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Abstract: We examined the utility of five measures of salt marsh function, focusing on angiosperms and
microbes, as potential indicators of salt marsh health. We studied twelve salt marsh creeks around Charleston
Harbor, South Carolina, USA, six of which were polluted with metals and/or organic compounds and six of
which were relatively pristine. Physical variables (sediment clay-silt content, creek water salinity) did not
differ between impacted and reference sites. Microtox toxicity measures (expressed as wet or dry units) did
not differ between impacted and reference sites. Photosynthesis and transpiration rates of creekbank Spartina
alterniflora did not differ between impacted and reference sites, nor did measures of peroxidase activity in
S. alterniflora. The glutathione concentration of S. alterniflora was lower at impacted sites than at reference
sites; however, glutathione concentration did not respond to pollution in an earlier study in Georgia, likely
because glutathione responds differently to particular chemicals rather than being a generic indicator of plant
stress. Overall, these measures showed little promise as rapid indicators of salt marsh health. Other methods,
such as quantifying benthic invertebrate taxa, may be more reliable for assessing ecosystem health in salt
marsh systems.

Key Words: ecosystem health, environmental impacts, Georgia, glutathione, indicators, Microtox, peroxi-
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INTRODUCTION

Scientists have used two general approaches to ex-
amining environmental impacts. The first is to measure
levels of known pollutants and compare chemical con-
centrations to standard guidelines. This approach has
the advantages of accurately determining pollutant
concentrations, allowing sources of pollutants to be
identified, and allowing specification of unambiguous

goals for remediation efforts. A possible weakness of
this approach, however, is that it may be difficult to
link levels of particular pollutants to biological im-
pacts, especially if multiple pollutants, which might
interact synergistically, are present at low levels, or the
degree of toxicity of a pollutant varies across an en-
vironmental gradient. A complementary approach is to
measure some aspect of ecosystem health. Although
this approach may not necessarily identify the causes
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of variation in ecosystem health, it has the advantages
of clearly identifying impacts on natural systems and
of allowing ecosystem health to be examined in the
absence of information on the presence or concentra-
tion of specific pollutants. The latter advantage is par-
ticularly useful if it is not known which pollutants
might be present at a site or if the number of different
pollutants and/or analytical difficulties makes quanti-
fying all the possible pollutants prohibitively expen-
sive. Thus, this ‘‘ecosystem health’’ approach could
potentially be used by managers to survey a wide va-
riety of sites in order to identify a limited number of
‘‘unhealthy’’ sites that could then receive more inten-
sive and expensive study.

An unresolved question, however, is how to mea-
sure ecosystem health. A variety of standard toxicity
assays have been developed and used in particular
applications (e.g., Swartz 1989, Traunspurger and
Drews 1996, Lewis et al. 2001). Standard toxicity
assays allow comparisons between systems and may
have clearly defined performance characteristics, but
they are vulnerable to the criticism that they may
not be ecologically relevant to particular habitats.
An alternative approach is to measure in situ char-
acteristics of the ecosystem (Canfield et al. 1994,
Lerberg et al. 2000). Ideally, all three measures of
sediment quality (chemical analyses, toxicity assays,
and measures of ecosystem structure or function)
would be collected (Lamberson et al. 1992, Long
2000), but time and financial constraints may pre-
vent this in many cases.

Salt marshes present unique problems for attempting
to measure environmental impacts. Because salt
marshes are often intertidal habitats located where riv-
ers meet the sea, their waters and sediments may vary
markedly in chemistry (e.g., salinity, oxygen avail-
ability, redox potential, sulfide concentration) across
steep environmental gradients. As a result, the bio-
availability of pollutants may change across estuarine
gradients (De Laune and Smith 1985, Simpson and
Good 1985, Gambrell 1994). In addition, the harsh
physical environment of salt marshes may have se-
lected for biota that are more resistant to chemical in-
sults than the biota of other systems. If so, a given
concentration of a pollutant might have less of an im-
pact on ecosystem health in a salt marsh than in some
other ecological system. Alternatively, the costs asso-
ciated with tolerating the harsh environment may make
some taxa more vulnerable than expected to novel
stressors. Finally, because marshes receive pollutants
from entire watersheds, marshes in developed water-
sheds are likely to accumulate a wide variety of pol-
lutants, making it difficult and expensive to quantify
all the pollutants and to predict or study all the pos-
sible interactions between different pollutants (Olsen

et al. 1982, Biggs et al. 1989). For these reasons, we
explored the utility of developing indicators that would
allow direct assessment of marsh health in the absence
of knowledge about specific pollutant levels.

