community showed that the largest proportion
of groundwater utilized during transpiration (ETGW/E) was
Ecohydrol. (2013)
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Figure 9. Correlations in tree island groundwater (GW, ) between the
concentrations of calcium (Ca2+) and chloride (Cl$; A), the saturation
indices of calcite (SIcalcite) and the concentration of calcium (B), and the
calcite saturation indices and the partial pressure of CO2 [log(pCO2)] in
the surface water (SW, ; C).

Figure 10. Correlations between total phosphorus (TP) and total organic
18
carbon (TOC; A) and phosphate (PO3$
4 ) and d O values (B) in the
hardwood hammock ( ) groundwater. VSMOW, Vienna Standard Mean
Ocean Water.

concurrent with low volumetric soil water content values
and the development of a dry season water table depression
under the tree island. Average E values measured in the
HH were similar to E reported from another hammock
located in ENP (Villalobos-Vega, 2010). However, the
mean monthly ETGW rate (1∙64 mm day$1) recorded at
Satinleaf was lower than the ETGW reported by VillalobosVega (2010) and Sullivan et al. (2011) for constructed tree
islands in the northern part of the Everglades. The lower
ETGW found at Satinleaf may be attributed, in part, to the
use of the Hays instead of White method to calculate the
ETGW, as the latter only allows for recharge rates to be
calculated between midnight and 0400 h, which potentially
underestimates the recharge (Nichols, 1993).
The ETGW/E in the HH at Satinleaf was similar to the
ETGW/E reported found by Ewe et al. (1999) and Saha
et al. (2009) in other Everglades tree islands. By using the
isotopic signatures of soil water, groundwater, and stem

water, those studies concluded that the source of transpired
water on the hammock portions of tree islands was
approximately 80–90% groundwater during the dry season,
compared with 30–50% during the wet season. The
negative correlation found between ETGW and volumetric
soil water content on Satinleaf also conﬁrms the results of
Ewe et al. (1999) and Saha et al. (2009) and indicate that
the trees on these islands act as facultative phreatophytes,
which preferentially use soil moisture in the unsaturated
root zone when it is available but which rely on deeper
groundwater sources during periods of low rainfall. The
Cl$, Ca2+, and water mass balance calculations conﬁrm
these results by indicating that inputs of groundwater
adjacent to the island were a primary source of nearly all
dissolved ions (with the exception of P) found in the tree
island and that the seasonal increase in major ions could be
explained as arising solely from ion exclusion during
transpiration (i.e. root exclusion). These results generally

Copyright © 2013 John Wiley & Sons, Ltd.
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supported hypothesis 1 and also indicated that
transpiration-driven groundwater ion and nutrient ﬂuxes
to the island from surrounding areas were primarily a dry
season phenomenon. During wet season months (e.g.
August 2007), the hydraulic gradient between Satinleaf and
the marsh indicated that groundwater sometimes
discharged from the island. The discharge of nutrients
from tree islands has been cited as a potential factor
shaping nearby marsh plant species assemblages (Givnish
et al., 2008).
The groundwater dynamics indicated by the hydraulic
head gradients and E measurements were supported by
the hydrochemical and isotopic data. For example, the
similar d18O values and ionic ratios (e.g. Na+:Cl$ and
Mg2+:Ca2+) of the HH and marsh groundwater during
the dry season indicated hydrologic connectivity and
subsurface ﬂow into the island. These ionic ratios in the
marsh surface water were signiﬁcantly different from
the ratios found in HH groundwater, indicating that
marsh surface water did not directly support E or
recharge HH groundwater. During the wet seasons, the
similar d18O values found in rainfall and the HH
groundwater indicated that rainfall was the primary
source of recharge in this community. However,
groundwater I values were also highest during the wet
season when they would normally be expected to
decrease with the greater inputs of low ionic strength
rainfall. For example, Wetzel et al. (2011) found that
wet season groundwater I values were lower than dry
season values beneath a peat-based island in an
impounded area (WCA 3) to the north of ENP. The
opposite relationship between rainfall and groundwater
I at Satinleaf indicates the presence of additional
mechanisms inﬂuencing tree island groundwater characteristics that have not been accounted for in previous
studies.
Two primary mechanisms were hypothesized to explain
the lower I in the HH groundwater during the dry versus
wet seasons: (1) the dilution effect of the large, lateral
inputs of low-I marsh groundwater to the tree island during
the dry season, and (2) a separation between the depths at
which ion exclusion during root water uptake occurs in the
vadose zone and the depths to the groundwater table as
measured in the piezometer. In mechanism (2), root water
uptake occurs primarily in the groundwater table capillary
fringe and unsaturated layers of the vadose zone, leading to
an accumulation of ions above the water table that do not
contribute to groundwater I. Schoups and Hopmans (2002)
found that capillary forces resulting from transpiration in
agricultural ﬁelds caused ions to accumulate at shallower
depths in the vadose zone while depleting the concentration of major ions in underlying groundwater. A
combination of large inputs of low-I marsh groundwater
and a similar accumulation of dissolved ions in the vadose
Copyright © 2013 John Wiley & Sons, Ltd.

