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a b s t r a c t

To determine if local onsite treatment systems affect nearshore water quality, seasonal and rain event
monitoring of bacteria and nitrogen was conducted on the Gulf and estuary sides of Captiva Island. Mon-
itoring wells were used to examine the relationship between surface water and groundwater quality.

Nitrates were found to be significantly greater in ground water samples from the areas of Captiva using
onsite treatment compared to areas with sewer. However, groundwater enterococci were no greater in
areas with onsite treatment. Surface water nitrogen was significantly greater near onsite systems than
areas with sewer, linking groundwater and surface water quality.

Surface water enterococci increased significantly after rain events. Study results indicated stormwater
runoff disperses indicator bacteria from diffuse terrestrial sources into nearshore waters, elevating the
concentrations.

This study reveals local onsite treatment systems produce elevated surface water nitrogen levels but do
not contribute to elevated indicator bacteria concentrations in this system.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The southern half of the barrier island community of Captiva in
SW Florida relies upon onsite wastewater treatment and disposal
systems (septic systems), while the northern portion of the island
is served by the South Seas Plantation (SSP) secondary wastewater
treatment facility. With an estimated 310 onsite treatment sys-
tems located within 174 ha, lower Captiva Island has a relatively
high septic system density of 1.8 systems per hectare compared
to the range of 0.02–0.8 systems per hectare for Charlotte Harbor
and Pine Island Sound watersheds (Janicki Environmental, 2010).
The population of Captiva Island fluctuates greatly, with seasonal
residents present mainly from January through April. During ‘‘high
season’’ Captiva Island may support 1800 or more people, while
during ‘‘low season’’ the population is between 400 and 500 (US
Census Bureau, 2010). Sanibel, the larger barrier island to the south
of Captiva is served by a tertiary filtration wastewater treatment
system and has seasonal population fluctuations between 6300
and 23,000 residents. Neither the Sanibel wastewater treatment
plant nor the South Seas Plantation plant provides advanced nitro-
gen removal.

A series of water quality problems in 2006 and 2007 coupled
with scientific reports highlighting regional pollution (DeGrove,
1981; Doering, 2005) created a general perception that Captiva’s
nearshore water quality was deteriorating. Several prolonged
beach advisories due to elevated concentrations of enterococci
indicator bacteria and multiple instances of large quantities of
macroalgae washing up on the beaches (Dawes, 2004; Lapointe
and Bedford, 2007), led the residents to question whether the is-
land’s onsite treatment systems were having significant impact
on local water quality. To shed light on water quality concerns, a
two year water quality study was undertaken to reveal the magni-
tude of local pollutant problems.

The first year goal of this study was to develop a general char-
acterization of nearshore water quality and then in the second
year, adapt the monitoring effort to investigate issues found in
the first year (Thompson and Coen, 2010). The first year findings
suggested Captiva nearshore waters were receiving loadings of
nitrogen and indicator bacteria in significant amounts from local
sources (Thompson and Coen, 2010). In this work we evaluate
sources of nitrogen and enterococci bacteria on Captiva. Monitor-
ing data collected from the first year of the study, was combined
with results from groundwater monitoring and rain event-driven
surface water monitoring on both the Gulf of Mexico and the estu-
ary (Pine Island Sound) sides of Captiva and Sanibel Islands. The
goal was to provide a characterization of the sources of periodic
elevated nitrogen and enterococci levels in Captiva near-shore sur-
face waters so that the community could focus their efforts on
addressing the primary water quality issues.
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2. Methodology

2.1. Monitoring

The study was conducted between October 2008 and March
2011. The study area was defined as the nearshore waters (within
15 m of shore) surrounding Captiva Island (Fig. 1). We also in-
cluded the uppermost groundwater aquifer (freshwater lens)
which is present on both Captiva and Sanibel Islands to determine
interrelationships with nearshore water.

Due to the adaptive monitoring strategy employed in this
study, and the general water quality characterization conducted

initially, a large array of sample sites and sampling schedules
was utilized (Table 1). Samples were collected based upon rain
events, season (wet or dry), population fluctuation (high vs.
low season) and location (areas with onsite treatment systems
vs. those with sewer and centralized wastewater treatment).
Surface water monitoring was conducted at 28 Gulf of Mexico
sites (beach sites) and 62 estuary (Pine Island Sound) sites
(Fig. 2), using Florida DEP Standard Surface Water Sampling Pro-
tocol FS2001. To maximize the potential for detection of local
influences, all sample sites were located within 15 m of shore
and most surface water sampling was conducted during the late
ebb portion of the tidal cycle. This sampling design allowed
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Fig. 1. Study area showing Captiva Island and vicinity. All surface water sampling was done within 15 m of shoreline within the study area. Study area included Captiva Island
and the northern portion of Sanibel Island where reference monitoring wells were installed. The southern half of Captiva Island uses onsite wastewater treatment systems
while the northern half of the island is on centralized sewer system.
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detection of groundwater nitrate discharges into the Gulf and
estuary.

