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a b s t r a c t

Recolonization of enterococci, at a non-point source beach known to contain high back-

ground levels of bacteria, was studied after a full-scale beach renovation project. The

renovation involved importation of new exogenous sand, in addition to infrastructure

improvements. The study’s objectives were to document changes in sand and water

quality and to evaluate the relative contribution of different renovation activities towards

these changes. These objectives were addressed: by measuring enterococci levels in the

sand and fecal indicator bacteria levels (enterococci and fecal coliform) in the water, by

documenting sediment characteristics (mineralogy and biofilm levels), and by estimating

changes in observable enterococci loads. Analysis of enterococci levels on surface sand and

within sediment depth cores were significantly higher prior to beach renovation (6.3

e72 CFU/g for each sampling day) when compared to levels during and after beach reno-

vation (0.8e12 CFU/g) (P < 0.01). During the renovation process, sand enterococci levels

were frequently below detection limits (<0.1 CFU/g). For water, exceedances in the regu-

latory thresholds that would trigger a beach advisory decreased by 40% for enterococci and

by 90% for fecal coliform. Factors that did not change significantly between pre- and post-

renovation included the enterococci loads from animals (approx. 3 � 1011 CFU per month).

Factors that were observed to change between pre- and post- renovation activities

included: the composition of the beach sand (64% versus 98% quartz, and a significant

decrease in biofilm levels) and loads from direct stormwater inputs (reduction of

3 � 1011 CFU per month). Overall, this study supports that beach renovation activities

contributed to improved sand and water quality resulting in a 50% decrease of observable
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enterococci loads due to upgrades to the stormwater infrastructure. Of interest was that

the change in the sand mineralogy also coincided with changes in biofilm levels. More

work is needed to evaluate the relationships between beach sand mineralogy, biofilm

characteristics, and the retention of fecal indicator bacteria in sand.

ª 2013 Elsevier Ltd. All rights reserved.
1. Introduction 149 cm. Hobie Beach has relatively poor water circulation due
Beach advisories are issued based uponmicrobial measures of

the water at recreational beaches (U.S. EPA, 1986). Beach sand

quality can potentially impact a beach’s corresponding water

quality (Byappanahalli and Fujioka, 2004; Yamahara et al.,

2007; Beversdorf et al., 2007; Imamura et al., 2011; Phillips

et al., 2011) and there is reason to believe that sand quality

can have human health effects. Heaney et al. (2012) found an

association between indicator microbe levels in sand and

gastrointestinal (GI) illness and diarrhea among beach goers

who dig or bury themselves in sand. An epidemiologic study

conducted at Hobie Cat beach, the chosen site for this beach

renovation study, showed a relationship between enterococci

levels in water and skin illness, but no association with

gastrointestinal illness (Fleisher et al., 2010; Sinigalliano et al.,

2010; Abdelzaher et al., 2011). The primary source of the

enterococci to the water column at this site is the shoreline

sand, as evidenced through the numerous studies that have

evaluated the spatial and temporal distribution of enterococci

at this beach (Shibata et al., 2004; Wright et al., 2011; Enns

et al., 2012; Feng et al., 2013). Moreover, the presence of

enterococci in the sand has also correlated with pathogens

(including yeast, helminthes, and pathogenic bacteria, Shah

et al., 2011) further emphasizing the potential public health

significance of sand fecal indicator bacteria levels.

A beach renovation project conducted at Hobie Cat Beach

has provided the opportunity to evaluate the recolonization of

enterococci in newly imported sand and subsequently the

impact of a full-scale beach renovation on sand and water

quality. Specifically the objectives of this study were to eval-

uate the impact of beach renovation on sand and water

quality and to quantify the change in enterococci loads asso-

ciated with the beach renovation activities. Although studies

have described the impacts of beach renovation on shoreline

animals (Steinitz et al., 1998; Grippo et al., 2007) and physical

properties of the beach (Park et al., 2009; Bocamazo et al.,

2011), this is the first study that documents the changes in

sand and water bacterial quality in conjunction with beach

renovation activities.
2. Materials and methods

2.1. Site description

Hobie Cat Beach is a 1.6 km strip of beach that consists of the

coastal waters lining the Rickenbacker Causeway (Fig. S-1),

which connects mainland Miami to Virginia Key (8.7 km dis-

tance). Its subtropical climate is characterized by an average

ambient temperature of 24.8 �C, and annual average rainfall of
to its shallow depth and location within a cove (Zhu et al.,

2011). Hobie experiences no point sources of pollution such

as sewage outfalls, failing lift stations, cross-connections of

sewage with storm drains, or less obvious non-point sources

such as septic tanks (Shibata et al., 2004). Primary non-point

sources of contamination include humans, birds, and pets,

especially dogs, with their major impact previously observed

on the sand closest to the shore (Wright et al., 2009). Despite

the fact that animals are allowed, dog owners are not required

to pick up the dog waste. Hobie has been the site for multiple

indicator bacteria studies due to its history of high enterococci

levels and beach advisories (e.g., Shibata et al., 2010; Fleisher

et al., 2010; Sinigalliano et al., 2010; Abdelzaher et al., 2010).

Although usually in compliance with regulatory monitoring

criteria, the beach has exceeded the EPA Poor Water Quality

Guideline of 104 colony forming units (CFU) per 100 ml

approximately 7% of the time on average from 2000 to 2011

(FDOH, 2012). Hobie Cat Beach has been known to have high

levels of enterococci in the inter-tidal zone, below the seaweed

line (20 � 10 CFU/g of dry sand), and in the supra-tidal zone,

above the seaweed line (300 � 159 CFU/g of dry sand) (Wright

et al., 2011). Fecal coliform has also been documented in the

sandwithin the inter-tidal (8.4 CFU/g dry sand) and supra-tidal

zones (1400 CFU/g dry sand) (Shah et al., 2011). Thus the sand

at this site (ultimately receiving diffuse bacteria inputs from

dogs, humans, and birds) is believed to represent the major

source of fecal indicator bacteria to the water column (Wright

et al., 2011). Local wind waves occurring at high tides can

release a significant amount of enterococci from the sand and

potentially cause water quality exceedances (Feng et al., 2013).

