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Abstract In the last decades, petroleum activities have in-
creased in the Brazilian Amazon where there is oil exploration
on the Urucu River, a tributary of the Amazon River, about
600 km from the city of Manaus. Particularly, transportation
via the Amazon River to reach the oil refinery in Manaus may
compromise the integrity of the large floodplains that flank
hundreds of kilometers of this major river. In the Amazon
floodplains, plant growth and nutrient cycling are related to
the flood pulse.When oil spills occur, floating oil on the water
surface is dispersed through wind and wave action in the
littoral region, thus affecting the vegetation of terrestrial and
aquatic environments. If pollutants enter the system, they are
absorbed by plants and distributed in the food chain via plant
consumption, mortality, and decomposition. The effect of oil
on the growth and survival of vegetation in these environ-
ments is virtually unknown. The water hyacinth [Eichhornia
crassipes (Mart.) Solms] has a pantropical distribution but is
native to the Amazon, often growing in high-density popula-
tions in the floodplains where it plays an important role as
shelter and food source for aquatic and terrestrial biota.
The species is well known for its high capacity to
absorb and tolerate high levels of heavy metal ions.
To study the survival and response of water hyacinth
under six different oil doses, ranging from 0 to 150 ml l−1,

and five exposure times (1, 5, 10, 15, and 20 days), young
individuals distributed in a completely randomized de-
sign experiment composed of vessels with a single
individual each were followed over a 50-day period
(30-day acclimatization, 20 days under oil treatments).
Growth parameters, biomass, visual changes in the
plants, and pH were recorded at 1, 5, 10, 15, and 20 days.
Increasing the time of oil exposure caused a decrease in
biomass, ratio of live/dead biomass and length of
leaves, and an increase in the number of dead leaves.
Dose of oil and time of exposure are the most important
factors controlling the effects of petroleum hydrocarbons
on E. crassipes. Although the species is able to survive
exposure to a moderate dose of oil, below 75 ml l−1 for
only 5 days, severe alterations in plant growth and high
mortality were observed. Therefore, we conclude that
Urucu oil heavily affects E. crassipes despite its known resis-
tance to many pollutants.
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Introduction

Currently, petroleum and derivatives are the most common
forms of energy used in the world. The growing demand for
petroleum has justified new prospecting in areas of difficult
access in the Amazon region, leading to the discovery of large
reserves of oil near the Urucu River, a tributary of the Amazon
River (Val and Almeida-Val 1999; ANP - Agência Nacional
do Petróleo, Gás Natural e Biocombustíveis 2008). These
areas of petroleum exploration constitute a mosaic of
different environments (i.e., nonflooded land and aquatic
habitats such as floodplains along rivers and lakes),
with high levels of species diversity. The extraction,
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storage, and especially the transport of oil are activities
that represent potential dangers and can cause irreparable
damage to the environment (Val and Almeida-Val 1999;
Keramitsoglou et al. 2003).

Petroleum produced in Urucu is a light crude oil with low
density, low viscosity, low specific gravity, and high API
(American Petroleum Institute) gravity due to the presence
of a high proportion of light hydrocarbon fractions (ANP -
Agência Nacional do Petróleo, Gás Natural e Biocombustíveis
2008). This oil type acts at the cellular level, changing mem-
brane permeability or interrupting the metabolic processes of
various plants (Pezeshki et al. 2000). The specificity of action
of petroleum hydrocarbons in plants at the chemical and
physical levels (Pezeshki et al. 2000) may result in changes
in species composition, diversity, and structure of plant com-
munities in a given area (Burk 1977). However, studies of oil
toxicity in freshwater aquatic plants are limited, and
most investigations have focused mainly on brackish
and salt marsh species (Lin and Mendelssohn 1996).
Studies dealing with the effects of contamination on
Amazonian freshwater aquatic plant species are scarce
(Lopes and Piedade 2009; Lopes and Piedade 2011).
Nevertheless, Amazon floodplains are colonized by a large
number of aquatic macrophytes with important ecological
functions, such as shelter and food sources for aquatic and
terrestrial fauna (Piedade et al. 2010).