Stormwater runoff samples were collected directly in dedicated
bottles from water pooled in swales or flowing into accessible
catch basins on both Captiva and Sanibel Islands. Samples were ta-
ken from a variety of land uses including roadways, lawns, golf
courses, parking lots, roadway right of ways and recreational fields
during three separate rain events during the study.

Water quality parameters analyzed for this project included
ammonia nitrogen, nitrate–nitrite nitrogen, total Kjeldahl nitrogen,
total nitrogen, and enterococci bacteria. Not all parameters were
tested at each site on each sampling trip. For the initial character-
ization of surface waters, 16 ‘‘sentinel’’ sites (7 Gulf, and 9 estuary
sites; Fig. 2) were sampled 3 times in the dry season and 3 times in
the wet season on a late ebb tide. Rain event sampling included 3

dry season rain events and 3 wet season rain events at these same
sites. An additional 16 rain events (defined as greater than 0.45 in
rain in the previous 48 h) were sampled between November 2009
and March 2011 at a total of 42 estuary sites and 24 Gulf sites
(Fig. 2) to better understand the relationship between precipitation
events and enterococci and nitrogen in local surface water. Rainfall
data was collected from the National Weather Service Sanibel Is-
land weather station (ROMAN, 2011).

Groundwater monitoring wells were installed following Florida
DEP guidelines (Florida Department of Environmental Protection,
2008) at 18 sites on the Island of Captiva, and 3 reference sites
on undeveloped preserve land on Sanibel Island (Fig. 2). Eleven
of the stations formed two, cross-island transects. We sampled
groundwater on 30 separate dates from April 2010 through March
2011. Wells were installed using a 3.25 in. diameter soil auger with

Table 1
Distribution of sample sites and sample size amongst comparisons made in this study.

Description Gulf Estuary Groundwater

# Sites sampled n # Sites samples n # Sites samples n

A. Enterococci samples
Wet season 19 115 24 112 22 171
Dry season 23 114 56 128 13 18
Rain event 24 146 42 143 22 72
No rain 15 83 33 97 22 117
OSTDS 13 118 21 108 17 161
Sewer 10 79 32 100 5 28
High season 16 55 16 50 13 18
Low season 28 174 62 190 22 171
B. Nitrogen samples (TN, nitrates and ammonia/ammonium)
Wet season 16 48 14 82 21 55
Dry season 12 21 22 67 14 20
Rain event 19 54 16 65 20 31
No rain 7 15 19 61 19 44
OSTDS 9 30 10 63 17 67
Sewer 8 29 12 54 6 45
High season 9 15 16 29 14 20
Low season 16 54 19 95 21 55

Fig. 2. Monitoring sites used in this study. Sampling based on tide and season was performed at sentinel sites (squares), surface water was sampled after rain events (dark
circles), and groundwater samples were collected at sites shown by triangles. Groundwater reference sites are indicated by stars. The insert shows sites located on northern
Sanibel Island.
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10’ extension (Ben Meadows Part 220872). The auger was used to
bore into the soil until 100% saturation was found. At this point we
continued boring for another 0.5–1.0 m until the well wall col-
lapsed and prevented further boring. A 1.25 in. Pipelife Jet Stream
blue tip well point was attached to a sufficient length of 1.25 in.
diameter, schedule 40 PVC to reach the saturated soil. The well
point and PVC extension was then driven by mallet another 0.2–
0.5 m. The well installation was then leveled, backfilled, tamped,
capped and labeled. Each well was then ‘‘developed’’ per FDEP rec-
ommendations (Florida Department of Environmental Protection,
2008) using a Masterflex� Easy Load tubing pump (model 7518-
10) connected to a Cole Parmer model 7533-50 DC motor pumping
until 20–30 volumes were displaced within the well. Each well was
left undisturbed for at least one week before samples were taken.

Groundwater monitoring included analyzing samples for
enterococci bacteria and nitrogen species. Before each sampling
event, at least 4–5 volumes were pumped from the wells to assure
we sampled groundwater and not water which had accumulated in
the well casing. Each individual well was assigned a unique 15 foot
long section of #18 Masterflex� tubing that would be used to ob-
tain samples. After samples were collected, a graduated rod was in-
serted into the well and a depth to water surface was measured.
This depth was then converted to an elevation to obtain aquifer
water level. Negative control samples were routinely run to check
for cross contamination. To better understand the relationship be-
tween aquifer level and tidal phase, we installed an Onset� level
logger in six different wells for time periods ranging from 12 to
48 h.

To determine groundwater flow direction we converted the
depth of aquifer measurements to an elevation based on ground
surface elevations at the well obtained from 2007 LIDAR surveys
of Captiva Island (Florida Department of Emergency Management,
2007). The elevations were then plotted together with distance
from the Gulf of Mexico beach to obtain the general groundwater
elevation gradient. The flow direction was estimated from the
change in elevation (flow from higher to lower elevation).