We worked in the salt marsh system surrounding
Charleston harbor. Previous studies have documented
pollution levels at selected sites in Charleston harbor
(Sanger et al. 1999a,b). Comparing sites with known
high and low levels of pollutants, we examined the
utility of five potential indices of marsh health to de-
tect these impacts. Our indices included Microtoxt (an
industry standard toxicity assay that has been widely
applied), two measures of plant gas exchange (assess-
ing physiological performance of the fundamental
building block of marsh systems), and two plant stress
enzymes (used widely to measure sublethal stress in
other plants but poorly developed for salt marsh sys-
tems). Our goal was to determine if any of these tech-
niques might have utility for rapidly characterizing the
‘‘health’’ of an estuarine site in the absence of knowl-
edge about specific pollutant levels.

METHODS

We sampled twelve locations around Charleston
Harbor, S.C. (328509N, 798559W) on July 7–10, 1998
(Figure 1). Sanger et al. 1999a,b studied 28 tidal
creeks around Charleston Harbor in the summer of
1995 and classified them based on land use (upland
versus salt marsh watersheds, degree of development
of the watershed). Developed creeks had higher con-
centrations of trace metals, polycyclic aromatic hydro-
carbons, polychlorinated biphenyls, and pesticides
(DDT and metabolites) than did undeveloped creeks.
Following Sanger et al. (1999a,b), we hereafter refer
to these as impacted and un-impacted creeks. With as-
sistance from D. M. Sanger and A. F. Holland, we
selected six impacted creeks and six similar but un-
impacted creeks for further study (Table 1). In select-
ing these creeks, we attempted to pick 12 creeks that
were similar in all respects other than development
history and that could be clearly classified as devel-
oped or undeveloped. We accessed creekbanks at each
site by boat at moderate-to-high tides. All samples
were collected concurrently within a 10-m section of
each creekbank. Salinity of creek water at each site
was measured with a refractometer.

Microtox Analyses

Microtoxt analyses examine bacterial luminescence in
the presence of an experimental sample. Rooted estua-
rine macrophytes may absorb pollutants through sedi-
ment pore water and/or overlying water. Sediment con-
centrations of pollutants are usually far greater than in
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Figure 1. Charleston Harbor, showing locations of study
sites (after Sanger et al. 1999a). Squares indicate impacted
sites; circles indicate non-impacted sites. 1: Diesel, 2: Dill,
3: Koppers, 4: New Market, 5: Orange Grove, 6: Shipyard,
7: Battery Simkin, 8: Beresford, 9: Fosters, 10: Horlbeck,
11: Rathall, 12: Rice.

Table 1. Land use and most abundant pollutants for each creek based on Sanger et al. (1999a,b).

Site Land Use Identified Pollutants1

Impacted

Diesel Creek
Dill Creek (Plum Island)
Koppers Creek
New Market Creek
Orange Grove Creek
Shipyard Creek

upland developed industrial
salt marsh, highly developed area
upland developed industrial
upland developed urban/suburban
salt marsh, highly developed area
upland developed industrial

Cr, Pb, Zn, PAH2

Cr, Cu, Pb, Zn, PAH
Cr, Cu, Pb, Zn, PAH, PCB3, DDT4

PAH
Cr, Cu, Pb, Zn, PAH, DDT, PCB

Not Impacted

Battery Simkin Creek
Beresford Creek
Fosters Creek
Horlbeck Creek
Rathall Creek
Rice Creek (Grice Cove)

salt marsh, undeveloped
forested upland
forested upland
forested upland
forested upland
salt marsh, undeveloped

1 Pollutants are listed if they exceeded the following arbitrary cutoff values in the ‘‘tidal creek study’’: Cu: .50 mg/g dry mass, Cr, Pb: .100 mg/g dry
mass, Zn: .150 mg/g dry mass, PAH: .1000 ng/g dry mass, PCB: .50 ng/g dry mass, DDT: .10 ng/g dry mass.
2 Polycyclic aromatic hydrocarbons.
3 Polychlorinated biphenyls.
4 DDT and metabolites.

the surrounding water, suggesting a greater potential for
damage from sediments, both from elevated concentra-
tions and length of time that the macrophytes are ex-
posed to these higher levels of contaminants. While it

has been suggested that quantifying the chemical con-
centrations in pore water is a better predictor of toxicity
than using chemical concentrations in the bulk sediments
(Carr et al. 1989, Luoma and Ho 1992), there are dis-
advantages in using pore water indicators of toxicity, as
the sediment chemistry tends to be altered during the
extraction procedure (DelValls et al. 1997). Therefore,
for this study, we chose to investigate the effect of bulk
solid sediment on the test organisms.

