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“Capsule”: This review should be useful in guiding future research to improve oil spill response efficiency.

Abstract

The objective of this review was to synthesize existing information regarding the effects of petroleum hydrocarbons on marsh
macrophytes in a manner that will help guide research and improve spill-response efficiency. Petroleum hydrocarbons affect plants
chemically and physically. Although plants sometime survive fouling by producing new leaves, even relatively non-toxic oils can
stress or Kkill plants if oil physically prevents plant gas-exchange. Plant sensitivity to fouling varies among species and among
populations within a species, age of the plant, and season of spill. Physical disturbance and compaction of vegetation and soil
associated with clean-up activities following an oil spill appear to have detrimental effects on the US Gulf coast marshes. Other
techniques, including the use of chemicals such as cleaners or bioremediation, may be necessary to address the problem. Clean-up
may also be beneficial when timely removal prevents oil from migrating to more sensitive habitats. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Coastal marshes contain productive, diverse habitats
that are important for reasons ranging from protection
of shorelines from wave actions (Webb, 1977) to pro-
viding fish and wildlife habitats, and improving water
quality (Mitsch and Gosselink, 1993). Field and
laboratory studies of the effects of oil on coastal marsh
vegetation are numerous (Tables 1-3), but our ability to
predict the effects of oil on marsh vegetation is limited
because no single study has, or likely ever will, address
the many factors controlling vegetation responses.
Laboratory studies generally allow detailed study of one
to several factors under a relatively narrow range of
conditions and, therefore, provide limited application to
field situations. On the other hand, data gathered from
oil spills in the field are often difficult to interpret or are
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of limited predictive value because of the lack of pre-
spill site characterization, difficulties in establishing
post-spill control or reference sites, and differences in
the clean-up methodologies employed (Mendelssohn et
al., 1993a, 1995). Furthermore, many important ques-
tions regarding the mechanisms of oil actions at the
suborganismal level, e.g. cellular level and process level
remain unanswered. The objective of this review is to
synthesize existing information in a manner that may
help researchers and managers understand how oil
affects macrophytes in coastal systems. Emphasis was
placed on US Gulf coast marshes, where significant
petroleum exploration, refining, storage, and transpor-
tation subject tidal marshes to occasional spills.

2. Plant response to fouling
The short-term, adverse effects of oil on plants range

from reductions in transpiration and carbon fixation to
plant mortality (Baker, 1970; DeLaune et al., 1979;
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Table 1

Effects of Louisiana crude oil (unless otherwise noted) on US Gulf coastal marsh species

Exposure Species Effects

Reference

0.251m 2 spill in marsh

0.28 I m 2 spill in marsh S. alterniflora and
S. patens

11m 2exp. marsh S. alterniflora

21m 2 oil in marsh S. alterniflora

Spartina alterniflora  Little damage to existing stocks and new colonizers

64% decrease in cover in mixed species assemblage

No significant difference in above-ground biomass

No significant difference in above-ground biomass CO,

de la Cruz et al., 1981
Mendelssohn et al., 1990

DeLaune et al., 1979
Smith et al., 1984

fixation decreased at 6 days and recovered at 13 days

21m 2 on foliage, S. alterniflora
S-week study
Mexico Sour crude

81m 2

Oil (undetermined)

. alterniflora
. alterniflora

321m 2 greenhouse . alterniflora

n !t 1 «\»n

8 Im 2 and higher in
greenhouse

. alterniflora

8 1 m 2 and higher in S. patens
greenhouse
Upto241m 2 Sagittaria lancifolia

Chronic exposure to mixed  S. alterniflora
hydrocarbons at a rate
0f3.3-33.3gCm 2day !

51m 2 to sediment only S. patens

100% oil cover: no photosynthesis
Partial oil: photosynthesis decreased 50-80%

No significant difference in above-ground biomass
Decreased production early, but no long-term effects
No significant difference in above-ground biomass

No regrowth in the year following oil application

Significant reduction in photosynthetic rate, above-ground
biomass and no regrowth in the year following oil application

Significant increase in biomass and stem density

Non-linear response; stimulated plant growth and microbial
activity at low level, but inhibited at higher levels

Significant reduction in photosynthesis, proportion dead

Pezeshki and DeLaune, 1993

Crow et al., 1976

Lytle, 1975

DeLaune et al. 1979

Lin and Mendelssohn, 1996

Lin and Mendelssohn, 1996
Lin and Mendelssohn, 1996

Li et al., 1990

Hester et al., 1998

above-ground tissue, and regrowth

8 Im 2 to sediment only S. alterniflora

Significant intraspecific variation in these responses

Table 2

The effect of crude oil followed by use of vegetation removal, dispersants, or cleaners on US Gulf coastal marsh plant species

Exposure Species Effects

Reference

21m 2 oil in marsh Spartina alterniflora

No significant difference in above-ground biomass;

Smith et al., 1984

CO, fixation decreased in 6 and recovered in 13 days

21m 2oil + dispersant in marsh  S. alterniflora

No significant difference in above-ground biomass;