2.1.1. Pre-renovation
Hobie Cat Beach is located immediately adjacent to the

southwest side of the Rickenbacker Causeway with a parallel

local-access paved road (6 m wide) just 13 m from the mean

high tide line. Before renovation, the sand above the high tide

line was characterized by sparse patches of grass with an

increasing gradient of grass density towards the local-access

paved road. The lack of designated parking for visitors led to

vehicles being parked over the sand/grass on either side of the

local-access paved road, with a preference of parking towards

the shore side, which lies within a fewmeters of the intertidal

zone (Fig. S-2). Prior to renovation, Hobie Cat Beach had no

storm water management infrastructure causing rain runoff

to flow from the paved access road directly to the beach

through natural ditches that would form after storm events.

Trash cans were placed on both sides of the access road with

one line of trash bins as close as 5 m to the shore, allowing for

rainwater coming in direct contact with the waste to flow into

the natural drainage ditches.

http://dx.doi.org/10.1016/j.watres.2013.10.020
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2.1.2. Beach renovation
On September 9, 2009, a U.S. $ 6.8 million environmental and

roadway protection project was initiated for this beach. The

primary motivation for this renovation was to maintain

highway access as the shoreline was starting to encroach on

the adjacent Rickenbacker Causeway. The improvements, in

addition to shoreline stabilization and exotic vegetation

removal (Fig. S-3), included storm-water management and

parking improvements. New exogenous sand was imported

(25,000 cubic meters from Ortona quarries located about

340 km north of the study site). The new sand resulted in an

increase in the beach surface elevation by about 0.5e1.5 m

above the high tide line and extended the length of the beach

by 15 m (Fig. S-4).

Upon renovation, the local-access paved road was

removed. A new semi-pervious paver-block (Eco-stone) sys-

tem was used to replace the existing access road, and a curb

was installed to separate the newly placed beach sand from

the parking areas. The semi-pervious roadway and parking

areas minimized direct runoff with excess runoff designed to

accumulate in retention areas north of the beach site away

from the shore. Garbage cans were moved as part of the

renovation, from the beach sand near the shore (within 10 m)

into the parking areas (20 m from shore) within the corre-

sponding drainage system that drains toward the retention

areas located to the north of the roadway away from the shore

line (Fig. S-5).

The renovation of the 1.6 km beach strip was conducted in

two phases with the western most 0.8 km closed from March

31, 2010 through June 31, 2010; and the eastern 0.8 km closed

starting July 01, 2010 through November 19, 2010 (Fig. S-6). The

renovation of the eastern side of the beach where sand sam-

pleswere collected included the removal and grading of native

sand from July 01, 2010 to August 11, 2010. New sand was

spread from August 20, 2010 to October 29, 2010. More details

about the renovation timeline including before and after

renovation photos of the beach are provided in the supple-

mental text (Table S-1).

2.2. Laboratory sediment composition analysis

In order to evaluate the change in sand characteristics as a

result of the renovation process, sand samples (n ¼ 20)

collected from the supratidal zone were analyzed for their

quartz and calcium carbonate composition and compared to

the values measured earlier by Piggot et al. (2012). The quartz

versus calcium carbonate composition of the sediment was

analyzed gravimetrically in triplicate. Pre-weighed and dried

sediment (110 �C for 24 h) was immersed in 10% HCl to

dissolve the calcium carbonate fraction. The remaining sedi-

ment was rinsed with de-ionized water three times and re-

dried and re-weighed. The percentage of calcium carbonate

was then computed as the weight fraction lost.

2.2.1. Quantification of biofilm within beach sediments
Biofilm, or extracellular polymeric substance (EPS), consisting

of primarily polysaccharides excreted by microorganisms,

was extracted using a modified protocol previously described

(Piggot et al., 2012). Briefly, approximately 1 g of sample was

allowed to stand in 0.5 mM EDTA for 15 min at 40 �C with
gentle shaking every 5 min for three consecutive treatments.

After each treatment, samples were centrifuged at 8000 � g

and the supernatant was pooled together. The supernatant

wasmixedwith cold (4 �C) ethanol (final concentration of 70%)

for 8 h to precipitate extracted EPS. Precipitate of extracted

material was collected by centrifugation, dissolved in 1 ml of

de-ionized water and used for the quantification of EPS by the

phenolesulfuric acid method. Each 1 ml sample of dissolved

EPSwas incubatedwith 3.2ml of sulfuric acid for 1min, cooled

to room temperature in a water bath and 50 ml of 90% phenol

was added. The sample was incubated at room temperature

for 1 h and the absorbance was measured spectrophotomet-

rically at 490 nm. The amount of carbohydrate present was

determined by comparison with a calibration curve using D-

glucose. The sediments from the samples were washed with

de-ionized water to remove salts and were dried for the

determination of dryweight to calculate themeasure of mg EPS

per g of dry sand.

2.3. Evaluation of enterococci source loads

Loads (in units of CFU per month) from two major sources of

enterococci were quantified: the loads from animals (humans,

dogs, and birds) and loads from stormwater. The animal loads

were based upon themethod ofWang et al. (2010). In brief this

method utilizes camera images of the beach taken at regular

time intervals to determine the number of people and animal

visitors. The developed method translates raw image counts

into daily and monthly visitation rates. Enterococci source

functions were computed from the observed number of

unique individuals for average days of eachmonth of the year,

and from average load contributions for humans and for an-

imals (Wright et al., 2009; Elmir et al., 2007). We estimate that

this analysis provides an order-of-magnitude level of accuracy

with respect to enterococci loads from animal sources. Cam-

era images (location of camera shown in Fig. S-6) were avail-

able for the period from November 12, 2009 through October

31, 2011. Human, dog (specifically big dogs), and seagull

counts were obtained from images taken closest to 12 noon on

Tuesdays, Thursdays, Saturdays, and Sundays during this

time period. Missing images during this time (representing

less than 8% of the total number of images evaluated) were

interpolated from the nearest week days or weekend days for

which data were available.