Solid Phase Test (SPT) was conducted on sediment
samples following the SPT procedures according to
the manufacturer’s instructions (Microbics Corp. 1992,
1995). Each sample was mixed well, and 7 g of the
sample was transferred to a beaker. SPT diluent (3.5%
NaCl) was added to the beaker, and the suspension
was stirred for 20 minutes. The sample was then se-
rially diluted (1:2, 2 controls and 13 dilutions in du-
plicate) using SPT diluent by transferring 1.5 ml of the
aqueous suspension into the SPT tubes, which were
cooled in a water bath at 158C. After temperature was
equilibrated, a timer was set for 20 minutes, and 20 ml
of reconstituted test reagent (freeze-dried bacteria
mixed with ultra pure water) was pipetted into each
SPT tube. The samples were then mixed well, and fil-
ter columns were inserted into each tube above the
level of suspension. After 20 minutes, sediments were
removed by filtration, and 0.5 ml of filtrate was pi-
petted into glass cuvettes placed in Microtoxt wells.
Salinity and pH of the samples were not adjusted.
Sample light output was measured after 10 minutes
using a Microtoxt M500 Toxicity Analyzer. This gen-
erated a dose response curve that was used to calculate
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Figure 2. Physical and biological variables measured at impacted and non-impacted sites (n56 each). Data are means 6 1 SE.

the toxicity units (TU-wet) for the sample, defined as
100/EC50. The TU values based on sediment dry
weight (TU-dry) were also calculated. Samples were
weighed after drying in aliquots (in triplicate) in a
vented oven at 1008C for 24 hours.

Percent Clay-Silt

Microtoxt SPT can be affected by the silt and clay
content of sediments, as high silt-clay contents can
preferentially adsorb the test bacteria, causing reduc-
tion in light emission not necessarily due to toxicity
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(Ringwood et al. 1997). Therefore, the clay-silt content
of the samples was determined by the standard pipet
method of soil particle size analyses (Klemm et al.
1993, Strobel et al. 1995).

Gas Exchange Measurements

Plant gas exchange (photosynthesis, transpiration)
rates were used as rapid indicators of production rates.
Instantaneous gas exchange measurements were taken
using an ADC Corporation, Model LCA4 (Dynamax
Inc., Houston, Texas) open gas exchange system and
a portable light source (1.5 mmol m22s21). Readings
were taken between 10:00 and 15:00 h on the second
fully expanded leaf from the top of 3 separate plants
at each site.

Peroxidase Activity (POD) and Glutathione Analysis
(tGSH)

Peroxidase isozymes have a wide variety of func-
tions, including chlorophyll degradation, hormonal de-
velopment and regulation, lignin synthesis, and oxygen
radical detoxification (Kato and Shimizu 1985, Siegel
1993). To assess the effects of contamination on per-
oxidase activity in S. alterniflora (Loisel.), POD anal-
ysis was conducted via the method of Byl et al. (1994)
with minor modifications as described in Wall et al.
(2001). The top (youngest) leaf of 3 individual S. al-
terniflora plants was collected and analyzed as a single
composite sample/site.

An important route of detoxification of heavy metals
in plants is conjugation with reduced glutathione
(Mehra et al. 1996, Zenk 1996). These glutathione-
bound heavy metals are thought to be transferred to
metal chelating polypeptides (Mehra et al. 1996) and
transported to vacuoles (Zenk 1996). Total glutathione
concentrations (tGSH) in S. alterniflora were deter-
mined using a modification of the glutathione reduc-
tase enzymatic recycling method of Griffith (1980) as
described in Wall et al. (2001). As above, a single
composite sample of three plants was analyzed from
each site.

Statistical Analyses

Subsamples were averaged within sites to yield a
single value per site for statistical analyses. Propor-
tional data (% clay-silt) were angular-transformed, and
toxicity data were log-transformed before analysis to
improve normality. Impacted and reference sites were
compared using 2-sample t-tests. To determine if var-
iables covaried among sites, site means for all vari-
ables were correlated with each other using Pearson’s
correlations. Previous studies of a larger group of

creeks (Sanger et al. 1999a,b, Lerberg et al. 2000)
found differences between creeks that drained only salt
marsh versus upland habitats. Given our smaller set of
creeks, including ‘‘creek type’’ as a factor in the anal-
ysis (using 2-way ANOVA) did not lead to any in-
crease in explanatory power. For clarity, we therefore
present simpler t-test analyses with the two types of
creeks grouped together.

