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ABSTRACT: A simulated oil spill was carried out under controlled 
conditions at an estuarine mangrove forest dominated by Rhizophora 
mangle. Two mitigation strategies were thereafter applied: addition of 
nutrients to restore sediments CIN and CIP ratios and addition of a 
commercial shoreline cleaner without further surface washing. Photo-
synthetic capacity of leaves, soil respiration rate, and litter disap-
pearance rate were measured periodically to evaluate differential re-
sponses of these community functional variables to the treatments. 
Application of shoreline cleaner negatively affected the productive ca-
pacity ofR. mangle leaves. Soil respiration rate was stimulated in all of 
the oiled experimental plots but to a lesser extent in those where shoreline 
cleaner was applied—presumably as a result of less retention of hydro-
carbon fractions in the sediments. Although litter increased its dry 
weight by 0.4 percent as a result of hydrocarbon addition, its disap-
pearance rate did not slow down and remained unaltered among the 
different treatments compared to controls. Results suggest that the stud-
ied mangrove community possesses the capability to respond to moder-
ate, medium crude oil spills. Neither the use of a shoreline cleaner nor 
the addition of nutrients alone is recommended as a mitigation strategy 
under such conditions. 

Mangrove communities are among the most productive ecosystems 
in the world. They typically develop in low energy land-water interfaces 
and their interaction with the surrounding environment involves both 
the interception of energy and nutrients and the liberation of organic 
matter and mineral nutrients into other adjacent ecosystems, which 
generally give support to complex trophic chains.15 Those characteris-
tics convert mangrove forests into critical areas for anthropogenic 
environmental impacts. Past experiences have corroborated this asser-
tion.711 From an ecosystems point of view, a mangrove forest may 
be modelled as consisting of an aerial and an edaphic compartment 
coupled by processes of transference and cycling of organic matter, 
mobilized by the radiant energy trapped by photosynthesis.13 The car-
bon fixed by photosynthetic organisms is made available to other eco-
systems components via herbivores or detritivores, through direct 
consumption, or by decomposition processes. 

Anthropogenic impacts to mangrove ecosystems are expected to 

alter functional variables usually operating in those natural systems. 
Mitigation strategies directed towards restoration or recovery of af-
fected ecosystems should consider the study and monitoring of those 
critical variables: litter-fall dynamics (related to primary productivity 
and organic matter turnover rate), litter disappearance rate (storage 
and export rate of nutrients and organic matter), photosynthetic capac-
ity (productive capacity), and soil respiration rate (organic matter 
mineralization rate). These variables provide information about the 
complex processes of production and cycling of organic matter suscep-
tible to comparison among a wide range of ecosystems.8 The evaluation 
of these functional variables under simulated or accidental anthro-
pogenic impacts adds realism to experiments necessary to reach inte-
grated holistic conclusions addressed to the formulation of appropriate 
mitigation strategies, frequently not considered during extrapolations 
from isolated results at laboratory level. The mangrove site considered 
for this study is part of important ecosystems associated with the Lake 
Maracaibo basin,16 which has been for many years the scene of routine 
oil extraction and transport activities. The present study is the first of a 
series designed to establish baseline ecological data about the structure 
and function of mangrove communities associated with this basin and 
to evaluate plausible mitigation actions to follow in case of oil and 
related products spills. 

Description of the study site 

The estuarine mangrove community under study is located to the 
northeast of the Lake Maracaibo basin, Venezuela (Figure 1). Water 
flows in from two different sources: daily and yearly tidal fluctuations 
and runoff from upland dry forests during the rainy season. The latter 
peaks at 125 mm during May and November at the site. Interstitial 
water salinity is moderate, ranging from 10 to 16%, showing little 
variation during the year. In places most subject to tidal action the 
vegetation is dominated by Rizophora mangle. Moderate numbers of 
Laguncularia racemosa individuals also develop at the intertidal zone 
where stagnant waters may occur. Other species, like the fern Acro-
strichium and halophytes species of Sporobolus, Batis, and Sesuvium, 
develop at the upper border of the forest and mediate the effects of 
upland rain runoff. 
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Figure 1. The study site in the northeast portion of Lake Maracaibo 
basin, Venezuela 