Loads from stormwater were estimated from the method

developed by Feng et al. (2013) which is based upon the

standard stormwater estimation method known as the

“rational formula”. The rational formula requires rainfall in-

tensity as an input. Daily intensities were available from a

station operated by the S. Florida Water Management District

(http://www.sfwmd.gov/dbhydroplsql/show_dbkey_info.

main_menu, Station ID: Miami2). This station was located

along the coast within 4 km of the study site. The estimated

stormwater volumes were multiplied by the average level of

enterococci measured in stormwater (1.5 � 108 CFU m�3) to

estimate the enterococci load in units of CFU for each storm

event. In order to further evaluate the influence of storm-

water, we evaluated the enterococci and fecal coliform record

in time series and compared it to the rainfall record. Addi-

tional comparisonswere performed to evaluatewhether there

http://www.sfwmd.gov/dbhydroplsql/show_dbkey_info.main_menu
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were statistical differences in hydrometeorologic and hydro-

logic conditions before versus after renovation. The hydro-

meteorologic measures included rainfall rate, wind

magnitude and direction, and solar insolation while hydro-

logic measures included tide and wave heights. Sources of

data and details of the analysis procedures are included in the

supplement.

2.4. Sand sampling strategy for enterococci measures

Sand samples were collected on the eastern side of the beach

at a predefined transect as marked by an offshore buoy and

identified in prior studies as transect K (Fig. 1). A sampling grid

was established referenced to this transect. Sand samples

were collected regularly utilizing two different methods: a

large diameter core (depth core) was used for evaluating

enterococci levels with sand depth, and shallow, small

diameter cores (surface cores) were used for analysis of

enterococci levels in surface sediment. One special sample-set

we term the “excavation sample-set” was collected in an

effort to document the distribution of enterococci over a larger

depth after the addition of newly imported sand.

Sediment samples were collected starting August

2009eOctober 2011 approximately every two to three weeks.

This time period corresponded to 26 months, 11 months

before, 4 months during, and 11 months after the renovation

of the eastern portion of the beach. For comparative purposes,
Fig. 1 e Beach configuration and surface core sampling

grid. The offshore buoy marks transect K, which

corresponds to column “0” of the grid. The highlighted

circle in row A corresponds to the on-land stationary

reference point used to establish the northern extent of the

grid. Row A is farthest from the water. Rows D through E

were in the intertidal zone prior to renovation. Rows F

through I were created after addition of new sand to gather

data from the “new” intertidal zone. The brown shaded

circle along row D and column “0” designates the location

where the depth cores were collected. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
sand data were separated into before, during, and after

renovation. The excavation sample set was collected on

October 4, 2010 during the peak of the renovation process,

immediately following placement of the new sand over the

sampling area.

2.4.1. Depth cores
Depth cores were collected at column “0”, row D of the sam-

pling grid (see Fig. 1) using a sterile large core 20 cm in

diameter and 40 cm in length. The top 13 cmwere sampled for

measuring enterococci levels. Upon collection, the core was

transported back to the lab where it was sectioned into hori-

zontal segments 0.5 cm in depth, and placed into separate

Whirl-pakTM bags, homogenized, and then subjected to both

enterococci (10 g sand) and moisture content analyses (20 g

sand).

2.4.2. Excavation sample set
Upon renovation of the beach, the new sand resulted in a

higher surface elevation of the beach due to new sand being

placed on the surface of the original sand. Of interest was to

determine whether bacteria levels remained elevated in the

original beach sand now buried. The excavation sample set

went much deeper than the depth cores, to a depth of 66 cm.

This sample set was collected by first digging a hole to the

groundwater table. At every 5 cm depth, a sample was taken

by scraping the side of the hole sideways with a new sterile

spoon to expose new sand. Another new sterile spoon was

used to collect the sample into a sterile Whirlpak� bag. This

excavation sample set was collected along the same row (row

D) as the original depth core at a distance of 9 m, so as not to

interfere with the sampling grid used to collect surface cores.

2.4.3. Surface cores
A grid-like strategy was used to analyze the presence of

enterococci on the surface of the sediment in the supra-tidal

and inter-tidal zones as represented in Fig. 1. Small sterile

cores (4 cm deep and 2.54 cm in diameter) were dug into the

sediment for collection and then emptied into sterile Whirl-

pakTM bags. The samples were then taken immediately back

to the lab, homogenized, and analyzed for enterococci. The

grid (16 m by 10 m) was distributed around a set location

known to have high levels of enterococci prior to beach

renovation (Fig. 1). The grid consisted of 17 columns spaced

1 m apart. These columns were marked perpendicular to the

shoreline with the center marked as 0 (Transect K) and the

ends marked as þ8 and �8. Columns sampled were �1, �6,

and �8. Rows of the grid weremarked in 1m increments from

A through I, with the exception of a 2.19m distance between C

and D, allowing row D and column 0 (Transect K) to align with

the sampling location of the depth core. Based on the pre-

renovation beach layout, the sampling grid was designed to

include the supra-tidal zone (rows AeC) and the inter-tidal

zone (rows D-E). Upon placement of the new sand, the beach

extended farther southwest allowing for the establishment of

rows A through I, with F through I located within the new

inter-tidal zone. The location of transects A through E

remained unchanged before, during, and after the renovation

periods, with the exception of the surface elevation due to the

placement of new sand.

http://dx.doi.org/10.1016/j.watres.2013.10.020
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Fig. 2 e Sediment Biofilm (EPS) quantification in supra-tidal

zone before, during, and after beach renovation. Error bars

correspond to the standard error of mean. The means

before and after renovation (P [ 0.02) and between during

and after renovation (P [ 0.02) were statistically different

(P [ 0.02 for both). The means were not statistically

different between before and during renovation (P [ 0.08).
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2.5. Laboratory sediment sample analysis for enterococci

Processing of sediment samples required extraction of

enterococci from sediment into water by adding a measured

amount of sediment (approximately 10 g) into a sterile plastic

bottle with 100 ml of sterile phosphate buffered dilution

water. These samples were shaken vigorously for 2 min to

promote the transfer of bacteria into the water (Boehm et al.,

2009). Sediment was allowed to settle for 30 s, and then 5 and

50 ml of the supernatants were analyzed by standard mem-

brane filtration method which is based upon plating on mEI

agar (Method 1600, U.S. EPA, 2002). Units are reported in CFU

per gram of dry sand.