Oil spills seriously compromise the integrity of floodplain
areas throughout the world. In the tropics, the floodplains
associated with large rivers are environments where nutrient
cycling depends on the variation in the water level related to
the flood pulse (Junk et al. 1989), which favors the replen-
ishment of nutrients during each annual hydrologic cycle
(Furch and Junk 1997). If pollutants are released into the river
system, they will be replenished as well (Lopes et al. 2009).
With the entrance of petroleum into the aquatic-terrestrial
system, a series of alterations will take place, mainly related
to the substantial increase in organic material as a result of the
increased death and decomposition of plants (Akinluyi and
Odeyemi 1987), alterations in soil pH, and the introduction of
heavy metals such as nickel and mercury (Ekundayo and
Obuekwe 2000). Additionally, contamination can spread
throughout the food chain, enhanced by the flood pulse that
widely distributes contaminants to both terrestrial and aquatic
systems (Piedade et al. 2010).

In the Amazon region, aquatic macrophytes are very
productive, contributing 65 % of the primary production
of water bodies (Melack and Forsberg 2001). Eichhornia
crassipes, for example, may double its weight in 12–13 days,
reaching a productivity of 150 t ha−1 year−1 and a biomass of
988 gm−2 (Junk and Howard-Williams 1984;Westlake 1963).
Other productive aquatic macrophytes in the Amazon
are Echinochloa polystachya (6,880 g m−2) (Piedade
et al. 1991), Paspalum repens (2,210 g m−2),Oryza perenis

(1,720 g m−2), and Hymenachne amplexicaulis (2,270 g m−2)
(Junk and Howard-Williams 1984).

Due to their large biomass per meter squared, biogeochem-
ical cycles in floodplain areas are influenced by aquatic mac-
rophytes (Furch and Junk 1997). In a white water floodplain
(várzea) near Manaus, Junk and Piedade (1993) identified 388
species of herbaceous plants. Among the most abundant spe-
cies are the aquatic plants Pistia stratiotes, Scirpus cubensis,
E. crassipes, and Salvinia auriculata. The variety of
herbaceous plants in the várzea floodplains provides
many options in the detection of plants with useful
characteristics for phytoremediation or bioindication of
environmental contamination. Therefore, the study of the
effect of crude oil on aquatic macrophytes can contribute to
the establishment of techniques for the early detection as well
as for the recovery of affected areas after major contamination
events.

The water hyacinth [E. crassipes (Mart.) Solms] is a
perennial aquatic herbaceous plant that belongs to the
pickerel weed family (Pontederiaceae). It is native to
tropical America (Gichuki et al. 2012) and has been classi-
fied as one of the worst aquatic weeds in the world (Holm
et al. 1991). The plant has spread to many parts of the world
due to its popularity as an ornamental plant for ponds
(Penfound and Earle 1948). The leaves of E. crassipes contain
11 to 15 % protein (Junk 1979) and provide food for various
species of animals, including manatees and species of turtles
(Piedade et al. 1992).

E. crassipes is a goodmodel to study the effects of crude oil
because the species is highly effective in removing excess
nutrients (Desougi 1984; Vora and Rao 1988; Oke and Elmo
1990), heavy metals (Harley 1990; Vesk and Allaway 1997;
Soltan and Rashed 2003), toxic metals (Kelley et al. 1999,
2000), minerals and organic chemicals, and herbicides (Boyd
1967; Reay 1972) from polluted water. Accumulation of ions
in the roots and leaves of water hyacinth has also been shown
in field studies using this species as a biological monitor of
water pollution (Ajmal et al. 1987; Zaranyika and Ndapwadza
1995). Laboratory studies of the water hyacinth have
demonstrated the potential use of this species in remov-
ing petroleum from contaminated environments (Casabianca
et al. 1995; Crema et al. 2012; Prado and Rubim 2003;
Lopes et al. 2009).

