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31). Due to the higher organic content of detritus and silts associated with the sand, these bacteria may be sustained in this
moist environment for a long time (10, 13, 16, 37, 51). The mechanism by which these bacteria initially populate the beach sand
is poorly understood. More specifically, it is unknown whether
occurrence is passive (e.g., via animal feces, deposition on shore,
or concentration by sand) or active (e.g., growing during suitable conditions or recovery of previously nonculturable cells).
Beach visitors tend to spend a majority of their time in
contact with the sand, and there is increased public concern
about associated contamination (41, 47). Due to the potential
for higher densities of pathogens, prolonged contact with contaminated beach sand may conceivably be a greater threat to
beach visitors than water exposure (32, 47). Children are particularly at risk because they spend a great deal more time
playing and digging in the wet sand, and the elderly and infirm
are more susceptible to illnesses associated with contamination. Bacteria harbored in the sand may persist longer than in
the water because they adhere to sediment particles, unlike
free bacteria in the water.
Historically, 63rd Street Beach in Chicago, Ill., has had elevated levels of E. coli in its swimming water. When E. coli
levels exceed the U.S. EPA recommended limit of 235 CFU/
100 ml, the beach is closed to swimming, resulting in a loss of
recreational opportunities for hundreds of visitors. Many visitors, however, remain at the beach to enjoy activities on the
shore, including playing in the sand, where E. coli and perhaps
pathogens may also be present.
The purpose of the present research was to examine the
concentration and interaction of E. coli in sand and beach
water of a selected beach along southern Lake Michigan. Concentrations of E. coli, the direction of E. coli movement between sand and water, and the influences of sand, water, bird

Along the coasts of the Great Lakes, many communities
have adopted beach monitoring programs to protect visitors
from potentially harmful microbes in accordance with the requirements of the U.S. Environmental Protection Agency
(EPA) (7). Increased coastal development and increased recreational use of beaches have resulted in greater threats of
water contamination and the associated public health hazard.
While indicator bacteria may be present in the swimming water, sediment and sand along the water’s edge may also be a
significant source of microbes (53).
In the United States, freshwater beaches are routinely analyzed for Escherichia coli because it is an indicator of sewage
contamination and thus the possible presence of human pathogens (bacteria, protozoa, and viruses) (3, 22, 29). Potential
sources may include sewage overflows (34), leaking septic systems, and birds occupying the beach (28, 30, 46, 50). Rainfall
and onshore winds can cause a dramatic increase in concentration and can exacerbate the contamination problem (15,
56). Bacterial counts in water eventually fall to levels considered to be safe for swimming; however, many indicators remain
in the sediment and adjacent beach sand (17, 36) and can
impact beach water quality at a later time.
Numerous studies have shown that beach sand can harbor
significant levels of indicator bacteria (32, 46), which are often
present in higher concentrations than in the water column (10,
21, 34, 43). Bacteria present in the sand include E. coli, Streptococcus spp., Campylobacter spp., and Pseudomonas spp. (30,
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Swimming advisories due to excessive Escherichia coli concentrations are common at 63rd Street Beach,
Chicago, Ill. An intensive study was undertaken to characterize the source and fate of E. coli in beach water and
sand at the beach. From April through September 2000, water and sand samples were collected daily or twice
daily at two depths on three consecutive days per week (water samples, n ⴝ 1,747; sand samples, n ⴝ 858);
hydrometeorological conditions and bird and bather distributions were also recorded. E. coli concentrations in
sand and water were significantly correlated, with the highest concentration being found in foreshore sand,
followed by those in submerged sediment and water of increasing depth. Gull contributions to E. coli densities
in sand and water were most apparent on the day following gull activity in a given area. E. coli recolonized newly
placed foreshore sand within 2 weeks. Analysis of variance, correlation, cluster analyses, concentration
gradients, temporal-spatial distribution, demographic patterns, and DNA fingerprinting suggest that E. coli
may be able to sustain population density in temperate beach sand during summer months without external
inputs. This research presents evidence that foreshore beach sand (i) plays a major role in bacterial lake water
quality, (ii) is an important non-point source of E. coli to lake water rather than a net sink, (iii) may be
environmentally, and perhaps hygienically, problematic, and (iv) is possibly capable of supporting an autochthonous, high density of indicator bacteria for sustained periods, independent of lake, human, or animal input.
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presence, and hydrometeorology were examined over 6
months. Potential inputs, relationships, and concentration gradients were explored. The question of whether concentrations
of E. coli in sand were ultimately controlling beach water
quality at 63rd Street Beach was examined.
MATERIALS AND METHODS
Study area. The study area was located on the southwest shore of Lake
Michigan at 63rd Street Beach (Fig. 1). The beach is approximately 12 km south
of downtown Chicago, within the Jackson Park area. On the north end of the
beach, stone revetment extends along the shore, ending at Jackson Harbor and
an associated breakwater. The southern end of the beach ends at Casino Pier, a
doglegged breakwater that partially encloses the beach basin. During the recreation season, Memorial Day through Labor Day, the Chicago Park District rakes
the beach daily using a beach-grooming machine. Five transects were established
100 m apart perpendicular to the shore. At each transect, sediment samples were
recovered onshore 1 m from the furthest extent of the waves (foreshore sand)
and from the point at which the overlying water was 45 cm deep (submerged
sand). Water samples were collected from above the underlying sand at depths
of 45 and 90 cm for each transect. An additional water-sampling site was located
at the end of Casino Pier (referred to as offshore).
Sample collection. (i) Water and sand. Between April and September 2000,
water and sediment samples were aseptically collected on three consecutive days
per week, usually Tuesday through Thursday, along each of the five transects.
Sediment samples were collected at 7:00 a.m. each sampling day by pushing a 2.3by 30-cm slotted recovery probe (AMS, American Falls, Idaho) containing a
sterile butyrate liner at least 20 cm into the sediment at two sites (foreshore and
submerged) along the transect. Upon extraction, any overlying water was carefully decanted and the liner was capped and removed from the probe. A sixth
point was selected for sediment sampling each morning in the center of the