Experimental design 

Sixteen experimental plots of 9 m2 each containing a single medium 
size individual of Rhizophora mangle were located throughout an 11 ha 
area. Plots were of a circular shape isolating the individual plants with 
aluminum sheaths fixed to the sediments. This plot design, previously 
used elsewhere (e.g., McGuiness14), allowed tidal water exchange. A 
controlled oil spül was made over 12 randomly chosen plots by adding 
1 Lm"2 of TiaJuana medium gravity crude oil, leaving the four remain-
ing plots untreated as controls. Little work has been done on the effect 
of nonsevere, chronic oil spills in mangrove forests. The oil dose tested 
here corresponded to a moderate oil spill for mangrove forests accord-
ing to Sneadaker.17 The barriers used for the plots prevented massive 

removal of oil from the plots by tidal effects, thus simulating a worst-
case scenario for the oil dose tested. 

Two treatments were tested in the oiled plots. One was intended to 
enhance in situ bioremediation conditions by the addition of urea and 
triple superphosphate to reach C/N and C/P ratios of 60 and 800, 
respectively (4 random replicates). The other was a cleanup technique 
using a commercial shoreline cleaner without its later removal by 
flushing (4 random replicates). This shoreline cleaner is recommended 
for the cleanup of oiled mangroves18 and although instructions for the 
use of the shoreline cleaner indicates the removal of the residual of 
crude oil by flushing with water, the cleanup technique here tested was 
designed to obtain the worst-case scenario, in which the efficiency of 
the later removal of the cleaner-oil mixture could be constrained by the 
accessibility of the required water flushing equipment to certain areas 
of the mangrove forest. In addition, four oil treated control plots were 
left without further treatment. 

Several variables related to primary productivity and organic matter 
cycling were evaluated at different periods during the following six to 
seven months. The photosynthetic capacity of plants was evaluated in 
situ using a portable infrared gas analyzer from the Analytical Devel-
opment Co. (England) operated in the pseudo-differential mode and 
under saturating light conditions (>800 μÅπ^βßη m"2s" *) using direct 
sunlight or a portable battery-operated halide lamp attached to the leaf 
chamber. 

Curves of photosynthesis at different intercellular C02 concentra-
tions (A-ci) were also developed for some leaves of the treated and 
control plants and compared by adjusting least-square regression 
curves. For this last evaluation, light was kept at saturation and C02 
concentration was steeply diminished from its normal atmospheric 
value at the site (around 360 μbar bar-1) until levels of C02-free air 
were reached, using a bypass of a C02 chemical absorbent. These 
measurements were taken at temperatures between 30° and 33° C, 
cooling when necessary by forced air convection using a portable 
battery-operated fan directed towards the leaf chamber structure. 

Litter disappearance rate was evaluated by the method of litter bags 
decomposition.1 Briefly, 50 g of recently abscised dried leaves of R. 
mangle were placed into plastic net bags (0.5 mm mesh) and placed 
over the sediment in each experimental plot before the crude oil spill 
was simulated. A total of 30 of these bags were placed at each plot. 
Periodically, three bags were randomly collected and transported to 
the laboratory where residual material was carefully rinsed with tap 
water to eliminate sediments, and then oven dried at 60° C for 72 hours 
and weighed. The resultant loss of weight was expressed as a percent-
age of the original weight of litter introduced into the bag. Soil respira-
tion rate was periodically evaluated by the inverted chamber method of 
Walter and Haber.19 Carbon dioxide evolution from soil was deter-
mined as the change in dry weight of aliquots of soda lime placed in the 
chamber for the intertidal periods, which at the study site ranges 
between 10 and 24 hours during the year. 