Considering that the contamination of freshwater aquatic
plants is expected to increase in the Amazon due to the growth
of petroleum extraction (Lopes and Piedade 2010), the assess-
ment of its impacts on aquatic macrophytes is essential.
Therefore, this study evaluated the effect of Urucu crude oil
on the survival and growth of E. crassipes to answer two main
questions: (1) Does the morphology and biomass production
of the species respond to different doses of oil? (2) Does
increasing time of exposure affect biomass production and
mortality of the plant?
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Methods

Plant collection and experimental design

Individuals of E. crassipes were collected from stands of the
species in lakes on the Central Amazon Marchantaria Island
(03° 15′ S, 060° 00′ W, Fig. 1a). The experiment was con-
ducted for 50 days in the INPA/Max-Planck greenhouse
(Manaus, Brazil; Fig. 1b) with natural sunlight and tempera-
ture (25.5–35.5 °C). The water used was provided by an
artesian well located by the greenhouse. The artesian water
was used to provide constant nutrient conditions of the water
over the experimental period because preliminary tests
showed that individuals of E. crassipes survived for periods
longer than 3 months in artesian water (Lopes et al. 2009).
The crude oil was obtained from the operations base “Geólogo
Pedro de Moura, Petrobras” near the Urucu River, Amazonas,
Brazil. This oil is considered light, with 45.8 API gravity
(ANP - Agência Nacional do Petróleo, Gás Natural e
Biocombustíveis 2008). Details of the oil composition can
be found in Lopes et al. (2009).

The sample units consisted of 300 individual plants in
vessels distributed in a completely randomized 6×5 (oil
doses×harvest times) factorial design with ten replicates.
Young healthy individuals of E. crassipes with three leaves
of approximately 4×7 cm were collected in the field and
transported to the laboratory in Manaus, where they were
washed in tap water to the remove sediments from roots.
Subsequently, the plants were placed in vessels (20 cm in
diameter and 18.5 cm in height) with 2 l of water
where they remained for a 30-day acclimatization period
(Fig. 1b). Whenever necessary, the water level was adjusted.
Subsequently, crude oil was placed on the surface of the water
without mixing with the substratum and avoiding direct con-
tact with leaves. The oil doses, established after determination
of the LD50 (median lethal dose) (see Lopes et al. 2009), were
0, 3, 12.5, 25, 75, and 150 ml l−1of water (0, 0.32, 1.32, 2.64,
7.95, and 15.89 l m−2). At days 1, 5, 10, 15, and 20, the plants
were measured and harvested for biomass; pH of the water
was measured at the same intervals. The dose-response test

was performed according to the OECD toxicity protocol 227
(Organization for Economic Cooperation and Development
OECD 2006).

Parameters measured after oil addition

The mortality rate in each treatment was used to indicate the
sensitivity of the species to crude oil; the number of leaves
indicated the investment of the plants in maintaining leaf
production. In addition, the longest leaf and longest root were
measured, variables indicating the plant’s growth during the
experimental period. Aerial biomass was harvested, separated
into dead and live components, and dried at 65 °C until
constant weight. Root biomass was determined by collecting
the roots and washing them and drying them in an oven at
65 °C to constant weight, without separating live and dead
material. Total biomass was calculated using the following
equation: TB=lab+dab+rb, where TB=total biomass, lab=
live aerial biomass, dab=dead aerial biomass, and rb=root
biomass. The ratio of live/dead biomass was calculated as an
early indicator of oil impact on the plants, and the ratio of
root/shoot biomasswas calculated to represent the cumulative
effect of the oil.

Statistical analysis

Statistical analysis was performed using Systat 10.2 software
(Systat Inc 2002). Plant survival was evaluated using the
nonparametric Kaplan-Meier estimator. This method esti-
mates the probability of occurrence of events throughout a
short period of days or months with intervals not necessarily
equally spaced. The effect of the treatments was analyzed
using a general linear model. Two-way analysis of variance
was used to analyze the effect of the dose and time of expo-
sure. For this analysis, the dead plants and those exposed to
the 150-ml l−1 dose were excluded due to the death of all
plants in the treatment of 20 days (Table 1). Tukey’s post hoc
test was performed when there was a significant difference
between the treatments (α<0.05). For the analysis of dose
effect, dead plants were excluded as well as the ones exposed

Fig. 1 Eichhornia crassipes in a
the sampling lake on
Marchantaria Island and b in
experimental vessels in the
greenhouse, INPA, Manaus
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to 150 ml l−1 in treatments of 15 and of 20 days due to high
mortality. Significant differences were recorded at the 0.05
probability level, unless otherwise stated. Biomass data were
normalized using log (g) to follow the assumptions of the
methods applied.