RESULTS

Neither of the physical variables that we measured
(salinity and % clay-silt) varied significantly between
impacted and reference sites (Figure 2). However, the
three lowest % clay-silt values coupled with the three
lowest salinity values all occurred at impacted sites
(Table 2). Thus, it is possible that a more detailed
study might have identified significant physical differ-
ences between impacted and reference sites. Salinity
and % clay-silt were positively correlated across sites
(Figure 3, Table 3).

Results of the Microtoxt assays did not differ sig-
nificantly between impacted and reference sites (Fig-
ure 2, Table 2). TUwet and TUdry values were highly
correlated (Table 3). An apparent trend towards higher
TU values at impacted sites was largely driven by a
single site (Orange Grove) with very high TU values
(Table 2).

Plant gas exchange parameters (photosynthesis and
transpiration) did not differ significantly between im-
pacted and reference sites (Figure 2, Table 2). Photo-
synthesis and transpiration did not correlate with any
other measured parameters (Table 3). Peroxidase val-
ues did not differ significantly between impacted and
reference sites (Figure 2, Table 2), but they were neg-
atively correlated with % clay-silt values (Table 3).
This correlation, however, was strongly influenced by
a single point and was not significant (r520.36,
P50.28) when this point was omitted. In contrast, glu-
tathione levels were significantly lower at impacted
sites (Figure 2, Table 2). Glutathione levels were neg-
atively correlated with microtox toxicity units (wet and
dry) (Figure 3, Table 3) suggesting that glutathione
and microtox may have been responding to common
environmental stressors. These correlations, however,
were strongly driven by a single site (Orange Grove)
with very high TU levels and very low glutathione
levels, and they were not significant (TUwet:
r520.46, P50.16; TUdry: r520.39, P50.24) when
this point was omitted.

DISCUSSION

We found few differences between impacted and
reference creeks in any of the parameters that we mea-
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Figure 3. Significant correlations between salinity and
%clay-silt (top), and glutathione and TUwet (bottom). Pro-
portional data (% clay-silt) were angular-transformed to im-
prove normality. The relationship between glutathione and
TUdry (not shown) was very similar to the bottom plot
(r520.70, P50.01).

sured, despite large differences between these creeks
in levels of pollutants (Sanger et al. 1999a,b). Studies
of fungal living-biomass (as estimated by ergosterol
content) and fungal sexual productivity (as estimated
by ascospore expulsion) from standing-dead leaves of
Spartina alterniflora at two of the sites (Diesel Creek,
impacted; Rathall Creek, reference) similarly found no
difference between impacted and reference sites (New-
ell et al. 2000). We did find differences in glutathione
concentrations between impacted and reference sites,
likely because of glutathione’s role in conjugating with
heavy metals (Mehra et al. 1996, Zenk 1996). A pre-
vious study by our group at a different salt marsh site
(polluted with mercury and PCBs) did not identify glu-
tathione as a useful indicator of pollution impacts
(Wall et al. 2001), likely because glutathione does not
play a role in detoxifying the particular pollutants
found at that site. Thus, glutathione is not a universal
indicator of plant stress but may be a useful indicator
of stress caused by selected pollutants.

A potential weakness of our approach is that we
sampled at only one stretch of creekbank at each site
and sampled each site on only one date. If pollutants
were extremely patchy in distribution along the creeks,
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Table 3. Pearson Correlation Coefficients (r and P-values) for all variables correlated across sites.

Transpiration Photosynthesis % Clay-Silt Salinity TUwet TUdry Glutathione

Peroxidase

Glutathione

TUdry

TUwet

Salinity

%Clay-Silt

Photosynthesis

20.06
0.85
0.41
0.19

20.29
0.36

20.53
0.08
0.02
0.94
0.36
0.26
0.17
0.59

20.51
0.09
0.24
0.46

20.07
0.83

20.12
0.71

20.42
0.18
0.22
0.49

20.75
0.005
0.17
0.60
0.22
0.49
0.14
0.66
0.74
0.006

20.25
0.44
0.04
0.90
0.13
0.69
0.11
0.74

20.21
0.51

20.72
0.008
0.97
0.0001

20.26
0.41

20.70
0.01

20.04
0.90

our sampling approach might have missed ‘‘hot spots’’
of high pollutant concentrations. Although pollutant
concentrations varied spatially in the studied creeks
(Sanger et al. 1999a,b), the variation was not so high
that it should have invalidated our approach. Similarly,
if pollutant impacts varied among dates (perhaps in-
teracting with temperature), our sampling approach
might have missed dates on which maximal differenc-
es were found; however, we have no evidence that
such temporal variation occurred. In any case, it was
not our goal to conduct an exhaustive study of the
impacts of pollutants on salt marsh systems. Rather,
our goal was to determine if any of the techniques we
used were suitable for rapid assessment of salt marsh
health. Techniques that yield dramatically different re-
sults depending on small differences in site selection
or study date may yield valuable information about
spatial and temporal variation in pollutant impacts but
are not likely to be robust tools for rapidly assessing
the health of multiple marsh sites. In fact, if pollutant
impacts are highly patchy in time or space, it is likely
that no simple approach will suffice to characterize
them.