onshore area occupied by the highest concentration of gulls (ring-billed gulls,
Larus delawarensis, and herring gulls, Larus argentatus).
Water samples were collected at 7:00 a.m. and 1:00 p.m. each sampling day
along the five transects at 45- and 90-cm depths. A sterile polyethylene bag was
dipped below the water surface to collect water. During morning sampling, an
additional water sample was collected off the north revetment and offshore.
After collection, all samples were kept at 4°C and taken to the laboratory for
analysis. All samples were analyzed within 3 h of collection.
(ii) Daily observations. At the time of each morning and afternoon sampling,
weather parameters, including air and water temperatures, wind direction, and
wind speed, were recorded. Along each transect, wave height was measured.
Also, at each of the five transects, the gulls onshore and bathers in the lake were
counted. Gull feces were counted at each transect by using triplicate 0.5-m2
quadrats randomly determined within the first 5 m of shore.
A weather station was installed onsite. Insolation, temperature, wind direction
and speed, rainfall, and relative humidity were continuously logged. These
weather data were supplemented by digital information gathered by a southern
Lake Michigan offshore buoy maintained by the National Oceanic and Atmospheric Administration. From this weather station, data for wind speed, wind
direction, wind gust, wave height, pressure, air temperature, and water temperature were collected hourly.
Sample analyses. For sediment samples, total sample volume was calculated
by measuring sediment core length (nearest 1 cm). The liner was then emptied,
and contents were rinsed into a sterile 250-ml polypropylene bottle by using 100
ml of sterile phosphate-buffered diluent water (pH 6.8) (4). All sample bottles
were shaken simultaneously for 5 min at 210 rpm on an Eberbach rotary platform
shaker. The suspended particles were allowed to settle for a few minutes before
sample volumes were removed by pipette. Recovery of E. coli in seeded sand was
estimated to be 80, 91, and 96% in sequential washings. Testing was conducted
according to standard methods (4). Samples were tested by the membrane
filtration method (mTEC agar; Difco Laboratories, Detroit, Mich.) at three
volumes (0.1, 1.0, and 4.0 ml). Results were reported as CFU/100 ml. Water
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FIG. 1. 63rd Street Beach, with five sampling transects identified. Sampling sites were 1 m onshore and in water 45 and 90 cm deep. The shaded
area indicates beach sand; contour lines indicate selected depths. N, north revetment sampling sight; O, offshore sampling site.
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TABLE 1. E. coli counts in sand and water at 63rd Street Beach
Sample source

Mean count
(CFU/100 ml) ⫾ SD

Median

Geometric
mean

Foreshore sand
Submerged sand
Water (all)
Water (45 cm)
Water (90 cm)
Offshore water