Results

The survival of E. crassipes decreased significantly
with increasing oil level during the time of exposure
(t (294)=3.282, p=0.001; Table 1). After 20 days of oil
exposure, the plants showed visual changes due to the petro-
leum contamination.While the control individuals did not die,
appearing healthy, plants exposed to 150 ml l−1 oil were
heavily affected, losing leaves and showing morphological
modifications in the remaining ones. Factorial analysis
showed that increasing the dose from 3 to 150 ml l−1 resulted
in a 60% increase in plant mortality, and increasing the time of
exposure from 5 to 20 days resulted in a 40% increase in plant
mortality. Additionally, the interaction of these two factors
resulted in a 10 % increase in plant mortality.

The number of leaves was affected by the oil dose together
with time of exposure (Table 2). After 1 day of treatment, the
control plants showed a 9.0 % increase in the median number
of leaves; the oil caused a decrease in the number of leaves by
8.5 % in the treatments of 25 ml l−1 and 9.0 % with a dose of
150 ml l−1 (F(5,54)=2.768, p=0.027). After 5 days, there was
an increase of 13.8 % in the number of leaves in the control
treatment and a reduction of 15.8 % with the 75-ml l−1 dose
and 47.3 % with the 150-ml l−1 dose (F(5,52)=5.921,
p<0.001). After 10 days, the control plants showed a 13.8 %
increase in the number of leaves, while there was a reduction
of 53.6 % in the number of leaves in the treatment of 75 ml l−1

and 79.5 % with 150 ml l−1 oil (F(5,44)=5.650, p<0.001). At
15 and 20 days of exposure, this parameter could not be
analyzed since dead plants were excluded.

The length of the longest leave among treatments was
significantly reduced in response to oil dose together with
exposure time (Table 2). This reduction was less intense in
the control (from 7.4±0.9 to 5.0±1.0 cm after 20 days) and in

the oil treatment of 3 ml l−1 (from 7.7±1.1 to 4.9±1.9 cm after
20 days) than in treatments of 12.5, 25, and 75 ml l−1 (from
8.0±0.8 to 3.7±0.7 cm after 20 days). Root length was not

Table 1 Rate of mortality (%) of E. crassipes after oil exposure in
different oil doses and time of exposure (days)

Petroleum dose (ml l−1)

Time 0 3 12.5 25 75 150

1 0 0 0 0 0 0

5 0 0 0 0 0 20

10 0 0 10 10 20 60

15 0 0 10 20 50 80

20 0 0 0 0 60 100

Table 2 ANOVA results of the effect of oil dose, time of exposure time,
and the interactions between these factors (D*T) on plant biometric
parameters

Parameter Factor d.f F p

No. of leaves Dose 4 10.341 <0.0001

Time 4 2.343 0.056

D*T 16 0.764 0.724

Error 207

Length of leaves Dose 4 4.372 0.002

Time 4 53.967 <0.0001

D*T 16 1.674 0.053

Error 204

Length of roots Dose 4 0.346 0.846

Time 4 0.648 0.628

D*T 16 0.832 0.647

Error 204

Total biomass Dosage 4 1.119 0.348

Time 4 0.475 0.491

D*T 16 0.897 0.574

Error 128

Aerial biomass Time 4 2.343 0.056

D*T 16 0.764 0.724

Error 207

Error 204

Aerial dead biomass Dosage 4 21.920 <0.0001

Time 4 55.826 <0.0001

D*T 16 0.897 0.574

Error 128

Root biomass Dosage 4 1.340 0.976

Time 4 0.066 0.737

D*T 16 1.082 0.374

Error 204

Ratio of live/dead aerial biomass Dosage 4 18.778 <0.0001

Time 4 167.380 <0.0001

D*T 16 2.704 0.001

Error 204

Ratio of root/shoot biomass Dosage 5 3.085 0.01

Time 4 2.576 0.038

D*T 20 0.890 0.601

Error 270

pH Dosage 5 41.097 <0.0001

Time 4 11.158 <0.0001

D*T 20 1.389 0.141

Error 122

d.f. degrees of freedom
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affected by the oil dose or by the time of exposure (Table 2)
with a mean value of 13.5±4.3 cm.

