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A B S T R A C T

In the rapidly urbanizing coastal zone of South Carolina, intensive landscape maintenance and turf

management are significant sources of nonpoint source pollutant loadings. The best management

practice of choice for stormwater in this region is wet detention ponds, the majority of which are brackish

lagoons. Typically, stormwater is piped directly into the ponds, but ponds have limited capacity for

processing pollutants. These eutrophic brackish ponds are ‘‘hot spots’’ for harmful algal blooms (HABs)—

over 200 blooms from 23 different species were documented over the last 4 years, many associated with

measured toxins, fish kills or shellfish health problems. Because these ponds exchange with tidal creeks,

they are potential sources for HAB dispersion into adjacent estuaries. Also, flux measurements indicated

that groundwater was both a source of nutrients to the ponds and a mechanism for transporting nutrients

from the ponds. These findings suggest that manmade ponds as presently designed along the SC coast

may contribute to estuarine eutrophication and HAB prevalence. A summary of HAB occurrences in SC

lagoonal ponds from 2001 to 2005 is presented, and a project is described that simulates the effectiveness

of constructed wetlands as a supplementary best management practice designed to process stormwater

and groundwater and remove nutrients prior to entering wet detention ponds.

Published by Elsevier B.V.
1. Introduction

Maritime forests, marshes, and other wetlands in the coastal
zone have many important functions, including the capacity to
remove nonpoint source (NPS) pollutants before they can reach
estuarine and marine waters. Loss of these habitats through
coastal development has been linked to eutrophication and other
symptoms of degraded water quality (Bricker et al., 1999;
Vernberg and Vernberg, 2001). In the rapidly urbanizing South
Carolina coastal zone, intensive landscape maintenance and turf
management are significant sources of NPS pollutant loadings.
Frequent fertilization, pesticide application, and watering (often
tertiary sewage-treated) are used to maintain these plantings,
while sandy soil allows for the leaching of nutrients. The problem
of NPS loading in SC coastal regions is exacerbated by the common
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best management practice (BMP) for stormwater control;
brackish lagoonal detention ponds. In SC, these detention ponds
are often highly artificial, and receive stormwater directly
through a subterranean drainpipe network, thus eliminating
ecological processing of nutrients and sediment trapping that
would occur if flow was allowed to infiltrate or pass through
vegetated buffers. Although detention ponds are considered by
residents to be aesthetic improvements and additional wildlife
habitat, typically these ponds are not properly designed for
sustainable NPS pollutant reduction.

Recently, an environmental hazard (and potential human
health problem) has been associated with detention ponds. From
2001 to 2002, monitoring and fish kill response efforts in 45
brackish detention ponds along the SC coast revealed the wide-
spread and common occurrence of harmful algal blooms (HABs)
(Kempton et al., 2002; Lewitus and Holland, 2003; Lewitus et al.,
2003, 2004). All of the HAB species observed have been associated
with toxicity and/or causing fish kills (Landsberg, 2002). Those
species previously associated with SC fish kills included Pfiesteria

piscicida and P. shumwayae, Heterosigma akashiwo, Chattonella

subsalsa, Fibrocapsa japonica, and Karlodinium veneficum (formerly
K. micrum). Four raphidophyte species (the three above and
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Fig. 1. South Carolina coastline, showing locations of stormwater detention ponds sampled by the South Carolina Algal Ecology Laboratory (SCAEL) from 2001 to 2005. Data

from brackish ponds are presented in this paper.
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Chattonella cf. verruculosa) were nearly ubiquitous in brackish
ponds recently surveyed on Kiawah Island (Lewitus et al., 2003,
2004), but these same species were not present among the 240
phytoplankton taxa identified from Kiawah waters in 1974–1975,
prior to development (Zingmark, 1975).

This paper presents an update on HAB distribution in SC
brackish detention ponds based on monitoring efforts from 2001 to
2005 (Fig. 1). We also summarize information from a study that
examined the potential application of a mitigation strategy for
improving the effectiveness of SC coastal detention ponds in NPS
pollution reduction—the use of constructed wetlands as supple-
mental BMPs to detention ponds. The goal of that study was to
develop a retrofit design in which stormwater and groundwater
would pass through restored terrestrial and wetland zones before
entering a detention pond, and evaluate the potential benefit in
nutrient processing.