Smith et al., 1984

CO, fixation not decreased

No significant difference in biomass or CO, fixation

No significant difference in biomass or CO, fixation

No significant difference in biomass or CO, fixation

75% decrease in biomass and some decrease in CO, fixation
Temporary decrease in plant gas-exchange and growth

Improved plant gas-exchange and regeneration attributed

DeLaune et al., 1984
DeLaune et al., 1984
DeLaune et al., 1984
DeLaune et al., 1984
Pezeshki et al., 1995
Pezeshki et al., 1997

to the use of cleaner

21m 2 field study S. alterniflora
Oil + water flush S. alterniflora
Oil + mechanical cleaning S. alterniflora
Oil + concentrated dispersant S. alterniflora
Oil + cleaners S. alterniflora
Oil + cleaners S. alterniflora
Oil + vegetation removal S. alterniflora

Significant decrease in biomass and slow recovery (> 2 years)

DeLaune et al., 1984

Alexander and Webb, 1985a; Pezeshki and DelLaune,
1993). Death of Spartina alterniflora has been reported
when high levels of crude oils accumulated in the soil or
remained in the marsh for extended periods of time (Holt
et al., 1978; Alexander and Webb, 1987; Krebs and
Tanner, 1981a, b). Direct effects of oil on plants result
from physical effects and chemical toxicity. The effects
vary depending on a number of variables including type

of oil (Table 3). Specific gravity at a given temperature
and other measures are used to compare density or
weight of oils, but for general ecological uses oil may be
classified into five categories: (1) very light oils such as
jet fuels and gasoline; (2) light oils such as diesel, No. 2
fuel oil, and light crude oil; (3) medium oils including
most crude oils; (4) heavy oils such as No. 6 fuel oils,
Bunker C, and heavy crudes; and (5) very heavy oils
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Table 3

The effect of refined petroleum hydrocarbons on coastal marsh plant species

Exposure Species Effects Reference

No. 2 fuel oil Spartina alterniflora  Complete—partial loss of above-ground biomass Webb et al., 1985

No. 2 fuel oil, 1 I m 2 S. alterniflora

No. 2 fuel oil, 1 Im 2 to sediment S. alterniflora

No. 2 fuel oil, 1.51m 2 to sediment  S. alterniflora
and lower plant stem

No. 2 fuel oil, 21 m 2 to sediment
and total plant coverage

S. alterniflora

Fast regrowth (1 year)

Decreased above-ground live biomass after 5 and
12 months

Decreased live above-ground biomass after 1, 5,
and 12 months

No live above-ground tissue after 1 month;
decreased live above-ground biomass after

Burger, 1994
Alexander and Webb, 1985b

Alexander and Webb, 1985b

Alexander and Webb, 1985b

5 and 12 months

No. 6 fuel oil in marsh S. alterniflora

No. 6 fuel oil in marsh (‘banding’) S. alterniflora

No. 6 fuel oil, 21 m 2 to sediment
and total plant coverage

S. alterniflora
biomass

Continuous refinery discharge at oil
concentration of 30 ppm

Spartina anglica

Increased growth of oiled vegetation

Initial total loss of above-ground biomass but
resprouted in 4 months

Temporarily (1 month) decreased live above-ground

Hershner and Moore, 1977;
Stebbings, 1970

Proffitt and Devlin,
unpublished data

Alexander and Webb, 1985b

Mortality resulted from thin oil film that coated plants Baker, 1971b
following high spring tides

that may not float on water such as some heavy No. 6
oils. This classification is not precise, but can be used to
address the effects of different oil types.

2.1. Physically induced effects

Physical impacts of oil on plants act primarily
through the coating of the plant foliage and soil sur-
faces. When oil coats plant leaves, temperature stress
may occur, e.g. temperature rises in leaves because
of blocked transpiration pathways (Pezeshki and
DeLaune, 1993). Leaf photosynthesis is also reduced
because of restricted entry of CO, due to blocking of
stomatal pores (Pezeshki and DeLaune, 1993; Webb,
1994; Pezeshki et al., 1995). The degree to which trans-
piration and photosynthesis are reduced by physical
blockage of stomata depends on the amount of plant
covered by oil (Table 1), which in turn varies with the
amount of oil spilled, the hydrologic conditions (tides,
winds), oil type and the dispersion of oil. Stomatal
blockage can lead to plant mortality or can be followed
by recovery of gas-exchange activity and regrowth of
new shoots, as has been reported for several marsh
species including Spartina alterniflora (Pezeshki and
DeLaune, 1993; Webb, 1994) and Juncus roemerianus
Sheele (Pezeshki and DeLaune, 1993).

The transport of atmospheric oxygen from the leaves
to roots in wetland plants is well documented as a cri-
tical mechanism of reducing oxygen stress in plant roots
growing in flooded environments where soil oxygen is
limited or essentially absent (Armstrong, 1979). There-
fore, if oil blocks leaf stomata, oxygen diffusion to the
roots decreases and root oxygen stress increases, which
is a primary factor limiting plant growth in wetlands

(Mendelssohn and McKee, 1988; Pezeshki et al., 1989).
Similarly, oil covering the soil surface restricts the
movement of oxygen into the soil and can result in more
anaerobic soil conditions, thereby exacerbating oxygen
stress on plant roots (Ranwell, 1968; Cowell, 1969).