The total biomass (log) of E. crassipes did not change
significantly between treatments with different oil doses
(Table 2, Fig. 2), although live biomass trended to decrease
and dead biomass tended to augment with oil dose. Oil dose
and time of exposure caused a decrease in the aerial biomass
of E. crassipes (Table 2, Fig. 2). After 10 days of exposure,
there was a significant reduction in the 150-ml l−1 treatment in
relation to control (F(5,43)=3.008, p=0.002), and after 20 days,
with the exclusion of the treatment of 150 ml l−1, there was a
tendency of a reduction in aerial biomass (F(4,38)=2.536,
p=0.056). Oil dose together with time of exposure affected
the accumulation of dead aerial biomass of the species
(Table 2, Fig. 2). The oil caused an increase in the accumula-
tion of dead biomass after 5 days of exposure in the oil
treatment of 150 ml l−1 (F(5,23)=3.667, p=0.014). Ten days
after oil application, there was an increase in dead biomass in
the 75- and 150-ml l−1 treatments (F(5,36)=3.996, p=0.006).
After 15 days of exposure, there was a significant increase in
dead biomass with treatments of over 12.5 ml l−1 (F(4,32)=
8.934, p<0.0001), and the same pattern was observed after
20 days of exposure (F(4,37)=7.255, p<0.0001). Changes in
the root biomass of E. crassipes did not show a significant
effect of time and oil dose (Table 2, Fig. 2).

The decrease in the ratio of live/dead aerial biomass was a
response to the effect of both dose and time of exposure
(Table 2, Fig. 3). Furthermore, there was a significant decrease
in the ratio after 5 days of exposure to 150 ml l−1 oil in relation
to control (F(5,52)=3.806, p=0.005). After 10 days of expo-
sure, the ratio of live/dead biomass decreased in treatments of
75 and 150 ml l−1 (F(5,43)=5.608, p<0.0001), while after
15 days, the reduction was significant for the 12.5- and 25-
ml l−1 doses (F(4,36)=5.291, p=0.002). After 20 days of treat-
ment, a significant reduction in the ratio live/dead biomass
was observed in the treatment with oil doses over 12.5 ml l−1

(F(4, 38)=6.949, p<0.0001; Fig. 3).

The ratio of root/shoot biomass was significantly increased
in response to oil dose and time of exposure (Table 2, Fig. 4).
When analyzing each time of exposure, the ratio of root/shoot
biomass increased with oil dose only after 20 days (F(4,38)=
3.772, p=0.011; Fig. 4). In the treatment of 25 ml l−1, an
increase in the ratio of root/shoot biomass was observed
between 5 and 20 days (Fig. 4).

The pH changed due to oil application and time of expo-
sure (Tables 2 and 3). At the beginning of the experiment, pH
was neutral becoming acid in the first day after the oil addition
[mean pH value of 4.87 (±0.57) in 150-ml l−1 treatment and
6.64 (±0.61) in the control]; this difference continued until the
end of the experiment, when the pH was 5.73±0.24 in the
150-ml l−1 treatment and 7.53±0.83 in the control.

Discussion

Although the exposure of E. crassipes to Urucu crude oil had
a limited impact on the growth parameters, the interaction of
oil dose and time of exposure increased the oil’s effect causing
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great mortality in the plants. The impact of 20 days of expo-
sure to oil led to a reduction in the relative growth rate of
leaves in all oil treatments and reductions in the ratio of
live/dead biomass due to the increase in dead biomass.
According to Lin et al. (2002), dose and oil type are two of
the most important variables that determine the degree of oil
damage in plants. Since Urucu oil is light, and therefore more
damaging to the metabolism of plants (Lin and Mendelssohn
1996; Pezeshki et al. 2000), this may explain the increased
mortality observed especially at the higher oil doses. In fact,
anatomical modifications and strong alterations in cell orga-
nization were observed in leaves of E. crassipes when the
plant was subjected to high concentrations of Urucu oil
(Lopes et al. 2009). These alterations, together with decrease
in biomass and increase in plant death, indicate that the
negative effects of this oil are comparable to those of other
oils evaluated elsewhere (Mendelssohn and McKee 1988; Lin
and Mendelssohn 1996; Lin et al. 2002).