2. Methods

The data on HAB distribution in SC brackish detention ponds
were obtained from a combination of monitoring and fish
kill response efforts conducted by the South Carolina Algal
Ecology Laboratory (SCAEL), operated jointly by the University
of South Carolina and South Carolina Department of Natural
Resources. This paper will focus on the phytoplankton identifica-
tion and quantification portion of a larger study by the SCAEL
monitoring and response programs. Water was collected in
triplicate with 1-l high-density polyethylene bottles from
�0.5 m below the surface. Prior to sampling, the bottles were
washed in 10% HCl and rinsed six times with deionized water.
Samples were kept in a cooler at ambient temperature, transported
to the laboratory and processed within 4 h. Salinity, temperature,
and dissolved oxygen concentration were measured at the time of
sample collection using a YSI meter (YSI 85).

Fresh subsamples were observed for qualitative phytoplankton
species identification under light microscopy and were preserved
in Lugols fixative for enumeration. Cell abundance was estimated
in fixed samples using either the Hasle (1978) counting chamber
method or Guillard (1978) standard hemacytometer method.

3. Results

SCAEL surveillance and response efforts have revealed the
widespread occurrence of raphidophyte blooms in brackish
lagoonal ponds (Table 1, Figs. 2 and 3A). From 2001 to 2005,
raphidophytes were found in 40% of 1502 pond site samples
collected, and in 61 of 87 ponds sampled. Samples with high
raphidophyte abundances were common (e.g.>103 cell ml�1 in 96
samples, from 28 different ponds). Maximum abundance for each
species exceeded 104 cell ml�1, and raphidophytes frequently



Table 1
Results from the 2001 to 2005 South Carolina Harmful Algal Bloom Database

(directed by the SCAEL) listing the species with �5 occurrences in SC brackish

detention ponds that were classified as harmful algal blooms; i.e. when abundances

reached >103 cells ml�1 or >102 cell ml�1 (for Pfiesteria spp.)

Taxon Class # HABs

Chattonella subsalsa Raphidophyceae 35

Fibrocapsa japonica Raphidophyceae 27

Chattonella cf. verruculosa Raphidophyceae 20

Heterocapsa rotundata Dinophyceae 17

Oscillatoria sp. Cyanobacteria 15

Anabaena sp. Cyanobacteria 14

Microcystis aeruginosa Cyanobacteria 12

Scrippsiella sp. Dinophyceae 9

Anabaenopsis sp. Cyanobacteria 8

Karlodinium veneficum Dinophyceae 8

Kryptoperidinium foliaceum Dinophyceae 7

Heterocapsa sp. Dinophyceae 6

Heterosigma akashiwo Raphidophyceae 5

Euglena sp. Euglenophyceae 5

Gymnodinium sp. Dinophyceae 5

Pfiesteria spp. Dinophyceae 5

Prorocentrum minimum Dinophyceae 5
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dominated phytoplankton community biomass (data not shown).
Raphidophyte blooms were common in the spring through
summer, but rare during the winter (Fig. 2).

Tidally influenced stormwater detention ponds that were
sampled by the SCAEL ranged in salinity from low brackish to
marine, and not surprisingly, the type of HAB is associated with
salinity properties. Dinoflagellate and raphidophyte blooms tended
to be prevalent under mid-brackish to marine conditions (Lewitus
et al., 2003, 2004). Four raphidophyte species were nearly
ubiquitous in mid- to high-brackish ponds, H. akashiwo, C. subsalsa,
C. cf. verruculosa, and F. japonica. Although salinity and temperature
ranges generally overlapped, F. japonica was not found at salinities
<10 or temperatures <22.6 8C, and H. akashiwo did not occur at
salinities>30 (e.g. Lewitus et al., 2004). Pfiesteria spp. was among the
most prevalent dinoflagellates in mid- to high-brackish waters, but
rarely reached high abundances (Table 1, Fig. 3B). Monitoring efforts
for Pfiesteria spp. in brackish detention ponds focused on 14 Kiawah
Island ponds. Two ponds, ‘‘K2’’ and ‘‘K5’’, had a significantly higher
prevalence of Pfiesteria-like organisms (PLOs). Based on light
microscopy, PLOs were observed in 67% of the samples collected
in ‘‘K2’’ and 80% in ‘‘K5’’. Using real-time PCR (Bowers et al., 2000), P.