2.2. Chemically induced effects

The chemical impacts of oil on vegetation vary greatly
among oils. For instance, certain crude oils such as
Arabian Crude, Libyan Crude, Mexican Crude, and
No. 6 fuel appeared to have few short-term effects on
Spartina alterniflora (Tables 1, 2). In contrast, refined,
light oils and Bunker C apparently penetrate into plants
and subsequently prevent leaf and shoot regeneration
(Webb, 1994; Pezeshki et al., 1995, 1997, see Table 3). A
further consideration of the impact of oil on salt marsh
plant species was raised by Gilfillan et al. (1989), who
reported that in some salt-tolerant plants, petroleum
hydrocarbons may damage root membranes, thereby
adversely affecting the ionic balance of the plants and
their ability to tolerate salinity. Chemical effects can
also be classified on the basis of fouling of leaves and
fouling of soil. Leaves, but not soil, can be fouled when
oiled waters pass through a marsh during high or storm
tides. Soil can be fouled when oil is stranded by falling
waters; soil fouling is otherwise associated with chronic
exposure to hydrocarbons.

2.3. Fouling of leaves versus fouling of soils
Fouling of leaves appears to have more immediate

effects than fouling of the soil surface, which can lead to
more persistent exposure of new shoots (Mendelssohn et
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al., 1990; Mendelssohn et al., 1993a; Webb, 1994; Lin
and Mendelssohn, 1996). Shortly after leaf fouling,
Spartina alterniflora plants have been observed to dis-
play reduced stomatal conductance and no detectable
photosynthetic activity, which suggests the potential
breakdown of photosynthetic apparatus in leaves
directly subjected to oil application (Pezeshki et al.,
1995). Such breakdowns of leaf structure and/or chlor-
ophyll system may occur because of blocked stomata
leading to reduced transpiration; thus, dramatic leaf
temperature increases and/or direct adverse effects of oil
penetrating into the leaf tissue destroying cellular integ-
rity. In Spartina alterniflora, fouling has been reported
to lead to death of leaves up to 40 days after fouling
(Pezeshki et al., 1995).

Although initial, short-term adverse effects of oil on
leaves are often dramatic, plants may recover in the
long term. For instance, complete fouling of Spartina
alterniflora plants with South Louisiana crude initially
caused rapid death of all leaves (Pezeshki et al., 1995).
However, new leaf production began within 2 weeks,
and 2 months after fouling, new leaves showed similar
gas-exchange rates to those of control plants. Similar
conclusions have resulted from other experiments with
Spartina alterniflora and J. roemerianus (DeLaune et al.,
1979; Smith et al., 1984; Pezeshki and DeLaune, 1993).
Refined products have a different effect on leaves than
crude oils. For instance, Spartina alterniflora plants
oiled with Bunker C oil did not produce new leaves and
the plants died (Pezeshki et al., 1995). Information on
the relative toxicity of other petroleum hydrocarbons on
marsh vegetation under controlled conditions is lacking.

Chronic oil spills and spills that are stranded by high
tides may allow oil to penetrate and accumulate in the
soil. It appears that soil type (sand, loam, clay) and soil
organic matter (SOM) play important roles in the fate
of petroleum hydrocarbons in soil, the extent of damage
to vegetation, and the rate of recovery of marsh plants.
In general, oil impact on vegetation is most significant
in highly organic soils. Labile SOM probably slows
biodegradation because it can replace petroleum hydro-
carbons as a substrate for hydrocarbon-consuming
bacteria. Consumption of SOM can also lower nutrient
availability if the organic matter has low nutrient con-
tent. For these two reasons, SOM might be expected to
increase the time that plants are exposed to toxins. On
the other hand, SOM may sorb toxins, thereby reducing
their bioavailability. Thus, SOM may reduce the effects
of hydrocarbons on plants. Most petroleum compo-
nents, generally, are nonionic and, therefore, associate
more readily with organic than with mineral particles in
soil (Testa and Winegardner, 1991). In an experimental
oil spill, Lin and Mendelssohn (1996) found that the oil
concentrations in the soil were strongly associated with
the SOM content. In the range of 4-24 1 m 2 of oil
dosages, the Spartina patens (Ait.) Muhl. marsh sods

with higher SOM constantly had the higher oil con-
centration in the soil, while the low oil concentration
was found in the Spartina alterniflora sods, which had
the lower SOM. In addition, Lin and Mendelssohn
(1996) found that the oil concentration was as high as
279 times greater in the marsh soil with 42% of organic
matter, compared to the soil with same mineral compo-
sitions but organic matter removed. Given that the
amount and quality of the SOM is likely to vary with
dominant vegetation, it is possible that the influence of
SOM on vegetative response to hydrocarbons varies
with dominant vegetation. However, much work needs
to done to determine how SOM influences plant
responses to petroleum hydrocarbons. Results from a
recent mesocosm study (Dowty, 1998) showed sig-
nificantly less residual oil remaining 18 months after
oiling (both at 5 and 10 1 oil m 2) in commercial topsoil
(mineral) than in a mix of topsoil with 50% peat (by
volume). When oiled, Panicum hemitomon, Sagittaria
lancifolia L., and Phragmites australis displayed greater
rates of photosyntheis and biomass production in the
topsoil treatment. Overall, the best plant response and
the lowest levels of residual oil (after 18 months) were
obtained in the topsoil sediment planted with either
Panicum hemitomon or Sagittaria lancifolia.