1.1 ⫻ 104 ⫾ 8.5 ⫻ 102
2.6 ⫻ 103 ⫾ 7.6 ⫻ 102
1.1 ⫻ 102 ⫾ 1.3 ⫻ 102
1.6 ⫻ 102 ⫾ 1.8 ⫻ 102
7.5 ⫻ 101 ⫾ 9.3 ⫻ 101
3.4 ⫻ 101 ⫾ 4.4 ⫻ 101

4.8 ⫻ 103
7.6 ⫻ 102
6.0 ⫻ 101
8.4 ⫻ 101
3.6 ⫻ 101
1.0 ⫻ 101

4.0 ⫻ 103
7.2 ⫻ 102
4.3 ⫻ 101
6.2 ⫻ 101
2.6 ⫻ 101
1.2 ⫻ 101

RESULTS
Interaction of sand and water. E. coli counts were higher in
the foreshore and submerged sand than in beach water, with
concentrations in foreshore sand typically being several orders
of magnitude higher than in water (Table 1). Approximately
27% of the water samples collected in the swimming area
exceeded the U.S. EPA recommended level of 235 CFU/100
ml for swimmable water. If we equate cubic centimeters of
whole fresh sand to milliliters of beach water (admittedly,
these are not equivalent due to diluent differences), 95% of the
foreshore sand and 76% of the submerged sand collected had
E. coli counts in excess of the U.S. EPA recommendation for

swimming. The U.S. EPA criterion comparisons are based on
the assumption that the number of CFU/100 cm3 of sand is
roughly equivalent to the number of CFU/100 ml of water,
which is likely to be too conservative. While dry weights were
not routinely taken in this study, we estimated from other
experiments with similar sand that 63rd Street Beach sand
contained roughly 20% (wt/wt) water content. This unpacked
dry beach sand has a specific gravity near that of water (0.95),
and thus equivalent aqueous loading of bacteria would have
approximately five times the values reported here. Presumably,
sand biofilms play an important role in bacterial retention and
support (40), and thus even the expression of CFU per unit of
interstitial water is not entirely accurate. The proper expression of E. coli counts in saturated beach sand remains an
unresolved and important issue.
Mean levels of E. coli in foreshore sand among the five
transects (Table 1) were significantly different (P ⫽ 0.004).
Foreshore transects 1 and 2 had higher counts of E. coli. In
submerged sand, mean E. coli counts were not significantly
different among transects (P ⫽ 0.604). E. coli counts in foreshore and submerged sand were significantly correlated when
same-day samples were compared (r ⫽ 0.717, P ⬍ 0.01, n ⫽
78).
Most beach-monitoring programs are based on the presumed relationship between E. coli counts in water on the
sampling day and those on the next day (reporting day). There
was very little relationship between E. coli counts on the day of
sampling and those on the reporting day (r2 ⫽ 0.17, n ⫽ 57).
However, even with the difference in E. coli counts, there were
consistent correlations between E. coli counts in foreshore and
submerged sand and all combinations of water (samples from
the mornings, the afternoons, and at depths of 45 and 90 cm)
(Fig. 2). A recognizable pattern of increasing and decreasing
counts in sand and water was apparent over time (Fig. 3).
Additionally, E. coli counts were significantly correlated with
all water samples taken at points distant from the beach (i.e.,
offshore and north revetment).
E. coli and physical factors. E. coli counts in both foreshore
and submerged sand were correlated with both air and water
temperatures. The mean daily air temperature ranged from
1.35 to 23.11°C during the sampling season and was correlated