2.2. Sample analyses

Nutrient samples were preserved in the field with sulfuric acid
and then placed on ice per Florida DEP guidelines. Lee County Envi-
ronmental Laboratory performed all nutrient analyses. The follow-
ing EPA approved methods were used by the NELAC-certified
laboratory: Total Kjeldahl Nitrogen by EPA Method 351.2; Nitrate
plus Nitrite Nitrogen (NOx) by EPA Method 353.1; Ammonia nitro-
gen by EPA Method 350.1.

Bacteriological samples were immediately preserved on ice at
less than 4 �C and were received at SCCF Marine Laboratory for
testing within 6 h of collection. Samples were analyzed following
EPA-approved method 9230D. For this method, Enterolert� fluoro-
genic media by Idexx are used with 100 ml of the water sample.
Estuarine and marine samples were diluted 1:10 before analyzing
to minimize interference by bacillus bacteria. Confirmation tests
were performed on positive samples after the Enterolert� analysis
was completed.

2.3. Data analyses

For this study, ‘‘high’’ season is defined as the period from Jan-
uary through April each year when Captiva and Sanibel Islands are
at their peak seasonal populations, while ‘‘low season’’ is desig-
nated as the remainder of the year (May–December). The ‘‘wet’’
season is defined as May–October each year, the ‘‘dry’’ season as
November through April. Comparisons were made between results
obtained during dry season versus wet season, between ‘‘high’’ sea-
son versus ‘‘low’’ season, and between rain events (0.45 in. of rain

or greater in previous 48 h) versus rain-free periods (at least three
days with no recorded rainfall). Comparative analyses were also
performed between results from sites within the sewered areas
of Captiva compared to areas with onsite treatment systems. The
number of samples taken for each comparative analysis is shown
in Table 1. All box-plot comparisons are shown with standard devi-
ation of the mean bars. The general linear model (GLM) ANOVA
was used on log-transformed data for most comparisons (Minitab�

Version 13.20). Non-parametric statistical methods (Minitab� Ver-
sion 13.20) were used for data that did not fit the GLM ANOVA
model. The statistical method used is given in parentheses after
the description of each result. An alpha value of 0.05 was used
for all analyses in this report.

3. Results

3.1. Surface water

The mean nitrogen and geometric mean enterococci values used
for comparisons in this study are summarized in Table 2. Entero-
cocci bacteria were significantly greater in estuarine samples fol-
lowing a rain event (9 cfu/100 ml geometric mean) than during a
period of no rainfall (1 cfu/100 ml geometric mean) (GLM ANOVA:
F = 65.1, p < 0.001). Similarly, Gulf samples had significantly greater
enterococci after a rain event (5 cfu/100 ml geometric mean) than
before (1 cfu/100 ml geometric mean) (GLM ANOVA: F = 27.3,
p < 0.001). A Spearman ranked correlation analysis on estuary data
revealed a significant but weak inverse relation between salinity
and enterococci density (Spearman’s: r = �0.328, p < 0.001). When
we limited comparisons to rain events, there was no significant dif-
ference in mean enterococci concentrations between dry vs. wet
season (10 vs. 8 cfu/100 ml geometric mean) (GLM ANOVA:
F = 1.61, p = 0.215). However there was significantly greater entero-
cocci in rain event runoff during high season compared to low sea-
son (35 vs. 6 cfu/100 ml geometric mean) (GLM ANOVA: F = 0.01,
p = 0.922) for estuary samples. Gulf samples showed no significant
differences between dry vs. wet (2 vs. 3 cfu/100 ml geometric mean)
(GLM ANOVA: F = 1.82, p = 0.146) and high vs. low season (2 vs.
2 cfu/100 ml geometric mean) (GLM ANOVA: F = 1.3, p = 0.12) after
a rain event. When we compared results of estuary samples taken
from areas using onsite treatment to areas with sewer we were
not able to find a significant difference in surface water enterococci
levels after rain events (GLM ANOVA: F = 0.07, p = 0.795) or during
dry periods (GLM ANOVA: F = 0.00, p = 0.945).