Some studies indicate that size fraction of soil mineral
matter (i.e. sand, silt, clay) influences degradation rates
such that clays slow degradation (e.g. Apitz and Mye-
teys-Schulte, 1996). Slower degradation rates might then
increase the time that plants are exposed to toxins.
However, saline marshes generally have more mineral
matter (primarily clays) than fresh marshes (Nyman et
al., 1990) but saline marshes have more oil-sensitive
vegetation than fresh marshes (DeLaune et al., 1996). In
addition to SOM, the soil texture could also affect the
residual oil concentration in the soil and marsh vegeta-
tion. In comparing the effects of soil texture, Ferrell et
al. (1984) reported that Spartina alterniflora grown in
finer textured marsh substratum were less affected by
the presence of oil in substratum than were those grow-
ing in coarser sand. The differential response to sub-
stratum type was probably due to the difference in pore
space size. Large pore spaces in sandy substratum
would allow deeper and more rapid penetration of oil,
whereas smaller pore spaces in fine-textured marsh sub-
stratum would not be readily penetrated by oil. There-
fore, it appears that sensitivity varies primarily among
plant species, and that size fraction of soil mineral mat-
ter may play a secondary role in moderating the sensi-
tivity within a plant species. However, much work needs
to be done before the influence that size fraction of soil
mineral matter plays in the response of vegetation to
petroleum hydrocarbons can be accurately predicted.

The effect that oil in the soil has on plants also varies
with the age of the plant. Mendelssohn et al. (1993b)
reported that under greenhouse conditions a fouling
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rate of 8 I m 2 of South Louisiana Crude to the soil of
Spartina alterniflora was required to significantly reduce
photosynthesis of established shoots, whereas only 4 1
m 2 was required to significantly reduce production of
tillers (i.e. new shoots that emerge from the base of the
plant) through the oiled soil. Therefore, oil concentra-
tions in soil that established plants tolerate can prohibit
tiller production. Preventing tiller production would
prevent natural regeneration and may contribute the
substantial mortality of Spartina alterniflora stands that
has been reported when high levels of crude oils accu-
mulated in the soil or remained in the marsh for exten-
ded periods of time (Holt et al., 1978; Krebs and
Tanner, 1981b; Alexander and Webb, 1987). Such
adverse long-term effects may impact overall system
productivity because marsh vegetation contributes to
the detritus-based food web of estuarine ecosystems
(Mitsch and Gosselink, 1993).

3. Season of spill

The season during which an oil spill occurs influences
the impact of oil on vegetation (Ranwell and Hewett,
1964; Baker, 1971a; Getter et al., 1984; Webb, 1994).
Ranwell and Hewett (1964) observed that during the
period of senescence, even relatively unweathered oil did
not cause significant mortality in salt marsh vegetation,
which suggests that plants are more sensitive to oil
application during their active growing period than
other periods. Alexander and Webb (1985b) reported
that No. 2 fuel oil applied to the soil and the entire
Spartina alterniflora shoot at a rate of 2 I m 2 caused a
greater reduction in live biomass in May (during the
growth season) than in November (at the end of
the growth season). The adverse effects of oil applica-
tion to Spartina alterniflora were more severe during the
spring season than the fall season (Webb, 1994). Lin
(1996) showed that South Louisiana crude oil applied to
soil reduced photosynthesis, above-ground biomass and
regeneration of Spartina alterniflora and Sagittaria lan-
cifolia more when oil was applied in June than when oil
was applied in late October. In much of these observa-
tions, it is clear that plants are more sensitive to oiling
during the growing season than during the pre-dormancy
or dormant season. During the growing season plants
are active; thus, any interruption of plant physiological
functions or damage to plant tissue can lead to obvious
symptoms. Much of this sensitivity is due to the inter-
ruption of physiological functions that result from oiling.
As previously stated, oil may cover leaf stomata, thereby
subjecting leaves to overheating and death as a result of
reduced transpiration and the added heat absorbed due
to oiling (Pezeshki et al. 1995). Oil may also penetrate
into the leaf tissue resulting in tissue damage. Baker
(1971a) indicated that a marked reduction of flowering

can occur if plant above-ground tissues are oiled when
flower buds are developing; and flowers, if oiled, rarely
produce viable seeds. Additionally, oiling of seeds may
reduce germination. Clearly, more research is needed to
address the physical and chemical effects of oil on plant
tissue. However, the task is complicated due to varia-
tion in sensitivity of plant tissues to oiling as well as
differences in chemical composition of oils.