Photosynthetic capacity 

A significant decrease (p < 0.05) in the photosynthetic capacity of 
leaves of oiled trees treated with shoreline cleaner (OS) was observed 
30 days after the oil spill took place (Figure 2). This was not observed 
at the oil + fertilizer (OF) and oil-control (O) trees, which remained 
similar to levels detected for untreated controls (C). However, after 
125 days of treatment application, reduction effects in photosynthetic 
capacity of leaves of O and OF plants were also found while the 
photosynthetic values of OS trees remained consistently affected. It is 
likely that the phytotoxicity of crude oil is dependent on several envi-
ronmental variables, which may show effects at later stages of action. 
Accessibility of crude oil to submerged root portions takes longer than 
when put into solution by the shoreline cleaner, and in addition toxic 
oil fractions are more readily available in the later case. 

Reductions in observed photosynthetic capacity were probably re-
lated to impairments of the biochemical machinery of photosynthesis. 
The carboxilation capacity (i.e., quantity of carbon photosynthetically 
fixed per unit of C02 available at the intercellular spaces) of photo-
synthetic apparatus at the OS leaves after 30 days of treatment applica-
tion decreased significantly when compared to other treatments 
(Figure 3). Furthermore, photographic sequences taken of the affected 
trees8 (not reproduced here) show a marked decrease in the leaf area 
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125 

Days after oil spill 

Figure 2. Photosynthetic capacity of leaves of individual trees sub-
jected to the different treatments, at two different times after the 
occurrence of the oil spill—Columns are mean values of n = 20, bars 
indicate one standard deviation—Control = vertical lines; oiled control 
= diagonal lines; oil+fertilizer = dots; oil + shoreline cleaner = 
horizontal lines 

index by leaf abscission of OS trees. [It should be pointed out that the 
OS treatment was applied to obtain the worst-case scenario, i.e., 
application of the shoreline cleaner in the recommended dose but 
without later removal with water of the resultant crude oil-cleaner 
emulsion.] In case of an actual oil spill, even though application of a 
shoreline cleaner could be an affordable task, the efficiency for its 
removal could be constrained by the accessibility of the required 
equipment to certain areas of the terrain. Although previous labora-
tory studies demonstrated low toxicity associated to the shoreline 
cleaner tested herein,6 the combination of crude oil and shoreline 
cleaner under field conditions could result in an acceleration of tox-
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Figure 3. Carboxilation capacity of leaves of individual trees under 
the different treatments, 30 days after the oil spill—Controls = 
squares; oiled controls = solid circles; oil+fertilizer = hollow circles; 
oil + shoreline cleaner = triangles—The leaves tested showed statis-
tically similar carboxilation capacity for the different treatments (slope 
of the curves), except for the oil + shoreline cleaner treatment which 
showed a lower carboxilation capacity. 

icological effects to the photosynthetic apparatus of individual 
Rhizophora mangle trees as suggested by these findings. Hydrocarbon 
fractions could be directly incorporated into the photosynthetic tissues 
or its effects could be mediated by blocking gaseous interchange at 
lenticels structures. Teas and colleagues demonstrated that a shoreline 
cleaner can effectively restore the capacity for gaseous interchange 
through lenticels.18 Assuming that restoration of lenticel gaseous ex-
change capacity had occurred, the results obtained here suggest that 
incorporation of hydrocarbon fractions into plant tissues could proba-
bly explain the observed decrease in photosynthetic capacity detected 
for OS individuals. 

Ë=| Litter disappearance rate 

Decomposition of plant detritus is largely conducted by bacteria and 
fungi,5 and the rate of this process depends, therefore, on all factors 
influencing their activity. Addition of crude oil into the litter compart-
ment of an ecosystem represents an abrupt increase in the carbon/ 
nutrients ratios that may slow down decomposition processes by alter-
ing substrate quality for the action of decomposer's metabolism. In the 
present experiment, litter seems to be an important component in the 
trapping of hydrocarbons although decomposition rates remain statis-
tically similar between different treatments in reference to control 
plots (Figure 4). This may indicate that factors other than litter quality 
are controlling its rate of disappearance and furthermore, it is likely 
that other factors instead of in situ decomposition are responsible for 
the actual rate of disappearance of litter at the mangrove forest stud-
ied. For mangrove ecosystems, it is well known that factors that pro-
mote anaerobiosis, such as waterlogging, inhibit the rate of plant 
detritus decomposition.5 On the other hand, tidal action may be mainly 
responsible for plant detritus disappearance by export into other adja-
cent aquatic ecosystems in this mangrove forest. The shoreline cleaner 
had an effect in washing the hydrocarbon fractions from the litter 
(Figure 4), thus promoting their solution in water and their removal 
by tidal action. 