2.6. Water quality analyses

Weekly water quality monitoring data (enterococci and fecal

coliform) were obtained from Miami-Dade Department of

Health to evaluate the levels of fecal indicator levels prior to

and after beach renovation. The water sampling location for

regulatory monitoring is located on the west side of the beach

(Fig. S-6). Samples are collected by wading to a depth of about

1 m, mid-way between knee to waist deep water. The water

samples were analyzed by membrane filtration methods

using standard protocols (U.S. EPA, 2000). The time period

evaluated included a 40-month period prior to beach closure

for the west side of the beach (June 2006eOctober 2009,

n¼ 178). Similarly a 39-month period ofwater quality datawas

evaluatedwhen thewest side of the beachwas reopened (June

2010 to September 2013, n ¼ 167). No water samples were

collected while the beach was closed. Time periods evaluated

corresponded to the same months of the year to control for

seasonal variability. Only data corresponding to weekly

routine monitoring were included in the evaluation. Explor-

atory samples collected after exceedances were not included

in the analysis to avoid biasing the data.

The water quality data were compared to Florida Depart-

ment of Health regulatory thresholds for marine waters.

These thresholds are based upon enterococci measures that

are used to establish beach “advisories” and fecal coliform

measures that are used to issue beach “warnings.” For

enterococci, the threshold levels are 35 colony-forming units

per 100 ml (CFU/100 ml) for establishing “moderate” water

quality and 104 CFU/100 ml for issuing a beach advisory

(FDOH, 2012). For fecal coliform, the threshold levels are

200 CFU/100 ml for “moderate” water quality and 400 CFU/

100 ml for issuing a beach warning (FDOH, 2012).

2.7. Statistical analyses

Comparisons between top versus bottom of depth core, and

between other groups were made by using an unpaired t-test

with Welch’s correction, not assuming equal variances. Sta-

tistical significance was taken as a two-sided P value <0.05.

Correlations were assessed using Pearson r statistic. Correla-

tion analysis was conducted to compare enterococci levels in

sand versus moisture content and to also compare bacteria

levels in water against same day, prior two days, and prior

week rainfall records. Ordinary one-way ANOVA was used to

compare data from before, during, and after renovation
phases of the study. P < 0.05 is considered significant. Results

are expressed as mean � the standard error of the mean

(SEM). The statistical package employed was GraphPad Prism,

Version 4 (La Jolla, USA).
3. Results

3.1. Sediment composition analysis

Composition analysis of sand showed that the new sand im-

ported onto Hobie Cat Beachwas almost entirely and uniformly

composed of quartz (98 � 2% quartz). The pre-renovation

sediment composition was a mixture of quartz and calcium

carbonate, with an average composition of 64% in the supra-

tidal zone (n ¼ 40 for each location, Piggot et al., 2012).

3.1.1. Sediment EPS quantification
EPS levels within the supratidal sands varied, on average,

from 5.2 mg EPS per g dry sand before renovation, to 8.1 mg/g

during renovation, to 2.4 mg/g after renovation (Fig. 2). These

means were statistically different between before and after

renovation (P¼ 0.02) and between during and after renovation

(P ¼ 0.02), but were not statistically different between before

and during renovation (P ¼ 0.08). Piggot et al. (2012) observed

the highest levels of enterococci when biofilm levels were in

the 4e9 mg/g range. Prior to renovation, the biofilm levels

appeared to be optimum for enterococci retention, whereas

after renovation, biofilm levels generally fell below the opti-

mum range.
3.2. Enterococci source loads

Enterococci loads from animals ranged from 8 � 108 per

month to 7 � 1011 per month. During the 4.5 months of beach

http://dx.doi.org/10.1016/j.watres.2013.10.020
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Fig. 3 e Averaged levels of enterococci recorded with depth

before, during, and after beach renovation. Analyses were

conducted every 0.5 cm. Pre-renovation data consisted of

10 depth cores starting August 28, 2009 and ending July 8,

2010. Data collected during renovation corresponded to 3

depth cores starting September 6, 2010 and ending October

13, 2010. Data collected after renovation corresponded to 4

depth cores starting January 7, 2011 and ending October 8,

2011. Data is expressed as mean ± SEM.
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renovation, these loads were estimated at 4 � 1010 CFU per

month, on average. The average monthly loads before and

after beach renovation were 3 � 1011 CFU per month, on

average. The loads during renovation were statistically less

than loads before (P ¼ 0.03) and after (P < 0.01). The loads

before and after renovation were not statistically different

(P ¼ 0.47). The dominant source among dogs, humans, and

birds, given the procedure of Wang et al. (2010), was dog fecal

inputs (Fig. S-7D). Although the beach was closed during the

July to November 2010 period, dogs were still observed at the

beach site (4 and 16 during September and October 2010,

respectively) (Fig. S-7A). Data indicates the peak number of

dogs observed prior to renovation was 356 for the month of

May 2010; the maximum number of dogs observed after

renovation was 305 for the month of February 2011. The in-

puts from humans were on the order of 107 CFU per month

while the beach was closed during the active renovation

process (14 and 10 humans during September and October

2010, respectively) and on the order of 1010 CFU per month

both before and after the renovation process. Peak numbers of

humans were observed during June 2010 (n ¼ 1676), June 2011

(n ¼ 1657) and July 2011 (n ¼ 2062). Low numbers of humans

were observed when the beach was closed during July 2010

(n ¼ 42) (Fig. S-7B). Seagull inputs were on the order of

104e107 CFU permonth. The highest numbers of seagulls were

observed during the winter months (n ¼ 1099 January 2010,

n ¼ 755 March 2011) and during times when the beach was

closed (n ¼ 1272 during October 2010 and n ¼ 832 during

November 2010) (Fig. S-7C). Loads estimated for dogs, humans,

and seagulls were similar both before and after beach reno-

vation with values consistent with those reported by Wang

et al. (2010) for this beach. Other than during the active

beach renovation process, the enterococci loads at this beach

appeared to have maintained relatively consistent seasonal

patterns in comparison tomeasurementsmade byWang et al.