Besides the type of oil, the intensity of its impact depends
on a number of biotic and abiotic factors including the amount
of oil, the plant species, and the season of the spill, and the
weather conditions at the time of the spill (Mendelssohn and
Mckee 1988; Lin and Mendelssohn 1996; Pezeshki et al.
2000; Lopes and Piedade 2010). Different combinations of
these factors have resulted in conflicting results, even for the
same species. For instance, in the first days after applying
doses of up to 3 l m−2 of Urucu oil in E. crassipes, Crema
et al. (2012) observed that growth was not affected, but that
after 45 days of exposure, there was dead biomass. In another
study with the same species and oil at low doses of 1 ml l−1,
Prado and Rubim (2003) found that limitation in plant devel-
opment occurred only after 90 days of exposure. In the present
study, the effects of oil were evident at oil doses over
12.5 ml l−1 after only 15 days of exposure. This difference
in plant response may reflect the experimental conditions.
While in the present study, each experimental unit contained
only one individual, Prado and Rubim (2003) used six indi-
viduals in each experimental unit, and when grouping plants
together, important biotic effects related to density, such as
competition, may play an important role, masking the
individual results. Crema et al. (2012) conducted their study

in Rio Claro, São Paulo (Southeast Brazil), where the prevail-
ing temperatures are lower than those of the Amazon region.
This may have increased the time of survival of plants. A
temperature just a few degrees higher may amplify the toxic
effects of petroleum, as demonstrated by Lopes and Piedade
(2010) for the aquatic macrophyte species E. polystachya.

In experimental conditions, it is hardly possible to repro-
duce the complexity of the Amazon floodplains and therefore
population and community analyses. Thus, the use of individ-
ual plants in controlled experiments with conditions as close
as possible to those prevailing in the field is more reliable to
identify the effects of petroleum on biomass and metabolism.
To expand the analysis from individuals to the population and
community levels, the ideal combination whenever possible
would be the combination of laboratory experiments and
fieldwork.

The oil dose did not affect the maximum length of the roots
of live plants and its biomass in the 20 days of exposure in the
present study. However, studying E. crassipes in a period of
35 days, comparing the initial and final length of roots of all
plant material (live and dead), showed that Urucu oil causes a
significant reduction in the length of the roots (Lopes et al.
2009), which indicates that this parameter may be affected
with time of exposure. Investigations with other species have
indicated the interruption in growth as an initial effect of oil
penetration of the root; over time, the chemical effects will
take place especially at elevated doses, causing higher mor-
tality of the plants (Pezeshki et al. 2000; Lin et al. 2002).

The root system of water hyacinths has pH-dependent
charge sites, which are responsible for the absorption and
accumulation of large amounts of cations (Yahya 1990). pH
levels generally decrease with increasing metal concentrations
[Urucu crude oil has 5 ppm nickel, 5 ppm vanadium, and
0.05 % (w/v) sulfur (Petrobras 1997; ANP - Agência Nacional
do Petróleo, Gás Natural e Biocombustíveis 2008)] and over
time in the growth solution. This observation, which was
supported by our results, may result from the ion-exchange
capability of water hyacinths and the marked proton secretion
from this plant during metal accumulation. The toxicity of
heavy metal ions is chiefly related to their interference with
the electron transport in respiration and photosynthesis

Table 3 Effect of oil in water pH.
Values are means with standard
errors is parentheses

Time (days)

Dose (ml l−1) 1 5 10 15 20

0 6.64 (0.61) 6.40 (0.21) 7.88 (0.35) 7.69 (0.61) 7.53 (0.83)

3 6.47 (0.87) 5.53 (0.83) 6.03 (0.29) 5.97 (0.17) 6.14 (0.53)

12.5 4.85 (1.17) 5.30 (0.71) 5.50 (0.26) 5.73 (0.20) 5.92 (0.25)

25 4.84 (0.76) 4.74 (1.11) 5.69 (0.32) 5.70 (0.46) 5.67 (0.37)

75 4.94 (0.75) 5.36 (0.27 5.32 (0.74) 5.65 (0.18) 5.57 (0.23)

150 4.87 (0.57) 5.16 (0.77) 5.61 (0.41) 5.89 (0.09) 5.73 (0.24)
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processes and the inactivation of vital enzymes resulting in
decreased growth owing to the lower energy status and uptake
of mineral nutrients (Salt et al. 1995; Larcher 2003). Oil may
affect other water parameters over time, reducing dissolved
oxygen, increasing electrical conductivity, and increasing con-
centrations of total phosphorus (Crema et al. 2012), leading to
further reductions in growth.