piscicida and P. shumwayae were confirmed in 47% and 82% of those
Fig. 2. Raphidophyte abundances in South Carolina p
samples, respectively. In a survey of 60 Kiawah Island pond
sediments using real-time PCR assays (data not shown), P. piscicida

was positive in 58% of the ponds surveyed, and P. shumwayae was
positive in only 5% of the ponds. In surveys of tidal creeks that
exchange water with these same ponds, PCR assays for P. piscicida

were positive in approximately 50% of the sediment samples
collected, including those extending up to a 1.5 km distance from the
ponds. The likelihood that the sediment positives were Pfiesteria

cysts has implications for the effects of dredging on increasing the
distribution of these species.

Cyanobacteria were commonly the dominant phytoplankton
species in low brackish waters (Figs. 3C and 4). For example,
samples from 2001 to 2005 blooms by several cyanobacterial
species spanned all salinities, but 71% of these occurred at salinity
�10 (Fig. 4). Among the three most prevalent species, Microcystis

bloomed most often at this low salinity range (86% of these blooms
were at �10) but 63% of these were at salinities between 5.1 and
10. Anabaena bloomed mostly (72%) at salinities �10, while
Oscillatoria blooms occurred in more euryhaline conditions, with
50% at salinities >10 and 29% at salinities >20.

4. Discussion

Data from brackish coastal detention ponds in SC that were
sampled from 2001 to 2005 indicate that these systems are local
sources for HABs. Many of these blooms were associated with
measured toxins, fish kills, or shellfish health effects (Kempton
et al., 2002; Lewitus and Holland, 2003; Lewitus et al., 2003;
Keppler et al., 2005, 2006, SCAEL, unpublished data). These ponds
are associated with residential developments and golf courses, and
ponds can make up a substantial portion of area in suburban
centers along the SC coast (Lewitus et al., 2003). In Hilton Head,
748 ponds exist, and Kiawah Island contains another 116 ponds
(Lewitus et al., 2003; Norm Shea, personal communication). The
great majority of these ponds are manmade; e.g. in 1974 (prior to
development), a total of 15 freshwater or brackish ponds
(considered ‘‘marsh areas’’) were reported on Kiawah Island
(Hosier, 1975; Brock, 2006). Construction of ponds along the coast
is increasing at a great rate, mainly to manage stormwater runoff.
Based on 1994 aerial images, 1174 ponds >0.4 ha (1 acre) were
documented east of Highway 17, a coastal highway chosen as a
marker boundary for ponds that are potentially tidally influenced
(Brock, 2006). These ponds covered 2693 ha (6654 acres) of surface
area. By 1999, the number of ponds >0.4 ha in this same area had
ond samples during 2001–2005 (232 samples).



Fig. 3. Abundances of (A) raphidophytes, (B) dinoflagellates, and (C) cyanobacteria from samples collected from 10 Kiawah Island lagoonal ponds from 13 May 2004 to 16

September 2004.

Fig. 4. Occurrence of cyanobacteria in bloom abundances (>1000 cells ml�1) at various salinity ranges in samples collected in 2001–2005 from South Carolina lagoonal ponds

with salinities �0.1.
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Table 2
Mean (�S.D.) of annual mean nutrient (mg l�1) and chlorophyll a (mg l�1)

concentrations from 13 SC lagoonal detention ponds monitored from 2000 to 2003

Variable Mean S.D.

NH4
+ 0.086 0.045

NO3
� + NO2

� 0.19 0.20

DON 1.2 0.4

PO4
3� 1.0 1.1

DOP 0.03 0.05

Chlorophyll a 56 57

Data from Hayes et al. (Unpublished data). DON = dissolved organic nitrogen;

DOP = dissolved organic phosphorus.
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increased by 70% (1997 ponds), and the amount of pond acreage
increased by 123% to 5995 ha (14,813 acres).