4. Interspecific sensitivity to oil spills

Tidal marshes are composed of diverse plant species
occupying various ecological zones including salt,
brackish and freshwater habitats. The salt marsh,
brackish, and freshwater marshes differ in plant species
and hydrologic regimes and, therefore, differ in func-
tions. For instance, tidal freshwater marshes typically
support a more diverse plant and wildlife community,
though salt marshes generally support more commer-
cially important estuarine fish species. The majority of
investigation on the effects of oil on wetland vegetation
have been largely conducted in salt marsh plant com-
munities (DeLaune et al., 1979; Ferrell et al., 1984;
Alexander and Webb, 1985a, b, 1987; Li et al., 1990;
Mendelssohn et al., 1990, 1993a, b; Lin and Mendels-
sohn, 1996). Lin and Mendelssohn (1996) found that
Spartina patens, which dominates many brackish mar-
shes, was more sensitive than Spartina alterniflora to
South Louisiana crude but both suffered complete
mortality at oil dosages of 8 1 m 2 and above. Pezeshki
and DeLaune (1993) found that Jancus roemerianus,
which dominates many brackish and is common in
saline marshes, was initially less sensitive than Spartina
alterniflora although both species recovered rapidly
(Pezeshki and DeLaune, 1993).

Tidal, freshwater marshes are also subject to oil spills
because petroleum exploration, production, transpor-
tation, refining, occurs in and near these marshes.
However, little information is available on the effects of
oil on freshwater marsh plants. Lin and Mendelssohn
(1996) studied four fresh marsh plant species, Sagittaria
lancifolia, Eleocharis quadrangulata (Michx.) R.&S.,
Cyperus ordoratus L., and Ammania teres Raf. grown
in sods of the fresh marsh. C. ordoratus and A. teres
failed to survive in any of the oil-treated sods. E.
quadrangulata could only persist at oil levels up to but
not greater than 8 1 m 2. In contrast, Sagittaria lanci-

folia persisted at all oil dosages and formed mono-

specific communities at the higher oil dosages of 16 and
24 1 m 2, thereby exhibiting a high relative oil toler-
ance. In addition, it displayed enhanced growth in
response to higher oil dosages. Burk (1977) reported
that an oil spill in a freshwater marsh eliminated 18
plant species, reduced 14 species in relative abundance,
and increased or did not affect the relative abundance
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of 23 other species. The results demonstrate the range
of vastly different response of freshwater species to oil
spills.

Changes in plant community composition may also
become evident following an oil spill. The difference
has been attributed to variations in species’ sensitivit-
ies to fouling and the physical disturbance often asso-
ciated with the clean-up. For instance, in a spill of
South Louisiana crude oil in a brackish—saline marsh
in South Louisiana dominated by a mixture of Spartina
patens, Distichlis spicata (L.), and Spartina alterniflora,
Mendelssohn et al. (1990, 1993a) noted that Spartina
patens generally displayed poorer recovery than either
D. spicata or Spartina alterniflora. Spartina alterniflora
had the best recovery and showed some of the greatest
increases in live cover following the spill, probably due
to a higher tolerance to oiling than Spartina patens
(Mendelssohn et al., 1990; Lin and Mendelssohn, 1996).
On a more limited scale, D. spicata showed some loca-
lized increases in cover relative to Spartina patens
(Mendelssohn et al., 1990, 1993a). Therefore, it is pos-
sible that species differences in oil sensitivity may inter-
act with changes in the environment in determining
plant species community composition following an oil
impact.

5. Intraspecific sensitivity to oil spills

In addition to the interspecific variations in responses
of plants to fouling mentioned previously, intraspecific
differences in oil sensitivity also exist. Hester et al.
(1998) investigated intraspecific variation to oiling in the
widespread marsh macrophytes Spartina patens and
alterniflora. Ecotypes from 10 Gulf coast populations of
each species displayed significant intraspecific variation
in photosynthesis, vegetative regrowth through the oiled
sediment, and other plant growth variables when South
Louisiana crude oil was applied at the rate of 51 oil m 2
to the soil surface for Spartina patens and 8 1 oil m 2 for
Spartina alterniflora. Three months following oiling,
the most oil-tolerant Spartina patens ecotypes displayed
high net photosynthetic rates that were not significantly
different from their controls, whereas other ecotypes
still exhibited a 30-60% reduction in photosynthetic
rates. Results were similar for Spartina alterniflora
(Hester et al. 1998). Therefore, some of the apparent
inconsistencies in the reported responses of certain
marsh macrophytes to fouling may be explained, at
least in part, by within-species variation in oil sensitiv-
ity. This line of research also shows promise for identi-
fying oil-tolerant ecotypes that may be used in
accelerating the restoration or phytoremediation of oil-
impacted marshes, as well as in physiological studies
of underlying mechanisms of oil tolerance in marsh
macrophytes.