Total nitrogen was significantly higher during the wet season
(�x = 0.51 mg/l) than the dry season (�x = 0.39 mg/l) at estuary sta-
tions (GLM ANOVA: F = 3.63, p < 0.013). When comparing ‘‘high’’
(�x = 0.39 mg/l) vs. ‘‘low’’ season (�x = 0.47 mg/l) at estuary sites, no
significant difference could be found in TN (GLM ANOVA:
F = 1.57, p = 0.211). Similarly, no significant difference could be
found in TN after rain events (�x = 0.49 mg/l) compared to dry peri-
ods (�x = 0.42 mg/l) (GLM ANOVA: F = 1.64, p = 0.203). Total nitro-
gen concentrations for estuary sites located in areas of Captiva
with onsite treatment systems (�x = 0.48 mg/l) were significantly
greater than sites within the areas with sewer (�x = 0.38 mg/l)
(Kruskall–Wallis, H = 4.35, p = 0.037; Fig. 3). No difference could
be found for TN in Gulf samples from the sewered section of Cap-
tiva (�x = 0.36 mg/l) compared to areas using onsite treatment sys-
tems (�x = 0.33 mg/l) (Kruskall–Wallis, H = 1.66, p = 0.198; Fig. 3).
However, nitrate concentrations in Gulf samples from areas with
onsite treatment systems (�x = 0.038 mg/l) were significantly great-
er than nitrate concentrations in samples from areas having sewer
(�x = 0.016 mg/l) (Kruskall–Wallis, H = 4.8, p = 0.028; Fig. 4). For the
portion of Captiva using onsite treatment systems, samples from
the Gulf (�x = 0.038 mg/l) had significantly higher nitrate concentra-
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tions than estuary samples (�x = 0.023 mg/l) (Kruskall–Wallis,
H = 9.69, p = 0.002; Fig. 4). Gulf samples (�x = 0.016 mg/l) were not
found to be significantly higher in nitrates than samples from the
estuary (�x = 0.019 mg/l) in the areas of Captiva with sewer (Krusk-
all–Wallis, H = 1.00, p = 0.317; Fig. 4). No significant difference was
found in ammonia concentrations for Gulf and Estuary samples
when comparing areas on sewer vs. onsite treatment (Kruskall–
Wallis, p > 0.05). Similarly, no differences were discerned in
ammonia levels between periods with rain vs. dry periods and be-
tween high season vs. low season (Kruskall–Wallis, p > 0.05).

3.2. Groundwater

The flow direction of groundwater in the upper aquifer beneath
Captiva was found to be from the middle of the primary dune east-
ward to the estuary with a smaller portion traveling westward to-

ward the Gulf (Fig. 5). All water table elevation data taken from
cross-island well transects showed this general pattern. Due to ti-
dal effects, the aquifer surface was also found to vary as much as
0.5 m in elevation during a tidal cycle depending on location and
tidal phase. The mean distance from soil surface to water table sur-
face for the wells in this study was 0.98 m. Except for monitoring
wells located within 15 m of the ocean or estuary, all well samples
were primarily fresh, indicating the existence of a freshwater lens
beneath Captiva.

The overall mean concentration of enterococci in Captiva
groundwater was below Florida DOH critical values for healthy bea-
ches and ranged from 1 to 43 cfu/100 ml between sites. The mean
concentration for samples from monitoring wells within the por-
tion of Captiva with onsite treatment systems (5 cfu/100 ml geo-
metric mean) was not significantly different than samples from
the sewered portion of Captiva (3 cfu/100 ml geometric mean) (AN-

Table 2
Mean and standard deviations for water quality data collected during this study. See Table 1 for total number of samples for each category. Geometric means and ranges are given
for enterococci results. Note: NT = not tested.

a. Enterococci

Description Gulf Estuary Groundwater Stormwater runoff

GeoMean Range GeoMean Range GeoMean Range GeoMean Range

Wet season (after rain) 3 1–350 8 1–2000 3 1–380 NT NT
Dry season (after rain) 2 1–212 10 1–324 2 1–170 NT NT
Rain event 5 1–350 9 1–2000 3 1–380 927 1–2400
No rain 1 1–98 1 1–10 1 1–170 NT NT
OSTDS (after rain) 2 1–350 8 1–173 5 1–380 NT NT
Sewer (after rain) 2 1–64 12 1–573 3 1–148 NT NT
High season (after rain) 2 1–212 35 1–324 2 1–170 NT NT
Low season (after rain) 2 1–350 6 1–2000 3 1–380 NT NT

b. Total nitrogen

Description Gulf Estuary Groundwater Stormwater runoff

Mean SD Mean SD Mean SD Mean SD

Overall 0.34 0.24 0.45 0.27 1.91 1.05 2.75 1.09
Wet season 0.36 0.24 0.51 0.28 NT NT NT NT
Dry season 0.32 0.22 0.39 0.22 NT NT NT NT
Rain event 0.42 0.26 0.49 0.33 NT NT NT NT
No rain 0.25 0.14 0.42 0.2 NT NT NT NT
OSTDS 0.33 0.22 0.48 0.22 NT NT NT NT
Sewer 0.36 0.27 0.38 0.35 NT NT NT NT
High season 0.32 0.25 0.39 0.23 1.75 0.71 NT NT
Low season 0.34 0.23 0.47 0.28 1.97 1.15 NT NT

c. Nitrate nitrogen

Description Gulf Estuary Groundwater

Mean SD Mean SD Mean SD

Wet season 0.03 0.034 0.018 0.032 0.821 1.17
Dry season 0.042 0.041 0.025 0.047 0.602 0.849
Rain event 0.022 0.023 0.021 0.034 0.99 1.3
No rain 0.05 0.045 0.026 0.049 1.06 1.06
OSTDS 0.038 0.039 0.023 0.042 1.11 1.18
Sewer 0.016 0.021 0.019 0.037 0.08 0.18
High season 0.038 0.041 0.021 0.031 1.18 0.93
Low season 0.034 0.044 0.022 0.044 1.09 1.26

