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Abstract Pioneer native plant species from weathered oil spill-
affected sites were selected to study their potential for
phytoremediation on the basis of their ecological and phenolog-
ical changes during the phytoremediation process. Experiments
were conducted in field and in greenhouse. In field, native plants
from aged oil spill-impacted sites with up 400 g of weathered
petroleum hydrocarbons per kilogram soil were selected. In the
impacted sites, the principal dominant plant species with poten-
tial for hydrocarbons removal were Cyperus laxus, Cyperus
esculentus, and Ludwigia peploides. In greenhouse, the phenol-
ogy of the selected plant species was drastically affected by the
hydrocarbons level above 325 g total petroleum hydrocarbons
(TPH) per kilogram soil after 2 years of phytoremediation of
soils from the aged oil spill-impacted sites. From the
phytoremediation treatments, a mix-culture of C. laxus, C.
esculentus, and L. peploides in soil containing 325 g TPH/kg
soil, from which 20.3 % were polyaromatic hydrocarbons
(PAH) and 34.2 % were asphaltenes (ASF), was able to remove
up 93% of the TPH, while in unvegetated soil the TPH removal
was 12.6 %. Furthermore, evaluation of the biodiversity and life
forms of plant species in the impacted sites showed that

phytoremediation with C. esculentus, alone or in a mix-culture
with C. laxus and L. peploides, reduces the TPH to such extent
that the native plant community was progressively reestablished
by replacing the cultivated species resulting in the ecological
recovery of the affected soil. These results demonstrate that
native Cyperus species from weathered oil spill-affected sites,
specificallyC. esculentus andC. laxus, alone or in amix-culture,
have particular potential for phytoremediation of soils from trop-
ical wetlands contaminated with weathered oil hydrocarbons.
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Introduction

Contamination of wetlands by oil spills is a significant envi-
ronmental problem in most oil production areas affecting the
aquatic and terrestrial ecosystems (Ke et al. 2002; Lin et al.
2002a). Such affectation may produce critical ecological
changes, as those observed in the wetlands at the eastern trop-
ical zone of Tabasco, Mexico, which has been dramatically
affected for several years by chronic oil spills and is facing
strong necessity to recover the impacted areas (Vazquez et al.
2002; Molina et al. 2004; Ponce-Velez et al. 2006). In these
wetlands, several aged contaminated sites contain more than
400,000 mg total petroleum hydrocarbons (TPH) per kilo-
gram soil, resulting in drastic ecological changes in the
groundwater, the soil quality, and the soil fauna and flora
(Martínez et al. 2000; Gallegos et al. 2000). Although the
hydromorphic pedofeatures and biological activities of soils
from these sites have been studied regarding to the behavior of
the hydrocarbons accumulation (Gutierrez and Zavala, 2002),
there are few reports over the ecological recovering of the
contaminated sites (Molina et al. 2004; Escalante-Espinoza
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et al. 2005). It has been reported that several plant species in
similar tropical oil-contaminated sites containing up 5 % (w/
w) of a heavy-crude-oil are killed upon the contact with the
hydrocarbons (Merkl et al. 2004, Merkl and Schultze-Kraft
2005). However, owing to the natural dynamic of an ecosys-
tem, revegetation of the sites by emergence of invasive puta-
tive oil-tolerant plant species occurs, which has been reported
to be a result of the phenophases and ecological adjustment to
the hydrocarbons presence (Mendelssohn et al. 2002; Lin
et al. 2005a). Nevertheless, although more investigation is
needed to understand the dynamic and dramatic phenological
and ecological changes of these oil-tolerant plants species,
they can be useful for remediation of similarly contaminated
sites thorough phytoremediation (Palmroth et al. 2006;
Sudová et al. 2007). Indeed, some plant species tolerant to
the presence of oil hydrocarbons have been applied success-
fully for the recovering of oil-impacted sites (Tischer and
Hübner, 2002; Liste and Felgentreu, 2006). However, only
few studies have used plant species indigenous from the im-
pacted sites (Brown and Nadeau, 2002; Gallegos et al. 2000),
and in most cases where the applied plants were alien to the
contaminated zone the phytoremediation strategies have failed
(Kulakow et al. 2000; Gallegos et al. 2000). In addition, stud-
ies performed ex situ using synthetic supports or spiked un-
contaminated soil instead of real contaminated soils
(Escalante-Espinoza et al. 2005; Palmroth et al. 2002) ignore
the significance of plant-microorganism interactions in the
rhizosphere between native species, fundamental in
phytoremediation processes (Handa and Jefferies, 2000;
Merkl et al. 2005; Abedi-Koupai et al. 2007). That is, native
microflora is preferred by native plants since they are adapted
each other at the contaminated conditions (Rivera-Cruz et al.
2004; Escalante-Espinoza et al. 2005; Liste and Felgentreu,
2006). For example, in a previous study to investigate the type
of microflora associated with plant species cultivated in highly
hydrocarbon-contaminated soils, several nitrogen-fixing bac-
teria showing specific hydrocarbon degradation were found to
promote both the plant growth and the hydrocarbon removal
(Pérez-Vargas et al. 2000; 2001).