In this study, at doses of up to 150 ml l−1, Urucu oil did not
cause a reduction in total biomass of the plant, but a great
decrease in the ratio of live/dead biomass was observed. These
reductions demonstrated the unhealthy state of the plants,
leading to further reduction in their time of survival. An oil
spill may cause total mortality in some macrophyte species,
resulting in a change of species diversity in the impacted
region. For instance, E. polystachya was extremely affected
in a previous study, since all plants died after 4-day exposure
to 75, 100, and 150 ml l−1 oil (Lopes et al. 2009). The
exposure of P. stratiotes for 98 days to 0.3 l m−2 oil resulted
in the mortality of all individuals (Silva 2005). Victorio et al.
(2006) observed an increase in total biomass after exposing
Egeria densa to doses of 0.06 and 0.12 l m−2 oil (Urucu oil),
over a 20-day period. Although E. densa appears to be more
resistant than E. crassipes to Urucu crude oil, this species does
not occur in the Amazon floodplain.

The rate of E. crassipesmortality was directly proportional
to the oil dose and increased considerably with time of expo-
sure. Although this species is very tolerant, surviving in
environments contaminated by different kinds of wastes, such
as from sugar cane, domestic sewage, agroindustry, and fish-
ing (Harley 1990; Esteves 1992), Urucu crude oil, with a
relatively high toxicity, reduced the growth and survival of
water hyacinth at doses over 12.5 ml l−1. This may limit the
use of E. crassipes for phytoremediation of environments
contaminated only with low oil doses.

The root/shoot ratio may reflect the cumulative response of
vegetation to biotic and abiotic factors (Mokany et al. 2006).
The biomass of roots provides a large number of key func-
tions, such as structural support, storage, transport, and ab-
sorption (Schulze 1983), while aerial biomass corresponds to
organs performing a variety of functions, including support,
transport, storage, photosynthesis, and reproduction (Litton
et al. 2003). Since E. crassipes adjusts the pattern of
root/shoot partitioning in response to petroleum dose and time
of exposure, and since these two factors act synergistically in
enhancing plant mortality, oil spills in the Amazon floodplain
are expected to cause major impacts.

Besides the aesthetic appeal of E. crassipes, the species
produces shadows on the surface of the water, preventing the
explosive growth of algae (Beyruth 1992). Moreover, the
leaves provide food for various species of animals, including
manatees and some species of turtles (Piedade et al. 1992).
Therefore, limiting the normally large amount of biomass
produced by E. crassipes as a result of oil contamination in

the Amazon floodplain can be very hazardous for this species
and, owing to its key importance, for the entire ecosystem.

Conclusion

Dose and time of exposure are two of the most important
factors controlling the effects of Urucu petroleum hydrocar-
bons on E. crassipes. While relatively low doses of oil may
cause a reduction in the number of leaves and plant biomass,
high doses can even cause death of the plants. The lower dose
of Urucu oil tested, 3 ml l−1, did not cause significant alter-
ation in morphology and biomass of the plants. Moderate oil
doses, 12.5 and 25 ml l−1, caused an increase in dead biomass
and a decrease in the ratio of live/dead biomass and number of
leaves. When exposed to high doses, 75 and 150 ml l−1, the
decline in biomass and increase in plant mortality were inten-
sified. Considering that the higher dose tested is well below the
values currently cited in literature, we may conclude that
E. crassipes is highly affected by Urucu oil. The time of
exposure and oil dose had a synergistic effect characterized
by the intensification of the alterations in morphology, decrease
in biomass production, and increase in dead biomass, from the
first 5 days of exposure up to the end of the experiment.
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