d. Ammonia/ammonium nitrogen

Description Gulf Estuary Groundwater

Mean SD Mean SD Mean SD

Wet season 0.022 0.014 0.049 0.078 0.116 0.283
Dry season 0.027 0.019 0.051 0.046 0.059 0.116
Rain event 0.021 0.014 0.054 0.085 0.047 0.088
No rain 0.023 0.016 0.048 0.043 0.059 0.116
OSTDS 0.024 0.017 0.05 0.043 0.096 0.256
Sewer 0.02 0.011 0.05 0.08 0.109 0.198
High season 0.018 0.012 0.037 0.028 0.032 0.027
Low season 0.023 0.015 0.055 0.071 0.116 0.291
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OVA: F = 0.14, p = 0.905) or from the three reference wells (1 cfu/
100 ml geometric mean) (ANOVA: F = 0.23, p = 0.860). No difference
could be found between enterococci concentrations in ‘‘high’’ sea-
son (2 cfu/100 ml geometric mean) vs. ‘‘low’’ season (3 cfu/100 ml
geometric mean) (Kruskall–Wallis, H = 0.33, p = 0.564). We were
also unable to find a significant difference in groundwater entero-
cocci after rain events compared to periods without rain (3 vs.
1 cfu/100 ml geometric mean) (GLM ANOVA: F = 0.08, p = 0.78).

The range of mean groundwater nitrate concentrations was
0.01–2.48 mg/l among sites. The nitrate concentration (�x = 1.11
mg/l) for Captiva wells within the area using onsite treatment
systems was significantly greater than wells within the sewered
area (�x = 0.1 mg/l) (GLM ANOVA: F = = 32.94, p < 0.001) and
reference wells (�x = 0.2 mg/l) (GLM ANOVA: F = 21.6, p < 0.001;
Fig. 6). When comparing groundwater nitrate concentrations in
the ‘‘high’’ season (�x = 1.3 mg/l) vs. ‘‘low’’ season (�x = 1.0 mg/l)
(GLM ANOVA: F = 0.63, p = = 0.430) and ‘‘no rain’’ (�x = 1.06 mg/l)

vs. ‘‘rain’’ (�x = 0.97 mg/l), no significant differences were found
(GLM ANOVA: F = 0.44, p = 0.509). Comparing groundwater ammo-
nia levels from areas of Captiva on sewer vs. areas with onsite
treatment systems, no significant differences were seen (Krusk-
all–Wallis, p > 0.05). Additionally no significant differences could
be found for ammonia levels in groundwater during high season
vs. low season and after rain events compared to dry periods
(Kruskall–Wallis, p > 0.05).

3.3. Groundwater/runoff/surface water relationships

Groundwater from Captiva discharges to Pine Island Sound and
the Gulf of Mexico providing a link between surface and groundwa-
ter quality. No significant difference could be found between
enterococci concentrations in estuary samples (1 cfu/100 ml geo-
metric mean) compared to Gulf samples (1 cfu/100 ml geometric
mean) or groundwater (1 cfu/100 ml) during a period with no rain-
fall (Kruskall–Wallis, H = 1.07, p = 0.564). After rainfall events, sig-
nificantly greater enterococci levels were found in the estuary
(9 cfu/100 ml geometric mean) compared to the Gulf (5 cfu/
100 ml geometric mean) (GLM ANOVA: F = 2.62, p = 0.024) and
groundwater (3 cfu/100 ml geometric mean) (GLM ANOVA:
F = 3.26, p = 0.003). Enterococci bacteria were significantly greater
in stormwater runoff samples (927 geometric mean) than estuary
(9 geometric mean) (GLM ANOVA: F = 23.7, p < 0.001), Gulf (5 cfu/
100 ml geometric mean) (GLM ANOVA: F = = 23.8, p < 0.001), or
groundwater samples (3 cfu/100 ml geometric mean) (GLM ANO-
VA: F = 21.4, p < 0.001).

Total nitrogen (TN) concentrations were significantly greater in
groundwater (�x = 1.91 mg/l) and runoff (�x = 2.80 mg/l) samples
compared to estuary (�x = 0.45 mg/l) (GLM ANOVA: groundwater,
F = 21.3, p < 0.001; runoff, F = 17.1, p < 0.001) and Gulf samples
(�x = 0.34 mg/l) (GLM ANOVA: groundwater, F = 20.8, p < 0.001;
runoff, F = 17.6, p < 0.001) (Fig. 7). We also found that nitrates were
significantly greater in groundwater samples �x = 1.11 mg/l) com-
pared to ocean (�x = 0.038 mg/l) or estuary samples (�x = 0.023 mg/
l) from sites using onsite treatment (Kruskall–Wallis, H = 89.1,
p < 0.001).