FIG. 2. Hierarchical cluster analysis of distance for E. coli concentrations in sand and water and selected factors associated with E. coli
concentrations. Connected vertical lines designate joined cases. The dendrogram rescales the actual distances to numbers between 0 and 25,
preserving the ratio of the distances between steps (SPSS, Inc.).
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samples were also analyzed at three volumes (1, 10, and 50 ml) by using the
method described above.
Sand replacement. In preparation for the swimming season, surface foreshore
sand at 63rd Street Beach was removed from the shoreline to about 10 m inland
to a depth of 10 to 15 cm along 400 m of shoreline. Clean, E. coli-free sand from
North Avenue and Montrose upland areas was used as a replacement on 24 and
25 May 2000. Sand samples were collected from the trucks for E. coli analysis
prior to sand placement on the beach and were confirmed to be free of E. coli.
Statistical analyses. Statistical analyses were performed using SPSS, version
10.0, and SYSTAT, version 9, software (SPSS, Inc., Chicago, Ill.). E. coli data
were log10 transformed to meet parametric assumptions of equality of variances
and normal distribution. These assumptions were confirmed using the Kolmogorov-Smirnov test for normality and Levene’s test for equality of variance coupled with examination of P-P plots. Hydrometeorological data were not transformed. Pearson correlation analysis was used for comparing E. coli levels in
sand and water at different sites. Bather and bird data could not be adequately
adjusted, and thus nonparametric analysis was used. Significance was set at a P
value of 0.05 unless otherwise stated. The lack of temporal autocorrelation
between sampling days or weeks for E. coli allowed for time-independent analysis
of variance. Samples collected at the same time or day were paired.
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with E. coli counts in foreshore sand (r ⫽ 0.593, P ⬍ 0.001) and
submerged sand (r ⫽ 0.401, P ⬍ 0.001). The mean daily water
temperature ranged from 4.3 to 22.0°C and was significantly
correlated with E. coli counts in foreshore sand (r ⫽ 0.592, P ⬍
0.001) and submerged sand (r ⫽ 0.396, P ⬍ 0.001). Throughout
the sampling season, there was a gradual increase in E. coli
counts in sand and water. This has been observed in a previous
study (56) and has been attributed to higher survival and perhaps growth rates in warmer temperatures. Concentrations of
E. coli in water were also correlated with air and water temperatures (air temperature, r ⫽ 0.327 and P ⫽ 0.018; water
temperature, r ⫽ 0.333 and P ⫽ 0.017).
In regression analysis, wind speed was also a predictor for E.
coli counts in sand, and wave height and wind direction, in
addition to temperature factors, were useful for predicting E.
coli concentration in sand. Many of the implicated physical
factors are directly related to wind effects and seasonal characteristics. Throughout the sampling period, wind direction
was from the south (between 90 and 270°) on 70% of the
sampling days. Southerly winds elevate water stage along the
breakwater of Jackson Harbor; combined with the prevailing
nearshore current (from north to south), the confluence of
physical factors presumably traps water in the beach basin.
Lagged interaction. To evaluate the temporal influence of
the foreshore sand-water interaction, correlations between the
daily means of E. coli concentrations in water (for samples
from both 45 and 90 cm) and foreshore E. coli concentrations

for the same day were inspected and lagged one day. Since the
beach was sampled on Tuesday through Thursday, two comparisons were appropriate for lagged samples (only samples
from 2 days per week were analyzed for unlagged samples to
keep degrees of freedom constant). The hypothesis was that a
significant correlation between E. coli in sand and the previous
day’s water concentration would indicate that concentrations
in sand were mostly influenced by water E. coli content, while
a significant correlation between E. coli in sand and the next
day’s water concentration would suggest that water was predominantly influenced by sand E. coli content. Further, direct
correlations between sand and water on the same day or during
the same week would describe the daily or weekly simultaneous
relationship with no indication of the direction of influence.
Concentrations of E. coli in foreshore sand and submerged
sand were correlated with mean E. coli concentrations in water
on the same day (foreshore, r ⫽ 0.625 and P ⬍ 0.001; submerged, r ⫽ 0.375 and P ⫽ 0.002). Additionally, concentrations
in foreshore and submerged sand were correlated only with
concentrations in morning water samples the next day (foreshore, r ⫽ 0.470 and P ⬍ 0.001; submerged, r ⫽ 0.348 and P ⫽
0.011) but not later that afternoon (foreshore, P ⫽ 0.180;
submerged, P ⫽ 0.163). Interestingly, E. coli counts in foreshore sand were also correlated with mean overall E. coli
counts in water for the previous day (r ⫽ 0.520, P ⬍ 0.001).
Potential sources. The impact of gull density, a potential
constant source of E. coli at the beach, on counts in sand and
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FIG. 3. Daily mean log E. coli counts in sand and water over the sampling period. The lower portion shows the 3-day moving average. Circles,
foreshore sand; triangles, 45-cm-deep water. The star indicates when sand was replaced along 400 m of the shore to a depth of 10 to 15 cm and
inland 10 m.
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TABLE 2. Spearman correlation between the number of gulls on
the beach and the combined E. coli counts
Correlation between E. coli counts and no. of gulls

Foreshore sand
Submerged sand
Water (a.m.)
Water (p.m.)
Water (45 cm)
Water (90 cm)