(2010).

Contributions from storm water for the 12-month period

preceding the infrastructure upgrades were estimated at

3.2 � 1011 per month, almost the same as the average value

observed for animal inputs. Apparently stormwater and ani-

mal inputs appear to contribute equally to the enterococci

load at the beach. Average rainfall the same day, two days

prior, and one week prior to water fecal indicator sampling

dates, had no correlation with enterococci levels in the water

(R2 ¼ 0.003, R2 ¼ 0.001, R2 ¼ 0.015, respectively) or fecal coli-

form levels (R2 ¼ 0.001, R2 < 0.001, R2 ¼ 0.008, respectively).

Measures before and after renovation for rainfall, solar inso-

lation, wind magnitude including alongshore and cross-shore

were not statistically different (Table S-2). However, mean

daily tidal height was statistically different between before

(3.5 cm) and after (5.7 cm) renovation conditions. Themajority

of the increase occurred from September 2012 to August 2013

almost 2 years after the beach was reopened. This difference

in tidal height did not significantly impact the hydrodynamics

of the study site.

3.3. Depth cores

Beach renovation resulted in decreased average levels of

enterococci throughout the depth cores (see Fig. 3). Prior to
renovation the average enterococci level was 6.3 CFU/g, while

during renovation, the average level was 0.45 CFU/g. Finally,

11 months after the beach was opened, data shows that

enterococci levels were still low with a value of 0.76 CFU/g, on

average. These averages were statistically different (P < 0.01).

Comparing the top portion of the depth core (0.5e6 cm) to the

bottom portion (6.5e13 cm) for the pre-renovation period

demonstrated that average enterococci levels were signifi-

cantly higher (P < 0.01) in the bottom portion of the core

(8.9 CFU/g) as opposed to the top (3.9 CFU/g) as shown in

Fig. 4A. The opposite was observed for cores collected during

and after renovation (Fig. 4B), where average levels of

enterococci were significantly higher in the top portion of the

core (P < 0.01; 0.7 CFU/g for the top portion collected during

renovation and 1.3 CFU/g for top portion collected after

renovation, as compared to 0.15 CFU/g and 0.21 CFU/g for the

bottom portions, respectively).

Similar patterns were observed for the SEM of the depth

core measurements. The SEM of the enterococci levels was

higher before renovation as compared to during and after

renovation, with P < 0.01. The SEM variation with depth also

followed the pattern of average enterococci levels with higher

standard errors in the lower half of the core during pre-

renovation conditions as opposed to larger standard errors

observed for the upper half of the cores collected both during

and after renovation. In summary, sand characterized by

higher average enterococci levels is also characterized by

higher variability.

Upon closure of the beach, the enterococci levels in the

depth core remained relatively elevated (3.5 CFU/g on July 8,
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Fig. 4 e Comparison of top portion (0.5e6 cm) versus

bottom portion (6.5e13 cm) of depth core. A) Averaged

levels of enterococci before beach renovation, consisting of

10 depth cores starting August 28, 2009 and ending July 8,

2010. Top is significantly lower than bottom, P < 0.05. B)

Averaged levels of enterococci during and after beach

renovation, corresponding to 7 depth cores starting

September 6, 2010 and ending October 8, 2011. Top is

significantly higher than bottom, P < 0.05. Data is

expressed as mean ± SEM.

Fig. 5 e Results from excavation sample set collected on

October 4, 2010 after completion of new sand placement

during the active renovation process. Enterococci levels

were measured for a depth of 66 cm from the surface at a

site 9 m away along the row of original depth core.

wat e r r e s e a r c h 4 8 ( 2 0 1 4 ) 5 7 9e5 9 1 585
2010 and 1.4 CFU/g on September 6, 2010). Immediately after

placement of all of the new sand, enterococci levels dropped

with the core collected on September 20, 2010 showing all

samples below the 0.1 CFU/g detection limit. A depth core

collected on October 13, 2010 was characterized by 18 layers

testing below 0.1 CFU/g and the remaining 4 layers (observed

in both top and bottom layers) measuring at the detection

limit of 0.1 CFU/g. Once the beach reopened to the public in

November 2010, the enterococci levels started to increase with

the last core collected one year later (October 8, 2011)

measuring at an average of 2 CFU/g. The average enterococci

levels after beach reopening, however, did not rise to the

average levels observed prior to beach renovation of 6.3 CFU/g.

The enterococci levels in the last core collected almost one
year after the beachwas reopenedwas statistically lower than

the enterococci levels observed in the cores collected prior to

beach renovation (P < 0.01).

Moisture data indicates that the original sand composition

held more moisture than the new sand since sand moisture

contentwas 8.4% prior to renovation, compared to 2.6% during

and 2.1% after renovation (P < 0.01). However, when entero-

cocci levels and moisture content were compared on a

sample-to-sample basis no significant correlation was found

for depth core or surface core data (R2 ¼ 0.04, R2 ¼ 0.01,

respectively).

3.4. Excavation sample set

The results from the excavation sample set (Fig. 5) were

consistent with that of the depth cores. The enterococci

population was indeed low (<3 CFU/g) for the depths that

coincide with the normal sampling depth of 0e13 cm for the

depth cores. Enterococci levels were elevated between a depth

of 15e36 cm. This data supports the idea that the original

sand, which was buried, maintained elevated levels of

enterococci. The 15e36 cm depth is consistent with the

elevation of the pre-renovation sand as observed from the

changes in sand elevation at the sampling point (Fig. S-4).