6. Effects of clean-up activities on marsh vegetation

Although some plant species apparently tolerate being
coated by some crude oils, refined oils on vegetation and
high soil concentrations of crude oils can destroy marsh
plant communities (Hampson and Mouls, 1978; Hersh-
ner and Lake, 1980). Thus, in cases where refined oils or
large amounts of crude oil are involved, clean-up may
be desirable, but it is not clear what clean-up operations
are most appropriate. The present clean-up methodolo-
gies of dealing with oil spills can be classified as
mechanical, in situ burning, chemical, and bioremedia-
tion. Determining a proper clean-up strategy involves
consideration of trade-offs between balancing the
potential damage to a marsh during the clean-up with
short- and long-term effects of oil toxicity in a particular
environment (Johnson and Pastorok, 1985).

Mechanical techniques involve collection and skim-
ming, cutting and removal of vegetation, and gentle
flushing with clean water. However, oil collection and
skimming may greatly damage plants (Kiesling et al.,
1988; OTA 1990; Owens et al., 1993a). Some on-scene
coordinators have cut and removed all oiled marsh
vegetation to prevent contamination of wildlife, but this
may cause permanent plant loss and soil erosion (Baca
et al., 1985). Cutting followed by subsequent prolonged
flooding of the marsh surface (via high tides or high
riverine flow) can be especially devastating to the vege-
tation because the pathway of oxygen transport (plant
foliage) to below-ground tissues (roots) is eliminated.
Cutting is, therefore, not beneficial, particularly where
marsh loss occurs and is largely attributed to subsidence
and increased flooding, such as in Louisiana’s coastal
marshes (Gagliano et al., 1981; Mendelssohn and
McKee, 1988). Mendelssohn et al. (1990) found that
physical disturbance and compaction of vegetation and
soil associated with clean-up activities (foot traffic
and marsh buggies) had detrimental and long-lasting
effects on an oiled brackish—saline marsh in Louisiana.
Subsequent transplant experiments confirmed that fail-
ure of Spartina alterniflora to recover in the area heavily
impacted during the clean-up was due to decreased soil
elevation, not residual oil remaining in the soil (Men-
delssohn et al., 1993a). Hoff et al. (1993) similarly
reported that human foot traffic caused greater mortal-
ity to a Salicornia/Distichlis marsh than North Slope
crude. In addition, foot traffic and other mechanical
activity can drive hydrocarbons into the subsurface,
where they degrade more slowly (Owens et al., 1993b).
Thus, physical responses, other than gentle flushing of
water through the oiled marsh, need to be carefully
considered because clean-up activities can kill marsh
vegetation and create shallow ponds that will not reve-
getate. Thus, chemical responses and other less intrusive
clean-up methodologies appear viable alternatives to the
physical removal of oil from fragile marsh environments.
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Although oiled vegetation may return to normal
without clean-up operations in areas of marsh where
little oil accumulates on the soil surface, recovery is not
likely where significant oil accumulation on the soil
surface causes plant mortality, prevents regeneration,
and causes loss of surface elevation. In such areas,
sediment stripping might be useful. Sediment stripping
results in complete plant mortality and eliminates
the potential for recovery but plant recovery is unlikely
in such areas anyway (Krebs and Tanner, 1981a, b).
Following stripping, vegetation can return to normal if
the original elevation is restored by filling with sedi-
ments (Krebs and Tanner, 1981b; Vandermeulen et al.,
1981). Stripping without restoration of the original ele-
vation not only prevents revegetation of the stripped
area because of excessive flooding, but might also
increase tidal prism and cause adjacent healthy areas to
erode (Krebs and Tanner, 1981b; Vandermeulen et al.,
1981).

In situ burning of oiled marshes is another alternative
to physically impacting the marsh during oil spill clean-
up (Allen and Ferek, 1993). In situ burning results in an
immediate reduction of plant cover, which may take up
to 3 years to recover, often with an accompanying tem-
poral shift in species dominance (Mendelssohn et al.,
1995; Pahl et al., 1997). For instance, in experimental
oiled field plots, Pahl et al. (1997) reported that burning
resulted in a shift in species composition enhancing site
recolonization by Scirpus robustus replacing previously
dominated D. spicata and Spartina patens. Guidelines
for in situ burning are generally similar to those recom-
mended for prescribed burns in managed marshes
(Nyman and Chabreck, 1995) and may be more suitable
for wetlands where fire is used as a management tool
regularly (Pahl et al., 1997). In general, in situ burns are
most successful during periods of low growth or dor-
mancy (late fall and winter) and when the marsh surface
is flooded by a few centimeters of water (Mendelssohn
et al., 1995; Nyman and Chabreck, 1995). These condi-
tions take advantage of periods of high below-ground
reserves for adequate regrowth initiation and minimize
fire and heat damage to below-ground roots and rhi-
zomes. As is the case in cutting oiled vegetation, in situ
burning should never be conducted immediately prior
to an anticipated rise in water levels because of the
potential for plant stress and/or death resulting from
insufficient oxygen transport to below-ground tissues
(Mendelssohn et al., 1995). Flooding following burning
adversely affected plant growth in many species (Smith
and Kadlec, 1985; Pezeshki and DeLaune, 1993; Kirk-
man and Sharitz, 1994; Nyman and Chabreck, 1995;
DeLaune et al., 1997; Pahl et al., 1997).