4. Discussion

4.1. Groundwater/surface water relationships

Level transducers mounted in monitoring wells showed
groundwater beneath Captiva is subject to tidal pumping as com-
monly found in nearshore groundwater systems (Charette et al.,
2001; Robinson et al., 2007; Santos et al., 2008; McCoy et al.,
2011). In general, Captiva groundwater flows perpendicular to
the long axis of the island with the axis centered beneath the pri-
mary dune (Thompson et al., 2011), a pattern consistent with other
barrier islands in Florida (Ruppel et al., 2000). Since Captiva soils
are merely porous sandy deposits from the Gulf of Mexico (NRCS,
2005), we can extrapolate that groundwater travels rapidly
through the soil and discharges to estuarine and Gulf waters sim-
ilarly to other Gulf barrier islands (Corbett et al., 2000).

Ammonia is typically the primary nitrogen component of efflu-
ent from anaerobic septic tanks (Otis et al., 1975; Lance, 1975; Bou-
ma et al., 1972). In an unsaturated onsite treatment system
drainfield, soil bacteria rapidly convert (nitrification) septic system
ammonia to nitrate (Bicki et al., 1984). Nitrate is very water soluble
(mobile in groundwater) and resistant to denitrification in the sub-
surface environment (Bicki et al., 1984). Our monitoring efforts did
not detect elevated ammonia concentrations in groundwater or
surface water near onsite treatment systems. However, nitrate
was found to be elevated in the groundwater beneath the portion
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Fig. 3. Boxplots comparing total nitrogen concentrations for sites using onsite
treatment systems with those on sewer systems. Total nitrogen was significantly
greater at estuary sites with onsite treatment systems (a, b) compared to those on
sewer and compared to Gulf sites with onsite treatment or sewer. No difference
could be seen for sewered vs. onsite treatment at Gulf sites. Note boxes represent
25th and 75th percentile while bars represent standard deviation and dots are
means.
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Fig. 4. Boxplots comparing nitrate concentrations for Gulf and estuary sites using
onsite treatment systems with those on sewer systems. Nitrate was significantly
greater at Gulf sites with onsite treatment systems (a) compared to Gulf sites on
sewer. Nitrate was also significantly greater at Gulf sites with onsite treatment
systems (b) compared to estuary sites with onsite treatment systems. No significant
difference could be found between nitrate concentrations at Gulf sites on sewer
compared to estuary sites on sewer or estuary sites with onsite treatment compare
to estuary sites with sewer. Note boxes represent 25th and 75th percentile while
bars represent standard deviation and dots are means.
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of Captiva using onsite treatment systems relative to groundwater
from the portion with sewer system and to reference wells. In addi-
tion, there was significantly greater nitrate at Gulf sites near onsite
treatment systems compared to Gulf sites on the sewered portion of
Captiva. It is believed that onsite treatment systems converted
ammonia nitrogen to nitrate which became the source of elevated
nitrates in the groundwater and Gulf samples. Nitrate concentra-
tions were also significantly higher when comparing Gulf samples
to estuary samples for the portion of Captiva using onsite treatment
systems; however total nitrogen was significantly greater at the
estuary stations.

Estuary sites with onsite treatment did not exhibit greater
nitrate concentrations but did exhibit greater total nitrogen
concentrations compared to samples taken from estuary sites with
sewer. The estuary side of Captiva has extensive seagrass beds, and
seasonally high water column chlorophyll a concentrations
(Thompson et al., 2011). Groundwater nitrate discharged to the
estuary would be quickly converted by phytoplankton, benthic
algae or seagrass to organic nitrogen. A source of elevated total
nitrogen would likewise be the onsite treatment systems whose
ammonia was converted to nitrate in drainfields and then nitrates
quickly transformed to organic nitrogen in the highly productive
estuary ecosystem. There is a relative lack of nitrate-consuming
seagrasses and algae on the Gulf side of Captiva and a fraction of
the groundwater nitrogen would remain in nitrate form for a longer
period of time at the Gulf sites.

Nitrates and TN were not found to be elevated in nearshore
water samples from areas on sewer. However there were elevated
levels of nitrates and TN in surface waters adjacent to onsite treat-
ment areas having elevated groundwater nitrates. It is reasonable
to conclude the nitrate load from onsite treatment systems is
affecting the nearshore surface waters. Groundwater with rela-
tively high concentrations of nitrates is thought to enter nearshore
waters resulting in an increase in nitrate concentration on the Gulf
side, and elevated TN on the estuary side of Captiva.

The presence of elevated groundwater nitrogen in areas using
onsite treatment systems is a common occurrence (Canter, 1996;
Corbett et al., 2002; Anderson, 2006) and does not necessarily indi-
cate that the systems are malfunctioning. It does, however, high-
light the fact that conventional septic systems remove only a very