3.5. Surface cores

Average levels of enterococci decreased significantly among

surface core sediment samples as time progressed throughout

the renovation process (Fig. 6). Overall the differences in

enterococci levels before versus during and after the beach

renovation were significant (P < 0.01; Fig. 7C). This trend was
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Fig. 6 e Time series of surface core sampling illustrating enterococci levels before, during and after renovation.
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especially apparent in the supra-tidal zone with significant

decreases in average enterococci for rows A (P < 0.01) and B

(P < 0.01) as demonstrated in Fig. 7A and B respectively. The

average levels for row A changed from 84 CFU/g before reno-

vation, 0.66 CFU/g during renovation, and 2.1 CFU/g after

renovation. While the average levels for row B decreased from

53 CFU/g before renovation, 3.3 CFU/g during renovation, and

0.94 after renovation. The differences in pre and post reno-

vation enterococci levels were not significant for the rows

located closer to or within the inter-tidal zone (rows C, D, and

E). Renovation also changed a trend that was seen in the sur-

face grid samples. Prior to renovation, average surface sedi-

ment enterococci levels decreased as they approached the

shoreline. Table 1 shows this trend starting with an average

enterococci level of 84 CFU/g at row A, while decreasing

continuously to 8 CFU/g at row E. Once the new sand was

installed, this trend was no longer observed. In fact, as shown

in Table 1, the data indicates the new inter-tidal zones (rows F,

G, H, and I) showed higher enterococci levels than in the new

supra-tidal zone (rows A through E). Statistically, this differ-

encewas significant at 90%confidencebut not at 95% (P¼ 0.08).

3.6. Water quality analysis

Water quality improved, on average, at the location used for

regulatory monitoring. Enterococci levels decreased from 37

CFU/100 ml to 19 CFU/100 ml. Fecal coliform levels decreased

from 176 CFU/100 ml to 22 CFU/100 ml. This decrease was

statistically significant at 95% confidence limits for both

enterococci (P ¼ 0.02) and fecal coliform (P < 0.001). Histogram

plots of the water quality data further illustrate the shift of

fecal indicator levels towards lower levels (Fig. 8). Of particular

significance is that the extremely high levels that would

trigger regulatory thresholds decreased by 40% for enterococci

(from 6.7% to 4.2% of the samples) and by 90% for fecal coli-

form (from 7.9% to 0.76% of the samples).
4. Discussion

The purpose of this study was to examine how beach reno-

vation affected the recolonization of enterococci within beach

sand and its ultimate impacts on water quality at a non-point

source subtropical beach. For sand, results show that

enterococci levels significantly decreased during the beach

renovation. Furthermore, results show that enterococci levels
in sand remained significantly lower even 287 days after the

beach was reopened to the public. Of interest was that the

levels of sand enterococci remained significantly high after

the beach was closed to the public on July 1, 2010. It was only

after all of the new sandwas added (roughly 80 days later) that

the average levels of the new surface sand dropped to near

zero values. Camera data showed that average enterococci

source loads from animals decreased by an order of magni-

tude from before to during renovation and yet the enterococci

levels remained elevated in the buried original sand, as illus-

trated by the excavation sample set. We hypothesize that the

elevated levels of enterococci at depth are likely due to repli-

cation of the enterococci present in the original sand as the

transport pathway is not obvious from sources at depth,

especially since this zone was above the groundwater table.

The results of this study support the literature that docu-

ments the potential for long-term persistence of fecal indi-

cator bacteria in beach sand (Alm et al., 2003; Yamahara et al.,

2009). This study contributes to this literature by documenting

persistence under the unique conditions of a full-scale beach

renovation project. Essentially this study supports that levels

of enterococci observed in the sand is likely the summation of

baseline environmental enterococci (from persistence and

possibly regrowth) plus the contributions of additional inputs

from the diffuse sources to the beach. These diffuse sources

may ultimately contribute to the baseline but their consistent

introduction is not required to maintain sand levels elevated.

Upon closure of the beach a considerable amount of time

was taken to remove prior vegetation and re-grade the area.

The process of re-grading involved scrapping the original sand

and layering this sand with new sand. Of interest was the lack

of carry-over of enterococci due to the use of large scale

moving equipment for both the grading of the original sand

and the new sand. Amazingly the new sand, upon completion

of the installation, tested consistently at below detection limit

values (for both the depth core on September 20, 2010 and the

surface cores on September 17, 2010) even though the grading

was done with equipment that was not intentionally washed.

After the placement of the new sand, the pristine sand

conditions slowly changed. As observed from the 13 cm depth

core data, higher levels of enterococci were observed near the

surface of the sand (Figs. 3 and 4B). This pattern is the opposite

of what was observed prior to beach renovation where the

highest enterococci levels were observed in the deeper sand

(beyond 5 cm), suggesting that enterococci was persistent

below the 5 cm layer. Essentially these observations may
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Fig. 7 e Summary data of surface sand sampling before,

during, and after beach renovation. Pre-renovation data

consisted of 3 surface core grid samplings starting April 16,

2010 and ending July 15, 2010. Data collected during

renovation corresponded to 7 surface core grid samplings

starting August 23, 2010 and ending November 14, 2010.

Data collected after renovation corresponded to 7 surface

core grid samplings starting December 19, 2010 and ending

September 2, 2011. A) & B) Averaged levels of enterococci

for row A and row B respectively, on surface sand sample

grid, per sample day. C) Averaged levels of enterococci for

entire surface sand sample grid (rows AeE), per day;

Table 1 e Summary of enterococci levels for surface sand
grid sampling rows before, during, and after renovation.
Levels reported correspond to the mean value measured
for each row and the corresponding standard error of
mean. Cells filled with gray correspond to locations
located within the inter-tidal zone. P values computed
using 1-way ANOVA.