Chemical responses to oil spills include use of dis-
persants, cleaners, and soil oxidizers. Dispersants are
becoming less toxic and their use may increase (Cun-
ningham et al., 1991; Owens et al., 1993a). However,

dispersants are not likely to be deployed directly in
marshes where there is little water to dilute the dispersed
oil (OTA, 1990). Instead, dispersants are more likely to
be used in deep water with good circulation. However,
marsh plants could still be exposed to dispersants and to
dispersed oil present in adjacent rivers, bayous, lakes, or
bays. Unfortunately, no data are available to evaluate
the effects of dispersants or dispersed oil on marsh
vegetation.

A new chemical alternative is a cleaner rather than a
dispersant (Fiocco et al., 1991); cleaners do not disperse
oil but allow oil to be washed from surfaces, such as
rocks or vegetation, back into the water where it can be
collected. Cleaners might someday be used to clean
marsh vegetation fringing rivers, bayous, and lakes
where wildlife use is concentrated because fringing
marshes are heavily utilized by wildlife even though they
are small in area. Fouling of fringing marshes has
caused significant bird mortality in previous oil spills
(Alexander et al., 1979). Teas et al. (1993) showed that
cleaning prevented mortality of oiled red mangroves
(Rhizophora mangle L.) by removing oil that otherwise
suffocated roots. Pezeshki et al. (1995) showed that
cleaning prevented mortality of Spartina alterniflora
coated with Bunker C. Cleaning South Louisiana crude
from Spartina alterniflora prevented leaf death, but was
not needed to prevent plant death (Pezeshki et al.,
1995). Other studies reported differences in response to
oiling and commercial cleaners among marsh species
(Pezeshki et al., 1998). The use of this method, however,
requires more information regarding the potential toxi-
city of cleaners to various organisms (Fingas et al. 1989;
Fiocco et al. 1991).

Another clean-up technique is known as bioremedia-
tion. Bioremediation is an emerging technology referred
to as ‘“‘the emerging oil spill countermeasure of the
1990s” (Boufadel and Suidan, 1997; Lee et al., 1997).
It is defined as “‘the act of adding materials to con-
taminated environment to cause an acceleration of the
natural biodegredation processes” (Mearns et al., 1997).
Bioremediation agents include biostimulation, e.g. add-
ing nutrient or oxygen and/or bioaugmentation, e.g.
addition of oil-degrading microorganisms (Lee et al.,
1997). The microorganisms may be indigenous or
adapted microbial populations. The microbial activities
lead to degradation of toxic petroleum products into
carbon dioxide and water. Laboratory studies have
demonstrated promising results from the addition of
nutrients to stimulate microbial activities, as well as
utilizing oil-degrading microorganisms to enhance the
degradation of petroleum hydrocarbons although field
results are much more limited (Venosa et al., 1991;
Swannelle et al., 1996; Lee et al., 1997).

The application of nutrients to oiled marshes appears
to accelerate bacterial consumption of the oil. Nutrients
may be applied to spilled oil in water bodies before it
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reaches the marsh. Nutrient additions also are the only
response that could conceivably be applied on a wide-
scale basis to marshes that have already been fouled
with oil. However, some plant communities may be
sensitive to nutrient additions, as indicated by the
effects of chronic nutrient additions to the Florida
Everglades (Davis, 1994). Furthermore, the fate of
added nutrients is often unknown and should be deter-
mined to prevent eutrophication of adjacent water
bodies. Phosphorus added to marshes is more likely
to be transported to adjacent water bodies than nitro-
gen because wetland conditions may promote deni-
trification (Mitsch and Gosselink, 1993), but it is not
known which fertilizer formulations simultaneously
maximize oil consumption and denitrification. Results
from a large-scale field study in Delaware Bay, USA,
demonstrated that in certain areas nutrients were the
predominant factor limiting biodegradation (Mearns et
al., 1997). As was pointed out by the authors, the
results are more applicable to sand beaches and not
to other environments such as marsh ecosystems.
The need for addition of oil-degrading microorganisms
to an oiled sand beach has been questioned (Venosa et
al., 1996; Lee et al., 1997; Mearns et al., 1997). In
addition, other studies have demonstrated that bio-
augmentation may not improve the results over biosti-
mulation (Atlas, 1995), although there are studies
that show otherwise (Aldrett et al., 1997). Since the
main objective of bioremediation is to facilitate the
removal of contaminant from the environment while
minimizing ecosystem disturbance, additional research
studies are needed to further test the efficiency, safety,
and applicability of various bioremediation techniques
under field conditions and across a wide range of eco-
systems.

Another response to spilled oil may be no action,
which is also known as natural attenuation and has
been the response for some rocky shorelines and sensi-
tive wetlands (OTA, 1990; Mearns, 1993). Natural
attenuation reduces oil concentrations because oil eva-
porates and naturally degrades in marsh soils (DeLaune
et al., 1980; Hambrick et al., 1980) and because marsh
plants can recover from fouling with some oils even
though some leaf death may occur (Pezeshki et al.,
1995, 1997). Under certain conditions, natural attenua-
tion may be the best approach because physical clean-
up activities can be so damaging to vegetation and
because of uncertainty regarding cleaner and dispersant
toxicity and the fate of added nutrients (OTA, 1990;
Mearns, 1993).