Using techniques similar to those used here, we pre-
viously found few differences in these same bacterial,
fungal, and plant indices between a salt marsh in
Brunswick, Georgia that had high levels of mercury
and PCBs and an adjacent reference site (Newell and
Wall 1998, Wall et al. 2001). The repeated failure of
these indices to detect differences between sites with
and without known high levels of pollutants suggests
either that the pollutants have no impact on marsh
health (which is unlikely given that the compounds
were at high concentrations and have known toxic ef-
fects in other systems) or that these indices are not
sensitive indicators of marsh health. Our results con-
trast with those of Lerberg et al. (2000), who worked

at the same creeks around Charleston harbor and found
impacts of pollutants on benthic invertebrate abun-
dance and community structure. Similarly, Horne et al.
(1999) reported differences in meiofaunal community
structure between the Brunswick, GA impacted marsh
where we worked previously (Wall et al. 2001) and a
reference site. This contrast suggests that benthic in-
vertebrate communities are better indicators of pollu-
tion in salt marsh systems than are plants or associated
fungi. Benthic invertebrates live intimately associated
with sediments, and some taxa feed by passing sedi-
ments through their digestive tracts. The chemistry of
the digestive tract may be more acidic than that of the
marsh environment, which might lead to desorption of
some toxic chemicals from sediments, making them
more available to invertebrates. As a result, benthic
invertebrates are chronically exposed to high levels of
pollutants. In contrast, emergent plants and the fungi
that decompose senescent leaves are exposed primarily
to pollutants in the water column, which are typically
present at much lower concentrations than in the sed-
iment, and are exposed only for part of each day when
covered by the tide. Plant roots and rhizomes are, of
course, continually exposed to pollutants in the sedi-
ment; however, roots and rhizomes of salt marsh plants
must be adapted to tolerate low redox potentials and
high levels of sulfides naturally present in marsh sed-
iments, and these adaptations may confer benefits in
terms of tolerating anthropogenic pollutants. In gen-
eral, previous studies have shown that Spartina alter-
niflora is fairly resistant to a variety of anthropogenic
pollutants, including PAHs and crude oil (Lee et al.
1981, Li et al. 1990, Carmen et al. 1996, Lin and Men-
delssohn 1996). In contrast, Lewis et al. (2001) argued
that toxicity tests using seeds and seedlings of estua-
rine plants, including Spartina alterniflora, may be
more sensitive to pollution impacts than toxicity tests
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using animals; however, they did not address the util-
ity of studies with mature plant clones nor of studies
of in situ benthic invertebrate communities.

Finally, the sites studied here and at the Brunswick
site studied previously all represent areas that have a
long history (several decades) of impacts. It may be
that Spartina alterniflora and its associated fungal
communities have adapted over time to the chemical
insults at these sites. In contrast, benthic invertebrates
may disperse too widely, either as larvae or with the
tides as adults, to adapt to pollutants at such a local
scale. If so, assays with naı̈ve organisms transplanted
to the sites or exposed to sediments from the sites
might reveal larger differences between impacted and
reference sites. Our Microtox assays, however, took
the latter approach and detected no differences be-
tween sites.

In summary, our results presented in this paper and
elsewhere (Newell and Wall 1998, Newell et al. 2000,
Wall et al. 2001) suggest that the lower trophic levels
of salt marsh food webs (angiosperms and decomposer
fungi) are resistant to high levels of pollution and that
indices focusing on these trophic levels show little
promise for rapidly assessing the health of salt marsh
systems. Studies focusing on benthic invertebrates
seem to be more sensitive indicators of pollution and
should be retained as one of the methods of choice for
assessing the health of potentially impacted salt marsh
sites. However, although the benthic invertebrate com-
munity structure may be altered by pollution, this pri-
marily involves the replacement of pollution-sensitive
species with pollution-tolerant species (Horne et al.
1999, Lerberg et al. 2000) rather than a loss of inver-
tebrate biomass. As a result, little prevents pollutants
from rapidly moving up the salt marsh food web to
top consumers such as fish and birds, where they can
bioaccumulate (Smith and Weis 1997, Maruya and Lee
1998, Horne et al. 1999, Burke et al. 2000, Newell et
al. 2000) and pose greater threats to these taxa and to
humans.
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