Enterococci levels for surface sand sample grid rows
(CFU/g of dry sand)

Row Before During After P value

A 84 � 46 0.7 � 0.6 2.1 � 1 0.011

B 53 � 16 3.3 � 2 0.9 � 0.4 0.0002

C 40 � 16 3.9 � 2.8 12 � 11 0.17

D 9.7 � 2.9 6.7 � 2.5 2.9 � 0.9 0.14

E 8.0 � 6.5 5.2 � 1.8 5.9 � 1.9 0.82

F 32 � 14

G 17 � 6.3

H 69 � 66

I 2.1 � 0.6
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indicate that the source of “new” enterococci to the pristine

sand is entering from the surface fromnon-point sources such

as dogs, humans and birds. As the levels of enterococci did not

return to the higher levels observed prior to the addition of

new sand to the beach, these diffuse surface sources are likely

small relative to prior beach conditions, which were charac-

terized by uncontrolled storm water discharge that included

inferior solid waste management facilities.

In addition to the depth distribution, the surface distribu-

tion of enterococci in the pristine sand also changed. Grid

sampling suggests that prior to renovation enterococci levels

decreased from the supra-tidal zone to the inter-tidal zone as

seen in Table 1, for rows A through E. As Table 1 also shows,

after renovation this trend was no longer seen. In fact, during

renovation, average levels of enterococci in the inter-tidal

zone were nearly an order of magnitude higher than those

recorded in the supra-tidal zone. Intertidal zone rows F, G and

H averaged values of 32 CFU/g, 17 CFU/g, and 69 CFU/g, while

supra-tidal zone rows averaged 0.66 CFU/g to 6.7 CFU/g. This

observation suggests there was a source of enterococci in the

tidal area during renovation. It is unclear how this trend is

reversed, but one possibility is that the original sand is mixed

with the new sand in the inter-tidal zone, as opposed to less

mixing of the sand in the drier supra-tidal zone. We hypoth-

esize that the waves could cause resuspension and mixing of

both layers as a prior study at this beach showed sediment

resuspension and higher turbidity patterns in the presence of

offshorewaves (Feng et al., 2013). Other causes responsible for

this new trend could be the incorporation of bacteria in the

water from non-point sources, like dogs and human bathers

(Elmir et al., 2007), located upstream from the grid-sampling

site. Camera image analysis showed that birds tend to

congregate in the intertidal zone, especially during low tide

and during early morning hours; thus this is another possible

diffuse source of microbes.
before, during, and after renovation. During and after are

significantly lower than before, P < 0.05, for figures A, B

and C. Data is expressed as mean ± SEM.
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Fig. 8 e Histograms demonstrating the distribution of enterococci and fecal coliform in the water at regulatory threshold

values before and after renovation. The bin range in CFU/100 ml is shown on the x-axis, while the normalized frequency of

that level is shown on the y-axis. Data represents a cumulative of weekly monitoring results 40 months before and 40

months after renovation.
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Decreases were also observed in water fecal indicator

levels and these decreases paralleled the decrease recorded in

the sand. Not only were decreases observed in the average

fecal indicator levels in the water, decreases were also

observed in the proportion of samples that exceeded regula-

tory thresholds. Before renovation enterococci exceeded the

single-sample maximum value of 104 CFU/100 ml 6.7% of the

time. This was reduced to 4.2% of the samples after renova-

tion. Similarly, the single-samplemaximum value of 400 CFU/

100 ml for fecal coliform was exceeded 7.9% of the time prior

to beach renovation and 0.76% afterwards. These reductions

at the high end of the water quality spectrum are especially

important from a beach advisory/warning point-of-view, as it

would result in a decrease in the number of advisories based

upon enterococci by 40% and warnings based upon fecal

coliform by 90%. When looking at overall average fecal indi-

cator bacteria levels, the decline was significant at 95% con-

fidence for both fecal indicator bacteria.
Enterococci loads estimated from camera image analysis

suggest that loads from diffuse sources (dogs, humans, and

birds) were on the order of 1011 per month prior to and after

beach renovation with loads at 1010 per month during the

active renovation process. Stormwater inputs were also esti-

mated at 1011 prior to beach renovation and non-existent

thereafter due to diversion of stormwater away from the

shoreline. Thus infrastructure improvements appear to have

decreased the observable beach bacterial loads from the

diffuse sources by about 50%. This reduction contributed to-

wards the more than 50% reduction in sand bacteria levels

observed within the supratidal sands (from 6.3 CFU/g to

0.76 CFU/g from pre- to post-renovation for the depth cores).

Physical changes of the beach were significant and

included the redirection of storm-water, cars, and solid waste

disposal facilities away from the shoreline with drainage also

directed away from the shoreline. Infiltration of this drainage

now occurs within the pervious parking lot and in sections
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adjacent to the parking lot away from the shoreline. Appar-

ently this diversion of storm-water and sources of contami-

nation (e.g. car tires and solid waste and their leachates) has

contributed to the improvements in: sand quality at least for

the 11-month post renovation-monitoring period and water

quality for the 40-month post renovation period. Such obser-

vations are consistent with findings that implicate beach

management practices as contributing towards improve-

ments in beachwater quality (Kinzelman et al., 2003; Skalbeck

et al., 2010). For example, Kinzelman and McLellan (2009)

documented a significant decrease in beach advisories

within the Great Lakes Region after the redesign of a major

storm water outlet and improvements in beach grooming

practices. For the case of Hobie Cat Beach, stormwater was

routed for infiltration away from the shoreline. The infiltra-

tion of storm-water near the beach area could potentially

impact water quality through groundwater flow of this infil-

trated water ultimately towards the shoreline as observed for

beaches in California (Boehm et al., 2004; Russell et al., 2012)

and North Carolina (Price et al., 2013). The study by Kinzelman

and McLellan (2009) also found improved beach elevation and

slope to play an important role in the reduction of indicator

organisms in the water column. The increased elevation and

depth in Hobie Beach’s topography could have also contrib-

uted to the improvement in water quality.