Lagged 1 daya

Unlagged

Sample source

Spearman’s
rho value

P value

nc

Spearman’s
rho value

P value

n

0.216
0.005
0.248
0.032
0.147
0.223

0.133
0.972
0.083
0.838
0.310
0.119

50
50
50
44
50
50

0.369b
0.202
0.468b
0.352b
0.483b
0.371b

0.008
0.159
0.001
0.019
0.001
0.018

50
50
50
44
50
50

water was examined. The numbers of birds in morning and
afternoon observations were correlated (r ⫽ 0.128, P ⫽ 0.041),
and there was no significant difference in either morning or
afternoon bird density among the five transects. The number of
birds present was not correlated with the concentration of E.
coli in the sand or water when compared on a daily basis. When
the number of gulls was lagged one day, i.e., the gull count on
one day was compared with E. coli concentrations in the sand
and water the next day, the significance level in a Spearman
correlation analysis increased for most categories of counts
(Table 2); only E. coli counts in the submerged sand were not
correlated with the lagged number of gulls.
The sand sample in the flock of gulls (gull sand) was obviously impacted by gulls, with dense feces, feathers, and refuse
being present. It should be noted that foreshore sand was
sampled 1 m from shore, and samples within the gull aggregation were often collected further inland. The concentrations of
E. coli in foreshore sand and gull sand were essentially the same
(log means ⫾ standard deviations [SD], 4.02 ⫾ 0.75 versus 3.99
⫾ 1.13), and a paired t test revealed a strong correlation (r ⫽
0.414, P ⬍ 0.0001) but no significant difference (P ⫽ 0.556).
The E. coli density in gull sand was also correlated with those
in submerged sand and water at both depths (P ⬍ 0.01).
Sand replacement. Following the sand replacement action,
foreshore sand was quickly recolonized to earlier E. coli levels
within a 2-week period. Examination of the foreshore sand for
E. coli 2 weeks before and 2 weeks after sand placement activity showed that E. coli numbers were significantly higher
preceding sand addition (2.6 ⫾ 0.14 versus 1.9 ⫾ 0.15 log
CFU/100 ml) even though the air temperature was cooler and
there were no significant storms during these observations. The
numbers of E. coli in sand remained steady for 2 weeks but
increased thereafter. This was not unlike observations, albeit
over a shorter time scale and with faster increase, seen in the
laboratory growth experiments (data not shown).
DISCUSSION
E. coli distribution on the beach. Some important features
emerge regarding the general distribution of E. coli at 63rd
Street Beach: (i) E. coli concentrations in foreshore sand
greatly exceed those in water and, to a lesser degree, submerged sand; and (ii) E. coli concentrations are higher in

FIG. 4. E. coli counts in sand and water at 63rd Street Beach by
distance from shore. Error bars indicate ⫾ 1 standard error of the mean.