The prevalence of HABs in SC coastal ponds is an indication of
their eutrophic state. In a 2000–2003 survey of 13 SC brackish
detention ponds, Hayes et al. (unpublished data) found that
chlorophyll a, total dissolved nitrogen (TDN), and total dissolved
phosphorus (TDP) exceeded Bricker et al.’s (1999) threshold for
‘‘highly eutrophic’’ estuarine concentrations (20 mg l�1 chlorophyll
a; 1.0 mg l�1 TDN; 0.1 mg l�1 TDP) in>50%,>50%, and>80% of the
samples, respectively (Table 2). The molar DIN:DIP ratio is typically
<1 in these ponds (Lewitus et al., 2003; Brock, 2006) indicating
that maintenance of high phytoplankton biomass would pre-
sumably be limited by nitrogen rather than phosphorus supply,
and suggesting that management strategies targeting nitrogen
reduction would be more effective in mitigating pond eutrophica-
tion than those targeting phosphorus.

In a hydrologic and nutrient flux assessment of the watersheds
on Kiawah Island, including one containing a golf course pond,
Bunker (2004) showed that stormwater and groundwater can be
important sources of nutrients to the ponds. Nutrients entered
through stormwater pulses and were piped directly into the ponds
with no opportunity for ecological processing of pollutants. Also,
Bunker (2004) found that groundwater acted as both a source of
nutrients to the ponds and a mechanism for transporting
nutrients from the ponds; for example, significant nitrate and
ammonium fluxes were estimated to leave the pond via ground-
water. These findings suggested that manmade ponds as presently
designed in the SC coast may contribute to estuarine HAB
proliferation and eutrophication. Because these ponds exchange
with tidal creeks, they are sources for HAB dispersion into
adjacent estuaries through stormwater, and of nutrient increases
through surface and groundwater flow.

One mitigation strategy is in development that uses con-
structed wetlands as supplemental BMPs to wet detention ponds
(Drescher et al., 2006; Payne, 2007; Strosnider et al., 2007). The
strategy uses a combination of vegetated filter strips and restored
wetlands to enhance stormwater and groundwater processing
before entering the detention pond. Piping carrying stormwater to
the pond would be modified to allow water to flow through a series
of successional filter systems before entering the pond, similar to
what may be found under more natural settings. The succession of
wetland communities would function as sediment traps and zones
of nutrient uptake and processing, including the key function of
restoring the denitrification capacity of the landscape (Strosnider
et al., 2007). Drescher et al. (2006) showed that there was a high
denitrification capacity in Kiawah Island watershed soils and pond
sediments that varied directly with soil carbon content. However,
actual denitrification rates were low because the N-laden storm-
water bypassed processing by soil microbes as it was piped directly
into ponds. Strosnider et al. (2007) designed the mitigation
wetland to maximize stormwater and groundwater retention time
and increase opportunities for nutrient removal. They developed
a continuous simulation model using STELLA software to estimate
retention time, seepage rate, and quantity of spillover for water
entering the proposed wetland, and effectiveness for N removal.
Results predicted the removal of 90% of nitrate and 70% of
ammonium currently entering the pond via stormwater and
groundwater.

NPS pollution is increasingly a factor in coastal and estuarine
water degradation, and detention ponds are the current BMP of
choice for mitigating stormwater NPS pollution in many U.S.
coastal regions, including SC. However, such ponds that are fed by
subterranean stormwater piping are characterized by ineffective
processing of NPS pollutants and pond eutrophication, which has
led to a nearly ubiquitous pond distribution of HABs of several
types. These residential and golf course detention ponds are
frequented by pets and wildlife, and are commonly used for
recreational activities (e.g. fishing, crabbing, boating, kayaking, and
swimming). Therefore, besides the aesthetically undesirable
consequences of noxious algal scum and dead fish, pond HABs
pose potential health threats through direct exposure to, or trophic
transfer of toxins. Furthermore, because lagoonal ponds exchange
water with tidal creeks, they are a source of HABs to downstream
estuarine waters through surface water flow, and a source of
nutrients through surface and groundwater flow. BMP strategies
(e.g. constructed wetlands) designed to restore the nutrient
processing function of the landscape are needed as retrofitting
options for currently impaired detention ponds. Where develop-
ments are still in the planning stages, naturally functioning
riparian areas should be retained for stormwater and groundwater
processing. Where natural buffers cannot be preserved, created
stormwater wetlands are a sustainable low-maintenance, energy-
efficient, and natural means of safeguarding pond water quality.
Improving pond water quality should reduce HAB proliferation and
estuarine eutrophication, resulting in benefits to estuarine
ecosystems, living resources, and human health.
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