7. Indirect effects

Oil also may affect soil microbial communities
(Alexander and Schwarz, 1980), which control nutrient

remineralization and thereby regulate vegetative pro-
ductivity and energy flow from plants through food
webs (Knox, 1986). Thus, if toxic components of oil
inhibited bacterial decomposition of SOM and the
associated nutrient remineralization, then plant growth
might be slowed. Burns and Teal (1979) found oil in
marsh soil 7 years after one spill, which indicates the
potential for long-term effects. However, Li et al. (1990)
noted that low doses of an artificial mixture of 10
hydrocarbons stimulated microbial activity, and
Nyman (1999) found that Louisiana and Arabian crude
oils accelerated rather than slowed microbial activity in
fresh marsh soils. Accelerated organic matter miner-
alization would suggest increased nutrient reminer-
alization rates and might explain observations of
enhanced plant growth following petroleum hydro-
carbons application to Spartina alterniflora (Hershner
and Moore, 1977; Krebs and Tunner, 1981b; Li et al.,
1990) and Sagittaria lancifolia (Lin and Mendelssohn,
1996). However, additional data are needed regarding
the effects of other oils and the responses of other
marsh types before definitive cause and effect relation-
ships can be established.

8. Concluding remarks and future research direction

Coastal marshes are composed of diverse macrophyte
species occupying various ecological zones. Such species
diversity requires species- and oil-specific data to assess
the effects of oil on various plant communities, as well
as the potential differences among dominant species to
different oil types that are being explored, refined,
stored or transported in the region. More research is
needed to assess the effects of oil on non-saline marsh
plant species. In addition, data are needed on the effec-
tiveness of methods used in removing oil from vegeta-
tion including bioremediation, in different marsh
habitats and the potential sensitivity of various species
to such approaches.

The effects of oil spills on marshes are complex and
need to be considered at several scales of resolution and
modes of impact. It is generally recognized that lighter
weight oils are more immediately toxic to plants and
other organisms than heavier oils. However, many of
the modes of impact to marsh macrophytes involve
effects related to smothering of the gas-exchange sur-
faces of the plant, or of limiting gas-exchange into an
oil-coated soil. For these types of impacts, heavier
weight oils can be as detrimental to vegetation health as
lighter weight oils, which act at the cellular level by
altering membrane permeability or disrupting various
facets of the plants’ metabolism.

Direct effects of fouling of marsh macrophytes tend to
be most severe on above-ground tissue and often act via
direct tissue toxicity or blockage of plant gas-exchange
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(transpiration and photosynthesis). The effects of oil on
the soil can lead to increased oxygen stress in below-
ground tissues due to reduced gas exchange between soil
and atmosphere, thereby disrupting root membranes
and ion selectivity, and may adversely affect vegetative
regrowth as new, sensitive shoots contact the oil as they
emerge.

Differences in the sensitivity to fouling are evident at
the level of the plant community, the species, and the
individual. For instance, Sagittaria lancifolia, a domi-
nant freshwater marsh species, is highly resistant to
fouling and may even show enhanced photosynthetic
rates subsequent to fouling with South Louisiana
crude. In contrast, Spartina patens, a dominant brack-
ish marsh species, is more sensitive to fouling than
Sagittaria lancifolia and Spartina alterniflora. Further-
more, ecotypes of Spartina patens and alterniflora col-
lected along the US Gulf coast displayed significant
intraspecific variation in their response to fouling.
Future research is needed that addresses the specific
effects of oils on within-plant processes, the potential
differences in plant response to fouling between healthy
plants versus plants stressed by other environmental
factors such as flooding, drought, nutrient deficiency
and salinity stresses, and mechanisms underlying dif-
ferences among various marsh species (and within a
given species) in their susceptibility or tolerance to
fouling. In addition, more research is needed to study
the diverse effects of oil on fresh marsh plant commu-
nities due to the likelihood of greater species diversity
and the resultant diverse mosaic of responses to fouling
in these plant communities.

Small oil spills, depending on oil type and amount,
may not require extensive clean-up. In fact, activities
associated with physical clean-up (such as marsh buggy
traffic and human foot traffic) may actually drive oil
into the sediment or destroy the plant root and below-
ground network, thereby causing plant mortality and
delayed (if not permanently failed) recovery. Indirect
effects on the microbial community and nutrient
cycling, as well as possible loss of marsh surface eleva-
tion following plant stress and/or death from fouling,
need to be considered when assessing oil impacts and
formulating management and restoration plans. Clean-
up activity may be beneficial in areas subject to large oil
accumulations on the soil surface, such as occur in some
areas affected by large spills or chronic spills, or when
containment and timely removal are necessary to pre-
vent oil from being transported to more sensitive wet-
land habitats. Given an inability to predict which
portions of oiled wetlands will recover and which por-
tions will experience long-term plant mortality, it may
be impossible to determine which portions of the wet-
land require remediation at the time of a spill. Such
determinations may require waiting a complete growing
season following the spill.
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