shallow water than in deeper water. A revealing result was the
relative equilibrium of E. coli density in sand compared with
that in water. Fluctuations were noticeable; E. coli counts in
sand exhibited a rise-and-fall pattern but never decreased to
zero. While the variation in water is about twice that in sand
(the coefficients of variation were 282 for sand and 446 for
water at 45 cm), the two media were correlated, even with data
lagging, indicating a continued flux between sand and water.
We argue that this flux has bidirectional components, but the
net movement of E. coli is presumably from the foreshore
lakeward, driven by swash and suspension. Byappanahalli et al.
(11) investigated a related mechanism where shorelines act as
reservoirs of E. coli, which enters the aquatic system through
marginal erosion.
The spatial decrease in E. coli counts from foreshore sand to
water with increasing depth was noteworthy (Fig. 4). Counts in
foreshore sand were much higher than counts in water, a pattern seen in other studies (30, 44, 46). In water, E. coli counts
were consistently higher in samples from a depth of 45 cm than
in those from 90 cm, with counts decreasing in samples collected
further from shore, a pattern that has also been shown in other
lakes (50). However, when the foreshore sand and water are
considered alone, the pattern becomes more dramatic, with
counts in sand (mean, 11,000 CFU/100 ml) decreasing to minimal levels in offshore water, 700 m from shore (mean, 34 CFU/
100 ml). Widely accepted paradigms of spatial dispersal patterns dictate that most passive organisms (8) and aqueous contamination (14) follow an exponential concentration gradient.
This model suggests that foreshore sand is a source of E.
coli, and the net loss from the system is due to aqueous dilution, dispersal, death, or sediment deposition within increasingly deeper water. It suggests that beach sand is a reservoir or
source of E. coli and is less subject to daily external influences,
a result that is consistent with ambient mathematical models
for prediction of E. coli counts in water (G. Olyphant and R.
Whitman, submitted for publication).
In a 1996 study at two Indiana beaches on Lake Michigan
(data not shown), Whitman found that E. coli counts in sand
were not significantly different at 1-m intervals from shore to
5 m onto the beach but that E. coli counts in the sand were
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a
“Lagged 1 day” means that a comparison was made between the number of
gulls on a particular day and the E. coli counts on the following day.
b
Significant correlation.
c
n, number of comparisons.
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bird E. coli. Haack et al. (S. Haack, L. Reynolds, J. Underwood, M. Wolcott, and R. Whitman, Abstr. 101st Gen. Meet.
Am. Soc. Microbiol., abstr. Q-375, 2001) analyzed 160 E. coli
isolates from 63rd Street Beach using repetitive sequencebased PCR DNA fingerprinting and API-Vitek phenotypic
responses and concluded that there was strong strain similarity
between gulls and sand and water isolates. Using pulsed-field
gel electrophoresis with Salmonella enterica serovar Typhimurium isolates, an even stronger genomic correlation was found
between gulls and sand and water isolates from 63rd Street
Beach (M. Wolcott, S. Haack, L. Reynolds, B. Berlowski, H.
Gutzman, and R. Whitman, Abstr. 101st Gen. Meet. Am. Soc.
Microbiol., abstr. Q-379, 2001). When these E. coli or S. enterica serovar Typhimurium isolates were challenged with 14
antibiotics, over 93% showed susceptibility, suggesting possible
nonhuman sources of contamination (23). Kinzelman et al.
(submitted for publication), working at another southwestern
Lake Michigan beach, found that genomic homogeneity was
greater in foreshore sand than in water or submerged sand, a
finding also supported by Davis and Gordon (18). This may
support the suggestion that foreshore sand provides selective
pressure on certain genotypes (52) and, if so, may support in
situ multiplication of certain strains of E. coli in foreshore
sand.
While these previous studies show that E. coli and S. enterica
serovar Typhimurium originating from local gull populations
are also present in the sand and water at 63rd Street Beach,
dispersal of these bacteria is hard to characterize. Bacteria
isolated from lake water may have originated from foreshore
sand suspension (38) or direct gull defecation. E. coli density in
sand correlated best with 1-day-lagged gull counts, suggesting
that mobilization of gull feces from daytime resting areas to
foreshore sand and water is delayed; alternately, nighttime
roosting in the water or nearby areas could impact counts on
the following day. Other research on fecal coliform counts in
gulls showed that direct defecation into the lake water would
certainly have an effect on water quality but indicated that the
impact of feces high on the beach, although likely, was harder
to implicate (2).
(ii) Other sources. Bathing activities have been considered
to be a potential source of E. coli through the shedding of
indicator bacteria, resuspension of contaminated sediments, or
transport of bacteria from the sand to the water (44, 48).
Surveys at 63rd Street Beach, however, found that there was no
correlation between the number of bathers and bacterial
counts in the sand or water.
Although E. coli is capable of surviving in groundwater for
several weeks (35, 54), groundwater is not likely to be a source
for the beach unless it has been heavily and directly contaminated. At 63rd Street Beach, vibracores that extended 1 m
below the water table (piezomentric surface) were collected
along the shore. E. coli counts in the sand decreased to zero at
approximately 30 cm below the water table, but counts above
the water table were similar to counts in foreshore sand (data
not shown). If groundwater carried E. coli into the beach, then
counts would be high above and below the water table. Piezometers and seepage meters at the beach also failed to show
significant E. coli input from groundwater.
Influencing factors. Throughout the study season, there was
a mean increase in E. coli counts in sand and water and a