Fig. 5. Representation of the flow direction of the upper aquifer beneath Captiva Island derived from data recorded during sampling of a cross island transect of monitoring
wells. Elevation data from Lee County LIDAR surveys undertaken June through August 2007.
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Fig. 6. Boxplots of groundwater nitrate concentrations for the area of Captiva using
onsite treatment systems compared to the area using sewer and to reference wells
in a preserved natural area on nearby Sanibel Island. Nitrates from areas using
onsite treatment systems (a) were significantly greater than areas without onsite
treatment. Note boxes represent 25th and 75th percentile while bars represent
standard deviation and dots are means.
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Fig. 7. Boxplots comparing total nitrogen concentrations between Gulf, estuary,
groundwater and surface water runoff samples. Total nitrogen in groundwater (a)
and surface water runoff (b) was significantly greater than TN in Gulf or estuary
samples. Note boxes represent 25th and 75th percentile while bars represent
standard deviation and dots are means.
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small portion of nitrogen from the waste stream (Bicki et al., 1984;
USEPA, 1999). Over 70% of the nitrogen in domestic wastewater is
in liquid form as urine (Florida Department of Health, 2010). Only
about 10% of the influent nitrogen is removed during solids separa-
tion and digestion (USEPA, 1999) in a septic tank. After solids re-
moval, the drainfield disperses the waste stream over a large area
of aerated subsurface soil on which microbes have colonized. As
the waste flows over the unsaturated soil, pathogens are killed
and soil microbes remove organics, and nitrogen is changed from
ammonia to nitrate but not removed (Bicki et al., 1984).

Nitrate nitrogen is highly soluble in water and is easily
transported by groundwater flow (Shukla et al., 2006). Anaerobic
denitrifying bacteria are required in order to remove the nitrate
nitrogen from groundwater (Shukla et al., 2006). These bacteria
are found in wetlands and saturated soils, but Captiva is a narrow
barrier island and most of its natural wetlands have been filled,
therefore groundwater has a very short lateral distance to travel
with little probability for wetland-associated nitrate removal be-
fore discharging to estuary or Gulf surface water.

In contrast to nitrate, the concentration of enterococci bacteria
in groundwater beneath Captiva was reduced relative to estuary
and stormwater runoff samples, and not significantly different
than reference wells or samples from the sewered area of Captiva.
Additionally there was no increase in enterococci bacteria during
high season, and surface water samples from the area of Captiva
with onsite treatment systems did not show elevated enterococci
levels compared to the sewered area. These findings suggest that
groundwater does not contribute to elevated enterococci levels in
nearshore surface water, and survival of enterococci indicator bac-
teria from onsite treatment systems is minimal after treatment and
discharge to the subsurface environment. These findings are simi-
lar to other studies which included the interaction of groundwater
and surface water related to enterococci bacteria concentrations
(Knee et al., 2008; Stearns and Wheler, 2006). However, other stud-
ies have found elevated levels of indicator organisms including
enterococci bacteria in groundwater associated with high concen-
trations of onsite treatment systems (Erickson, 2009; University of
Puerto Rico, 2005). In a study of fecal pollution in a southwest Flor-
ida watershed, Lipp et al. (2001a) found significantly greater con-
centrations of enterococci in areas with higher densities of septic
systems. In that study, on-site treatment system density within
the watershed having greater enterococci concentrations was 7.9
units per hectare. In comparison, lower Captiva’s on-site treatment
system density of 1.8 units per hectare is much lower, and due to
seasonal population fluctuations, annual use per system is poten-
tially reduced. Soil and groundwater characteristics may also be
significantly different on Captiva compared to other studies. Cap-
tiva groundwater level fluctuates with tidal phase and salinities
range from fresh to estuarine, which may make survival of entero-
cocci bacteria less favorable.

4.2. Runoff/surface water relationships

Enterococci concentrations in Captiva nearshore surface waters
increased significantly after rainfall events, often rising above Flor-
ida DOH criteria. During dry periods these indicator bacteria were
consistently at low levels. Enterococci concentrations were signif-
icantly greater in stormwater runoff compared to surface water or
groundwater samples. Since groundwater concentrations were
consistently low (well below Florida DOH criteria) during dry
and wet periods, we deduce that stormwater is the primary mech-
anism transporting these bacteria from terrestrial sources into
near-shore surface waters. Similar findings are well documented
in other studies focusing on sources of enterococci bacteria in near-
shore waters (Hartz et al., 2008; Knee et al., 2008; Hartel et al.,
2004; Griffith et al., 2010). Increased stormwater runoff volumes

due to urbanization can lead to increased levels of indicator bacte-
ria in nearshore waters (Mallin et al., 2000). The negative correla-
tion found between salinity and enterococci density in Captiva
estuary samples is consistent with other’s findings (Lipp et al.,
2001b; Ortega et al., 2009). These previous studies correlated high-
er enterococci concentrations with lower salinity sites having
greater freshwater inflows. Located on a barrier island surrounded
by the relatively higher salinity waters of the Gulf of Mexico, the
sites in this study had small watersheds and low freshwater inflow.
It is probable that a stronger correlation between enterococci and
salinity was not found due to the relatively small intermittent
freshwater flows. Salinities are fairly consistent between sites
and the change in salinity after a rainfall event would be a more
appropriate association to test against enterococci density.