zone as shown by Schoups and Hopmans (2002) during
periods of low groundwater tables at Satinleaf would
explain both the low groundwater I values observed at the
end of the dry season and, importantly, the subsequent
increase in the groundwater I at the beginning of the wet
season when rising water levels associated with increased
rainfall solubilize the salts accumulated in the vadose zone
during the preceding dry season. Recent shallow groundwater chloride modelling efforts on man-made tree islands
in a large experimental facility in the Everglades support
this hypothesis and further indicate the importance of
vadose zone processes in the regulation of groundwater I
(Sullivan et al., 2012) Additional measurements are needed
to test this hypothesis and to better understand the
signiﬁcance of a seasonally ﬂuctuating water table in
regulating groundwater chemistry and carbonate precipitation in tree island soils.
Hydrochemical conditions across a topographic gradient
New ﬁndings from measurements in the lower-elevation
BH and BHS communities have improved the current
understanding of tree island and marsh surface water/
groundwater interactions. ETGW values in the BH and BHS
equivalent to and possibly exceeding the HH were
unexpected and indicated that the lower-elevation and
more ﬂood-tolerant BH and BHS communities were also
reliant on groundwater during periods when water tables
were beneath the surface. Hydraulic gradient measurements
also indicated the potential for dry season advection of
groundwater from the surrounding marshes into the BH
and BHS. As was found for the HH, the ionic ratios and
d18O values in the BH and BHS groundwater indicated
little interaction with the surrounding surface water. Within
the tree island, local hydraulic gradients between monitoring wells indicated that groundwater ﬂowed from the HH
into the BH and from the BH into the BHS, particularly at
the beginning of the wet seasons. The ﬂow of groundwater
from higher-elevation to lower-elevation communities,
combined with further ion exclusion during root water
uptake, would explain the higher I values found in BH and
BHS communities compared with that in the HH. Although
the data support hypothesis 2, additional isotopic analyses
of stem and source water combined with sap ﬂow
measurements will help deﬁne the phreatophyte-driven
groundwater/surface water interactions across tree island
topographic gradients and community types.
Transpiration-driven calcium carbonate formation
The geochemical modelling and water budget analyses
indicate that the high groundwater I support the potential
precipitation for calcite and aragonite in tree island soils.
The SIs derived for these carbonate minerals indicated that
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precipitation could occur despite the observed high pCO2
values, which would normally be associated with carbonate
dissolution. Over time, calcium carbonate precipitation
could contribute to soil formation and the topographic
differences commonly observed between tree islands and
the surrounding marshes. The source of spatial variation in
SIs along the topographic gradient warrants further
investigation because the data indicated calcite supersaturation in the HH, BH, and BHS communities, but aragonite
undersaturation only in the HH community.
Dominant factors that control the saturation state of
waters with respect to carbonate minerals include pCO2,
solubility of other carbonate minerals, temperature, ion
exchange processes, and changes in I (Wigley and
Plummer, 1976). The results of this study indicated that
neither ion exchange reactions nor temperature controlled
the saturation states of the tree island groundwater and
marsh surface water, because the exchange of Na+ or Mg2+
for Ca2+ was not observed in the ionic ratios and SIaragonite
and SIcalcite values did not correlate to temperature (data not
shown). Both SIaragonite and SIcalcite were positively and
signiﬁcantly correlated to pCO2 in marsh surface water,
indicating that pCO2 controls the saturation state of
carbonate minerals in the open marsh. However, calcite
and aragonite supersaturation in the BH and BHS
groundwater was a result of the extremely high [Ca2+]
and I. The nearly one-to-one relationship between [Ca2+]
and [Cl$] in the tree island groundwater indicates that the
transpiration-driven accumulation of [Cl$] also drives
groundwater [Ca2+] accumulation and, therefore, generally
supports hypothesis 3 and indicates the potential precipitation of CaCO3.
The concurrent aragonite undersaturation and calcite
supersaturation in the HH groundwater is a result of the
common ion effect. On Satinleaf, low-pH rainfall dissolves
calcite and aragonite in the vadose zone as it comes to
equilibrium with both minerals (Langmuir, 1997). Because
aragonite has a higher solubility at any given pH (and
pCO2) compared with calcite, inﬁltrating water reaches
equilibrium with calcite before aragonite. The continued
dissolution of aragonite leads to an increase in [Ca2+] and
[HCO$
3 ] in the water and the concomitant precipitation of
calcite (Langmuir, 1997).
The calcite/aragonite data suggest that the petrocalcic
soil horizon (Coultas et al., 2008) found beneath the HH
communities on many tree islands in the Everglades may
be at least partially a result of the build-up of dissolved ions
excluded during transpiration-driven root water uptake
(Graf et al., 2008). The formation of mineral soils on tree
islands may also help mitigate soil loss due to oxidation
and ﬁre (Ross et al., 2006), positively reinforcing their
presence on the landscape. The formation of carbonate
sediments could also play an important role in locally
altering the underlying hydraulic properties of the tree
Copyright © 2013 John Wiley & Sons, Ltd.