The objectives of this work were as follows: (1) in field, to
select oil-tolerant plant species from aged oil spill-affected
sites on the bases of the ecological changes (density, domi-
nance, frequency, importance value) of the native plant com-
munity regarding to uncontaminated surrounding areas, and
(2) in greenhouse, to investigate the phenological changes and
the TPH removal capability of the selected plants when culti-
vated in soils from similar aged oil spill-contaminated sites
with high content of weathered oil hydrocarbons evaluated
by the content of polyaromatic hydrocarbons (PAH) and
asphaltenes (ASF) as indicators of the weathering effect on
the petroleum hydrocarbons (Merkl et al. 2004, 2005; Merkl
and Schultze-Kraft 2005). The results from this work with
native plant species from these weathered oil spill-affected

sites might have particular potential for the phytoremediation
of tropical wetlands contaminated with oil hydrocarbons.

Material and methods

Two experiments were conducted: in field and in greenhouse.
In field, the ecological changes of oil-tolerant plant species
found in oil spill-impacted sites with high amounts of weath-
ered petroleum hydrocarbons, measured as PAH and ASF,
were studied. Three long term (several years: S1, S5, S6)
and five recent (6–12 months: S2, S4, S7, S8, S9) oil spills-
impacted sites with high amounts of weathered petroleum
hydrocarbons with a site impacted in 1980 (S3) but ecologi-
cally recovered and unimpacted since then (Table 1) were
explored for this work. On the bases of their availability along
the study, biodiversity and TPH level, the long-term S1 site,
and the recent S2 and S4 sites, were used for this work. The
ecologically recovered and unimpacted site S3, which resem-
bled the plant biodiversity of the surrounding areas, was used
as control. In greenhouse, two studies were conducted: the
phenology of putative oil-tolerant plant species sampled at
the long-term oil-impacted site S6 or grown from their seeds
and their hydrocarbon removal capability from soils collected
from the selected sites.

Selection of the sites of study and soil characterization

Nine environmentally aged affected sites (Table 1) from the
oil extraction and exploration zone of Petroleos Mexicanos
(PEMEX) affected for several years by chronic oil spills
(Vazquez et al. 2002; Molina et al. 2004; Ponce-Velez et al.
2006) and with high content of weathered oil hydrocarbons
were inspected and selected for the study in the tropical wet-
lands of Tabasco, Mexico (Fig. 1), between the coordinates at
18° 00″ N to 18°15″ N and long 93° 43″ W to 94° 01″ W
(Table 1). The soil was air-dried, mixed, and sieved through a
No. 10 mesh (2 mm sieve) and then classified on the bases of
the texture evaluated by its sand-silt-clay composition mea-
sured by the hydrometer method (Ashworth et al. 2001) . The
sites S1 and S2, showing drastic ecological changes in the
groundwater, the soil quality, and the soil fauna and flora were
chosen for the ecological and phenological studies. The selec-
tion of the putative oil-tolerant plant species was performed on
the bases of the ecological changes (density, dominance, fre-
quency, and importance value) observed in the plant commu-
nity present in aged oil spill-impacted sites containing up 400,
000 mg total petroleum hydrocarbons (TPH) per kilogram soil
after a field study coordinated by the Interdisciplinary
Commission of Environmental and Social Development of
Tabasco (CIMADES). To monitor the natural progression of
revegetation in an unvegetated and clean site, the site S3 was
used because by the time of this study PEMEX replaced the
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contaminated native soil of this site with new soil from a
surrounding uncontaminated area.

Ecology of species

Census of vegetation in eight randomly selected quadrants
(1.0×1.0 m) from each site was performed as reported by
Müeller-Dumbois and Ellemberg (1974). Plant community
composition and main ecological attributes (density, domi-
nance, frequency, and importance value) were analyzed ac-
cording to Noble and Slayter (1980), Cox (1981), and
Lambers et al. (1998). Taxonomic identification and herbal
study were performed with support of the Mexican National
Herbarium, UNAM (MEXU), as reported by Fidalgo and
Bononi (1984), and Lot and Chiang (1986), respectively.