Source tracking efforts previously undertaken in the study area
(Thompson et al., 2011) revealed extremely high concentrations of
enterococci present in lawns, golf courses, urban soils, macroalgae
in nearshore waters, wrack on the beach, and in feces from shore-
birds and resident mammals. These efforts also found that a rela-
tively small percentage of surface water samples with high
enterococci levels were from a human source (Thompson et al.,
2011). Results from other studies (Muller et al., 2001; Bonilla
et al., 2006) support these findings and demonstrate that entero-
cocci indicator bacteria are present throughout our environment
and colonize diverse natural terrestrial and marine media remain-
ing viable for days, weeks or longer (Hartz et al., 2008; Yamahara
et al., 2007; Lee et al., 2006; USGS, 2008). When a significant rain
event occurs, the indicator bacteria are transported by runoff from
the terrestrial media they colonize increasing the concentration in
receiving waters. High levels of enterococci in surface water are a
function of increased stormwater runoff due to land use changes
(development) (Mallin et al., 2000), an increase in acceptable med-
ia for colonization (such as macroalgae; Thompson et al., 2011), or
failing wastewater systems which periodically discharge directly
to surface waters, or terrestrial areas.

Florida DOH uses the presence or absence of these bacteria to
determine if beach advisories should be issued for Florida (and
Captiva) beaches. It was once thought that this group of bacteria
was usually traceable to human origins (USEPA, 1999), however,
current research confirms the occurrence of enterococci in our
waters is often from natural sources (Hagedorn et al., 2003; Muller
et al., 2001; Whitlock et al., 2002). Other studies show that the use
of enterococci indicator bacteria to manage beach closures often
does not provide the desired result of indicating contamination
with human waste (Shibata et al., 2004). Regardless, by decreasing
the amount of stormwater runoff we can decrease the levels of
enterococci bacteria in nearshore waters after a rain event.

Nitrogen was also significantly greater in stormwater runoff
than surface water and significantly greater in surface water dur-
ing the wet season. Analysis of Lee County’s Pine Island Sound
water quality dataset shows significantly greater nitrogen in strata
near Captiva compared to mid-Pine Island Sound, even though
Captiva is closer to the diluting effects of the Gulf of Mexico
(Thompson et al., 2011). These findings imply terrestrial sources
of nitrogen from Captiva enrich nearshore waters. An analysis of
water quality data in previous work (Thompson et al., 2011) indi-
cated that nearshore estuarine waters of Captiva are most often
nitrogen limited. Captiva Island is surrounded by the Gulf of Mex-
ico and a largely euhaline sound which is naturally oligotrophic,
and local nitrogen loadings may be enough to trigger detrimental
water quality issues such as hard bottom mortality or macroalgae
blooms (Lapointe, 1997). A study of macroalgae blooms in the San-
ibel and Captiva area confirmed that local macroalgae uses terres-
trially-derived nitrogen (from stormwater runoff) to fuel its
propagation (Loh et al., 2011). Other studies have also connected
urbanization to estuarine algal blooms (Mallin et al., 2004).
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4.3. Summary

Concentrations of enterococci indicator bacteria were low in
Captiva’s groundwater; therefore, groundwater and thus dis-
charges from onsite treatment systems do not appear to be a
source for elevated surface water enterococci in this system. It is
reasonable to conclude that beach closures were not attributable
to polluted groundwater and there is a low probability that there
is a connection between these waste streams and beach closures.
However, we demonstrated that groundwater and surface water
nitrogen levels in the areas of Captiva using onsite treatment
systems were elevated compared to areas served by centralized
wastewater treatment. In addition, we found that stormwater
runoff increases indicator bacteria concentrations near Captiva
and adds to nitrogen loads.

4.4. Considerations for community managers

Captiva Island is currently near 25% impervious surface area
(Thompson et al., 2011; Stys et al., 2004) which will result in in-
creased runoff and high nutrient and bacteria loadings (Lucken-
bach et al., 2008; Holland et al., 2004). Pre-development Captiva
Island consisted of well-vegetated wetlands and uplands having
multiple layers of canopy and dense underbrush (Zahina et al.,
2007). During precipitation events, rain would be intercepted by
canopy, trapped by detritus, evapotranspired by vegetation, col-
lected by wetlands and the island would have little or no runoff
(Center for Watershed Protection, 2011).

Estimates show 36% of nitrogen loading to Captiva’s nearshore
water originates from onsite treatment systems (Thompson et al.,
2011). This is high relative to other areas in southwest Florida (Jan-
icki Environmental, 2010) which average about 5% from onsite
treatment systems. In addition, the estimated nitrogen load of
7.9 lbs/acre/yr. (Thompson et al., 2011) is very high compared to
other SW Florida watersheds which ranged from 0.5 to 10 lbs/
acre/yr (Janicki Environmental, 2010).

To address these water quality concerns, the Captiva commu-
nity can focus upon two broad strategies; the reduction of storm-
water and irrigation runoff volume and the reduction of nitrogen
discharges from onsite treatment systems.

Through this project, the Captiva community has been provided
with information they can use to develop strategies to address
deterioration of their near-shore water quality and more effec-
tively control elevated levels of bacteria and nitrogen in their
waters. By realizing the effects of urbanization and then planning
developments which more effectively mimic natural systems they
can be successful in doing their part in protecting southern Flor-
ida’s waters.
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