islands sediments. Both at Satinleaf and on a tree island in
the central Everglades, the aquifer hydraulic conductivities
(1∙01–43∙20 m day$1; Troxler and Childers, 2010) were
greater than aquifer hydraulic conductivities reported for
Everglades peat (0∙56 m day$1; Harvey et al., 2000, 2004).
The speciﬁc yield of tree island soils was slightly lower
than that of Everglades peats, which typically range from
0∙10 to 0∙32, (Myers, 1999; Sullivan et al., 2011). Further,
soil cores as well as a detailed investigation of water table
response to rainfall events at different stages across
multiple islands are needed to understand the inﬂuence of
carbonate precipitation on the hydraulic properties of the
sediments.
Under climatic conditions similar to those in 2007–2010,
the mass balance calculations suggest an annual average
accumulation of 2∙7 mol Ca2+ m$3 of HH substrate.
Dividing the approximate total amount of substrate Ca2+
on a volumetric basis by this rate provides an estimate of
the duration needed to accumulate this amount. A
comparison of this estimate with an independent estimate
of the period during which Everglades tree islands formed
(2800–850 BP; Willard et al., 2006) based on soil core
dating provides a means to determine if transpirationdriven groundwater ﬂux is sufﬁcient to account for the total
amount of substrate Ca2+. An estimate of the time required
to accumulate the total substrate Ca2+ via transpirationdriven processes that is less than the sediment-based
estimate of Everglades tree island ages would suggest the
presence of a co-occurring disposal mechanism (such as
discharge of high-ionic-strength groundwater) that also
regulates total Ca2+ accumulation.
Ross and Jones (2004) found that the HH surﬁcial
soils (0 to $20 cm below the surface) had an average
bulk density of 0∙5 g cm$3, consisting of 25% carbonate
and 30% organic matter. Assuming all the Ca2+ in the
surface soil are associated with carbonate, the top 20 cm
would contain approximately 250 mol Ca2+ m$2 of surface area. The bulk density of the petrocalcic soil layers
found between $50 and around $100 cm on many tree
islands in this part of the Everglades (Coultas et al.,
2008) is assumed to approximate the density values
found for caliche layers in other systems, ranging
between 1∙4 and 1∙9 g m$3 (Hennessy et al., 1983).
Assuming these layers are made entirely of CaCO3, they
therefore contain between 7000 and 9000 mol Ca2+ m$2.
Assigning an intermediate bulk density (1 g cm$3) and a
50% carbonate composition for soil layers between $20
and $50 cm beneath the HH yields an additional
1500 mol Ca2+ m$2. Under these assumptions, the HH
substrate to $100 cm contains 8750–10 750 mol Ca2
+ $3
m . At an accumulation rate of 2∙7 mol year$1, the
total amount of time needed to accumulate this amount
of Ca2+ is on the order of 3000–4000 years. This estimate
is slightly greater than the upper limit of the estimated
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age of Everglades tree islands from Willard et al. (2006)
and as such does not suggest the presence of a cooccurring disposal mechanism. However, given the large
uncertainty in the estimates of the total amount of Ca2+
in the island soils, these calculations in and of
themselves cannot be considered a reliable indicator of
the presence or absence of a disposal mechanism. In tree
islands of the Okavango delta, dense saline water that
has accumulated in island soils because of ion exclusion
during root water uptake periodically sinks into the
underlying aquifer (Ramberg and Wolski, 2008).
Density-driven removal of groundwater was not investigated as part of this study. However, the periodic
ﬂushing of high-ionic-strength groundwater during rainfall events when the direction of the subsurface hydraulic
gradient results in groundwater discharge away from the
island may function as a disposal mechanism regulating
the accumulation of Ca2+ and other ions on Satinleaf.
Investigations into the presence and potential magnitude
of these types of disposal mechanisms will improve the
understanding of the role of transpiration-driven groundwater ﬂux in island formation and soil chemistry.
Groundwater phosphorus dynamics
The hydrochemical analyses indicate that although
transpiration-driven groundwater ﬂuxes are a source of
dissolved nutrients and other ions found beneath all three
tree island communities, the higher groundwater [TP] and
[PO3$
4 ] observed in the HH community may originate from
other sources. The negative relationships between the
groundwater [P] and the SIcalcite and SIargaonite values
indicate that calcium carbonate dissolution is not a source
of the high groundwater [P] in the HH. However, the
inverse relationships found between [TOC] and both
[PO3$
4 ] and [TP] in the HH groundwater do indicate a
different inorganic origin. For example, during periods of
low rainfall when local hydraulic gradients indicated
groundwater ﬂux from the marsh to the island, HH
groundwater was characterized by relatively low I,
[PO3$
4 ], and [TP] but was also undersaturated with respect
to calcite, aragonite, and HYA. On the other hand, the data
indicate that rainfall-driven percolation through the vadose
zone resulted in elevated groundwater I, [TP], and [PO3$
4 ],
which was concurrent with supersaturated and equilibrium
conditions with respect to calcite and aragonite and nearequilibrium conditions with respect to HYA. These
observations along with the groundwater SIHYA indicate
that P in the HH may originate from the dissolution of
apatite located in the vadose zone. Recent mineralogical
analyses using X-ray diffraction support this conclusion by
showing that the soil [TP] in the most elevated portion of
tree islands was also primarily derived from amorphous
apatite (Bates et al., 2010). Soil samples from the
Copyright © 2013 John Wiley & Sons, Ltd.