Phenology

Phenological characteristics to evaluate the phenology were
germination, survival, and development. Seeds from Cyperus
laxus, Cyperus esculentus, and Ludwigia peploides found in a
20-year-old contaminated site containing 280,000 mg TPH/kg
soil (S6, Table 1) were collected, sowed, germinated, and cul-
tivated by triplicate in greenhouse in pots without drainage
and with soils from the sites S1, S2, and S3 in two types of
pot systems. In the first system, pots of 215×215×194 mm
(w× l×h) containing 11 kg of soil were sowed with hundred
seeds of individual species. In the second system, pots of
215×596×194 mm (w× l×h) containing 32 kg of soil were
sowed with hundred seeds from each of the three plant species
(mix 1), or a mixture of hundred seeds of L. peploides and C.
laxus (mix 2), or C. esculentu and, C. laxus (mix 3). A set of
each pot system was not sowed (unvegetated) and used as
reference to investigate the natural bank of seeds and TPH
removal and in each site as reported by Primack and Kand
(1989). The pots were incubated in a greenhouse at 28 °C, 45–
50 % relative humidity, and kept partially flooded by adding
distillate water as required to mimic the field conditions.
Germination, survival, and development of individual plants
were monitored by using a combination of the Baskin and
Baskin (1988), and Rathcke and Lacey (1985) methods. The
germination frequency was determined by the radicle and
cotyledon emergence as reported by Amadi et al. (1993) and
Maila and Cloete (2002). Development, monitored by mor-
phometric evaluations, and survival were performed as report-
ed by Mückschel and Otte (2003).

TPH assay

Analysis of TPH was performed using the US-EPA Method
8015B (1986). At least three independent samples of 3 g of
soil were extracted three times with 5 mL of dichloromethane
by stirring 2 h in conical tubes and then centrifuged at 8000gT
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for 10 min. The supernatant was pooled and concentrated in a
rotary evaporator at 30 °C. The remnant was resuspended in
1 mL of hexane and GC analyzed for the TPH content as
reported previously (Pérez-Vargas et al. 2000). For the analy-
sis, 2 μL of the hexane solution was injected in a Perkin Elmer
(Auto System) GC equipped with a flame ionization detector
and a CP-Sil 8CV (25 m×0.32 mm ID) column, using nitro-
gen at pressure of 6 psi. The temperature was set up at 250 °C
for the injector and 280 °C for the detector. The program for
the column oven was from 60 °C/10 min to 240 °C/0 min
changing at 15 °C/min; increasing at 5 °C/min up to 300 °C/
16 min. The results were corrected for the TPH basal content
and background-extractable material by comparison with soil
from the site S3.

PAH and ASF assay

Extraction of polyaromatic (PAH) and asphaltenes (ASF)
was performed using the US-EPA Method 3550B (1996)
with acetone/hexane (1:1, v/v) and analyzed by HPLC as
previously described (Rivera Casado et al. 2008). Three
independent samples of 3 g of soil were extracted by
10 min sonication with 5 mL of the extraction mixture in
centrifugal screw top glass tubes and then centrifuged at

8000g for 10 min. Separation of PAH and ASF was
ach ieved us ing a Prod igy ODS2 5 μm column
(250 mm× 4.6 mm i. d.) from Phenomenex (Cheshire,
UK). Elution was performed using a gradient of 1 mM
trifluoroacetic acid (TFA) and acetonitrile (ACN), as fol-
lows [time (min), 1 mM TFA (%)]: 0–5, 90; 5–25, 80; 25–
45, 35; 45–60, 20; 60–70, 5; 70–85, 10. Under these con-
ditions, using the Supelco-CRM48905 Polynuclear
Aromatic Hydrocarbons Mix, the detection limit for PAH
was between 5 to 80 μM pmol/injection (20 μL).

Phytoremediation effect on TPH removal

It was evaluated after 2 years of phytoremediation treatment
using the above pot systems described to evaluate the pheno-
logical changes. The TPH content was evaluated in both sys-
tems cultivated and uncultivated (no plants) as indicated in
Table 4. A set of pots containing 11 kg of soil from sites
S1–S4 were cultured with young vigorous plants of
Echinocloa polystachya, C. esculentus, L. peploides, and
Carex crus-corvis collected from the site S6. Another set of
pots were cultured with plants grown from seeds collected
from plants fund at the same oil spill-affected site S6.

Fig. 1 Area of study with location of the sampling sites. For the selection of the sampling sites impacted by oil spills and invaded by putative native oil-
tolerant plant species, a field study was conducted across the wetlands from the northeastern part of the Chontalpa region, numbered 1, 2, 7, 4

16362 Environ Sci Pollut Res (2016) 23:16359–16371



Statistical analyses

The SPSS V 15 statistical package (SPSS Inc, 2006) and
Microsoft Excel 2002 software were used. The TPH effect
over the TPH removal in the phytoremediation treatments
was evaluated by the ANOVA of the residual TPH. For post
hoc analysis to evaluate statistical differences between treat-
ments, the Duncan’s test at the 0.10 probability level was used.
All data represent averages of at least three independent
samples.