In addition to the changes in the physical infrastructure

and beach topography, changes in sediment characteristics

represent another very relevant change. The new sand was

composed almost entirely of quartz and was characterized by

lower moisture retention. Prior to renovation the original

sediment was composed of a combination of quartz and cal-

cium carbonate and was characterized by higher moisture

retention. The overall average moisture content of the new

sand was lower than that of the original sand and this lower

bulk moisture level can impact the survival of fecal indicators

in the sand environment (Solo-Gabriele et al., 2000; Desmarais

et al., 2002; Mika et al., 2009; Yamahara et al., 2009). However,

our data did not show a correlation between enterococci level

and moisture content. This suggests that although moisture

may play a role in the growth and survival of enterococci, it

was not the leading factor in measuring its presence in dry

surface sand orwithin a short depth of 13 cm from the surface.

It maybe instead that other contributions, like mineral

composition, were much more important in retaining

enterococci, as the change in the mineralogical composition

(quartz versus calcium carbonate) was significant. The new

sand was 98% quartz while the original sand was 64% quartz.

The change in the sand mineral composition may have

influenced the ability of the beach to retain enterococci. Of

interest was that the EPS levels in the sand prior to renovation

were at optimum levels for enterococci retention, whereas

during renovation the EPS increased, and after renovation it

decreased to sub-optimum levels for enterococci retention

(Piggot et al., 2012). We can hypothesize that the sudden in-

crease in EPS levels during renovation may have been a by-

product of earth moving activities which results in mixing of

sandandreleasing (freeingup/makingavailable)nutrients that

encourages microbial communities, through changes in envi-

ronment, to produce excess EPS. Once the earth-moving ac-

tivities were completed, the biofilm levels returned to lower
equilibrium levels, presumably due to the new sand miner-

alogy. According to Piggot et al. (2012), the distribution of EPS is

different between sand grains made of calcium carbonate

versus that made of quartz. Quartz grains were observed to

have a smoother surface with EPS accumulated only in sparse

cracks and crevices. Calcium carbonate grains are a softer

mineral, easier to abrade than quartz, and are derived from

broken skeletal material giving the grains a much higher sur-

face rugosity than quartz grains. The surfaces of calcium car-

bonate grains appeared to have a more homogeneous coating

of EPS, whichmay be the result of amore uniform distribution

of pits, crevices and other depressions occupied by microbial

biofilms. These observations suggest that biofilms may more

easily form in the original sand because of its higher calcium

carbonate composition,while thenewsandbeing composedof

98% quartz possibly prevents biofilms due to the limited crev-

ices that allow for biofilmaccumulation. These differences can

possibly influence the retention andpersistenceof enterococci

among quartz as compared to calcium carbonate sand. This

observation by Piggot et al. (2012) is consistent with the overall

decrease inbiofilmlevelsobservedpre-andpost- renovation. It

is possible that this change in sand mineralogy and biofilm,

resulted in even greater benefits by further reducing the

enterococci levels in the sand because of a less conducive

environment for enterococci retention. The change in sand

mineralogy would extend the benefits of the renovation

beyond what was possible through improvements to the

stormwater infrastructure alone. The reduction in sand bac-

teria levels by a factor of greater than 50% (greater than what

was afforded by the infrastructure improvements) could have

been due to the replacement of the old sand which was a

mixture of calciumcarbonate andquartz,with a sand thatwas

almost entirely composed of quartz.

Rainfall, solar insolation, wind intensity, and wave height

were statistically not different during the sampling period

corresponding to before and after renovation. Tidal height was

statistically different although the differences were small

(3.5 cm versus 5.7 cm). Onemay expect higher levels of bacteria

with higher tides, because of the greater amount of intertidal

sand in contact with the water. The possibility of increased

bacterial releases with higher tides was more than compen-

sated by the beach renovation. Moreover the time period cor-

responding to the highest tides (September 2012eAugust 2013)

was almost two years after the beach was reopened. We thus

believe that, for the most part, hydrometeorologic and hydro-

logic parameters did not make significant contributions to the

differences observed in sand and water quality.
5. Conclusion

This study has indicated that the beach renovation had an

added value beyond the preservation of a highway. The

renovation described here resulted in a positive impact on the

quality of sand and water at the beach for a time period of 287

days after reopening. This was facilitated by infrastructure

improvements that include improved stormwater manage-

ment and improvements to parking and solid waste disposal

facilities. We estimate that these improvements resulted in a

reduction of the enterococci load by 3 � 1011 CFU per month,
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representing a 2-fold decrease in observable enterococci loads

to the beach. However, a 5-fold decrease in enterococci levels

were observed betweenpre- and post-beach renovationwhich

is more than would be expected from the infrastructure up-

grades alone (assuming that the enterococci levels in sand

respond linearly to the input loads). As a result, other factors

likely contributed towards the decrease in sand enterococci

levels. We hypothesize that additional decreases are associ-

ated with the mineralogy of the new sand. The type of sand

added to the beach also likely had an impact on microorgan-

isms’ ability to recolonize within the sand possibly through its

influence on moisture retention and biofilm growth. Overall,

this study supports that infrastructure upgrades through the

diversion of stormwater resulted in considerable improve-

ments in beach sand and water quality by decreasing

enterococci loads by a factor of 2.

To better understand the specific factors affecting enter-

ococci’s beachgrowth conditions, we recommend additional

studies that quantify the impact of beach sand mineralogy in

controlling the persistence of bacterial indicators in beach sand.

Longer term measurements of sand microbe levels and biofilm

would confirm whether enterococci return to pre-renovation

levels. Our study leads us to think that enterococci levels will

remain low because of the significant reduction in enterococci

fromstormwater runoff anddue to the intrinsic changes in sand

characteristics. A factorial analysis of the several beach reno-

vation components would further tease out the impacts of the

different renovation activities. Finally, studying cloning in

sediment samples exhibiting persisting high levels of entero-

cocciwouldenableourunderstandingof its longertermsurvival.
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