hammocks in the southern Everglades also showed a
positive correlation between [TP] and noncarbonate
minerals, which was attributed to the possible presence of
HYA (Ross and Sah, 2011). Abundant buried bones and
shells (Chmura and Graf, 2011) and deposits of bird guano
(Wetzel et al., 2005) on Everglades tree islands are
potential sources of HYA.

CONCLUSIONS
Analyses of water-level, transpiration, and hydrogeochemical
data presented herein generally support the hypothesis that
root water uptake from phreatophytic vegetation drives
groundwater ﬂuxes from surrounding areas and P accumulation on Everglades tree islands. This process appears to
dominate only during the dry seasons or during periods
marked by low rainfall. The process represents the primary
driver of soil and groundwater P accumulation only in the
lower-elevation BH and BHS communities. In the highestelevation HH community, the dissolution and weathering of
P-containing inorganic minerals such as apatite from the
vadose zone during the wet season appears to drive the
observed high groundwater phosphorus concentrations. The
supersaturation of carbonate minerals found in the BH and
BHS groundwater caused by ion exclusion during root water
uptake indicates for the ﬁrst time that transpiration-driven
processes may lead not only to P accumulation but also to
potential mineral soil formation. This soil formation may, in
turn, contribute to the localized topographic differences found
between tree islands and the surrounding marshes. The
present study indicates that transpiration in conjunction with
other nutrient accumulation processes plays an important role
in the maintenance of oligotrophic conditions and the
landscape-scale patterning found in the Everglades. Future
studies of water level, transpiration, and groundwater
hydrogeochemistry will provide additional information
regarding the potential effects of changing Everglades water
management objectives on these biologically important
systems.
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