Downloaded from http://aem.asm.org/ on November 14, 2019 by guest

consistently significantly higher than in the beach water (P ⬍
0.05). In an examination of sand at 5-m intervals from shore to
40 m onto the beach in 2001 and 2002, Whitman (unpublished
data) again found no significant difference between sand samples. This provides further evidence that the water is not continually concentrating E. coli in the sand. Given the high counts
in sand compared with those in water, it is highly unlikely that
sand would concentrate counts so effectively—essentially acting as an E. coli sink—without any reciprocal movement from
sand to water. Further, the steady equilibrium in water and
sand E. coli counts over time is not consistent with such a
theory and is more consistent with traditional models of an
independent population.
Sand colonization. When sampling began in early April, E.
coli counts in sand were already elevated, an occurrence unlikely to be the result of early-season multiplication, given the
high counts (April mean, 2,277 CFU/100 ml) and early-season
temperatures (April mean, 4.9°C). Research has shown that
fecal indicators can persist in sand throughout the year with
little variation in counts (44); survival in cold temperatures is
typically high for indicator bacteria such as E. coli (54), which
provides an early spring source of E. coli to the nearshore
water. With the onset of warm temperatures, E. coli counts
increased dramatically between April and May, the period with
the greatest increase in average air and water temperatures
over the sampling period. Populations remained relatively stable in sand thereafter. If beach sand were continually concentrating E. coli from water, then there should be periods of
progressively increasing density over time followed by population density-independent declines due to episodic resource loss
(e.g., food depletion, storms, and desiccation), but such a pattern was not observed.
During this study, there was circumstantial evidence that E.
coli could increase in density rapidly under certain conditions.
The increase in E. coli counts following sand replacement
showed that E. coli populations could quickly reestablish to
densities seen before replacement within a 2-week period. It is
not certain whether the increase was in situ growth (as opposed
to deposition by gulls or concentration from lake water), but
similar increases have been noted elsewhere (20).
Potential sources. (i) Gulls. Shorebirds have often been
cited as a direct source of E. coli in beach sand and water (39,
46, 50), and other wildlife can also contribute to E. coli counts.
The abundance of gulls at 63rd Street Beach (daily mean
number, 216) could be considered a significant source of E. coli
given the high density of indicator bacteria present in bird
feces (39). It was believed that local flocks would elevate E. coli
concentration in the immediate area of congregation; however,
E. coli concentrations outside (foreshore sand) and inside (gull
sand) the flock were remarkably similar. While this does not
discount the contribution of gulls because of their movements
over the beach through time, it points out that supplemental or
internally generated sources may be important in the maintenance of the unusually stable foreshore E. coli populations.
Ting et al. (W. T. E. Ting, C. C. Tseng, D. S. Johnson, L.
Dominguez, J. Vander Hoogt, M. Saluta, and R. L. Whitman,
Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr. Q-305,
2000), using randomly amplified polymorphic DNA-PCR analysis of sand, water, and gull feces, suggested that both sand and
water environments exerted selection pressure on the original
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remoistens, and turns over the sand, providing bacteria with
protection from desiccation and irradiation (36).
Hardina and Fujioka (33) cite warm temperature and higher
nutrient concentrations as factors favoring the multiplication
of E. coli in tropical soil and not water. Most conditions outlined for E. coli growth in tropical soil are met in the temperate
United States during summer, and differences in thermal seasonality are ecologically limiting and quantitatively distinctive
only during the cooler months. With the growing acceptance of
evidence from tropical soil environments, it is possible that the
E. coli community at 63rd Street Beach may be naturally occurring and multiplying. It is not possible to control for all of
the potential inputs in an open system such as a beach, but we
have eliminated the possibility of some (i.e., newly placed
sand) and identified the minimal impact of others (i.e., resident
gulls and water seeding the sand). More research into the
environmental requirements and potential for in situ growth is
necessary before E. coli multiplication in temperate environments can be confirmed, but this study provides initial data
supporting that hypothesis.
In summary, we postulate that the E. coli population in the
lake at 63rd Street Beach is primarily derived from beach sand,
some of which originates from gull feces. DNA fingerprinting,
concentration gradients, temporal population equilibrium, correlation, cluster analysis, and spatial distribution characteristics suggest that E. coli may sustain itself passively, by persistence, or actively, by sporadic multiplication, in foreshore sand
during the swimming season. There is some evidence that
nearshore deposition plays a localized supplemental role by
contributing some E. coli organisms to the system. The findings
presented here emphasize that beach sand (i) plays a major
role in bacterial lake water quality, (ii) is an important source
of indicator bacteria to the water rather than a net sink, (iii)
may be environmentally, and perhaps hygienically, problematic, and (iv) is possibly capable of supporting an autochthonous, high density of indicator bacteria for sustained periods,
independent of lake, human, or animal input.
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