Soil respiration rate 

The rate of C 0 2 release from soil increased significantly with the 
addition of crude oil regardless of the mitigation strategy taken there-
after (Figure 5). Similar results have been observed during sludge 
farming experiments4 and oil sludge biodégradation experiments un-
der similar environmental conditions,9 where increased C0 2 evolution 
in soil has been correlated to stimulation in the metabolism of degrad-
ing microorganisms and/or increase in their population numbers. The 
rates of C0 2 evolution obtained are similar to those resulting from 
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Figure 4. Litter disappearance rate of the different treatments for 
samplings during six months following the oil spill—controls = 
squares; oiled controls = solid circles; oil + fertilizer = hollow circles; 
oil + shoreline cleaner = triangles 
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Figure 5. Soil respiration rate at the plots under different treatments 
for eight sequential samplings during intertidal periods—Controls = 
squares; oiled controls = solid circles; oil + fertilizer = hollow circles; 
oil + shoreline cleaner = triangles 

bioremediation experiments.10 However, the addition of nutrients to 
the sediments did not translate into significant increases in the respira-
tion rate of soil when compared to the treatments where addition of 
nutrients was absent, indicating that other variables in the sediment 
system, not only the nutrient ratios, are probably controlling the rate of 
C 0 2 evolution from these soils. Although the availability of nutrients, 
mainly nitrogen and phosphorous, are generally the main limiting 
factors to hydrocarbon biodégradation,3 other conditions, such as low 
oxygen content in sediments caused by waterlogging, may limit micro-
bial metabolism in mangrove communities,2 placing a ceiling to the 
maximum hydrocarbons biodégradation rate attainable by indigenous 
microorganisms. 

Nevertheless, the results shown here indicate that addition of crude 
oil to the sediments of the mangrove forest under study stimulates soil 
respiration, and they suggest that in situ biodégradation of hydrocar-
bons in this estuarine mangrove community could be further stimu-
lated through its indigenous microflora given appropriate conditions. 
It is likely that addition of an appropriate oxygen source as well as 
fertilizers with greater retention capacity (e.g., Ladousse and Train-
ier12) could effectively stimulate further biodégradation by indigenous 
microorganisms. Although studies about the stimulation of bio-
remediation conditions are abundant for other ecosystems, the poten-
tial for the application of bioremediation strategies in case of oil spills in 
mangrove sediments has received little attention. Bioremediation 
could prove to be an effective technique leading to ecological restora-
tion and recovery, mainly in cases of moderate or light oil spills, which 
may cause chronic, sublethal effects in mangrove communities. 
Finally, the tendency observed for OS plots to develop less soil C0 2 

evolution is probably explained by smaller retention of hydrocarbon 
fractions in sediments,9 as a direct consequence of increased solubility 
of hydrocarbons treated with the shoreline cleaner. 

Conclusions 

Treatment using shoreline cleaner without flushing negatively af-
fected the photosynthetic capacity of leaves of Rhizophora mangle. 
It also reduced the soil respiration rate. In case of moderate spills, it 
is not advisable to use a shoreline cleaner as a cleanup technique 
in affected mangrove forests unless it is also feasible to remove the 
cleaner soon after by flushing with water. 

There were no significant differences between O and OF treatments, 
which indicates that at the site studied the addition of N and P nutrients 
alone does not contribute to effective bioremediation of a moderate oil 
spill. Future studies of the bioremediation potential of indigenous 
bacteria in these kind of sediments, should generate the necessary 
adjustments of this technique for the cleanup of mangrove sediments 
affected by moderate oil spills. 
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