Results

Experiment I

Characterization of the selected sites of the study and soil
classification

The area of study was located 20 m above sea level in the
tropical wetlands of Tabasco, Mexico (Fig. 1), with warm-
humid climate, average temperature of 27 °C, and rains in
the summer, annual average precipitation of 2159 mm
(INEGI 2001), and subjected to chronic oil spills
(CIMADES 2000). The soil in this area could be classified
in two types: well-drained, sandy soils and badly drained with
clay composition soils suffering flooding periods. The soil
was mostly Gleysol type, and on the bases of the clay (41.7
±3.9 %), silt (17.8±6.1 %), and sand (40.4±7.6 %) compo-
sition, its texture was clay or sandy-clay showing slow internal
drainage (Table 1). Consequently, the contaminated sites se-
lected for the ecological studies and sampling of soil and

plants, were mostly flooded with formation of bodies of water
(Fig. 2c, e), and as shown in Table 1, with high content of THP
(145–400 g/kg soil) and weathered hydrocarbons; from which
14–20 % of the THP were PAH and 20–49 % were ASF
(Table 1). Historical data from CIMADES (2000) revealed
that the sites S1, S5, and S6, were long-term impacted sites
(first impacted in 1950 and the other two in1980), while S2,
S4, S7, S8, and S9 were recent impacted sites (in 1999 or
2000). Afterwards, all these sites suffered chronic contamina-
tion by further oil spills and by the normal hydrodynamic
movement of thewater in the flooded sites during the 6months
of rains. Site S2, as S7 with sandy-clay soil, usually remains
flooded for about 6 months per year, maintaining a constant
flow of water. Hence, the spreading rate of the hydrocarbon
plume in this site is huge. Thus, by spring of 2002, from the
data at Table 1, it can be estimated that the long-term impacted
site S1 showed the highest content of total weathered hydro-
carbons (WTH=177.1±43.6 g/kg soil), i.e., the PAH plus the
ASF fractions, followed by the site S6 with 108±9.6, of g
WTH/kg soil, which was similar to the WTH content at recent
impacted sites (76.8 ± 13 to 103.2 ± 8.6 g WTH/kg soil).
Therefore, S1 and S2 were selected as representatives of the
long-term and recent impacted sites, respectively, for the
phytoremediation treatments. In addition, the site S3 was first
affected in 1980; however, its content of TPH (16±2 g/kg
soil) and WTH (5.8±0.7 g/kg soil) was similar to the uncon-
taminated zone because it was restored by PEMEX in 2000 by
substituting 1.5 m depth of the contaminated soil by another
from a nearby uncontaminated area. Thus, in this S3 site, the
natural revegetation processes was monitored, and its TPH
content was considered as the basal background-extractable
material from soils of uncontaminated sites.

Fig. 2 Seedlings of Cyperus
esculentus and Ludwigia
peploides (a), plants of Cyperus
laxus (b, c), C. esculentus (d, e),
and L. peploides (f, g) growing
under greenhouse conditions in
pots containing contaminated
soils from the site S1
(325,000 ppm TPH) (b, d, g), site
S2 (141, 000 ppmTPH) (a, f), and
in the affected site S1 (c, e). L.
peploides malformed plants after
cultivation for 2 years in the
contaminated soil from site S1 (g)

Environ Sci Pollut Res (2016) 23:16359–16371 16363



Ecology of the plant community in the impacted sites
regarding to uncontaminated area

In uncontaminated areas surrounding the sites of the study, 36
plant species were identified (Table 2). As can be observed,
the plant species are from the herbaceous, aquatic, and sub-
aquatic types (Table 2), but mostly from the marshland or
popal, and the swampland or tular communities (Table 3).
From these plants, Cyperus papyrus, Pontederia cordata,
Thalia geniculata, and Typha latifolia covered 60–90 % of
the surface area. The secondary vegetation with high growth
rate in the uncontaminated area was mostly from the acahual
community, such as Cecropia obtusifolia, Pithecellobium
lanceolatum, Muntigia calabura, and Bursera simaruba.

In contrast to the uncontaminated area, in the impacted
sites, the community and diversity of plants was very reduced
in the species number (Table 2). Typically, they belonged to
the marshland and swampland communities, showing few dy-
namic changes from 1 year to another. During the exploration
of the recently impacted sites (2, 4, 7, 8, and 9), it was ob-
served that after 4–6 months of the oil spill, the plant biodi-
versity was drastically affected resulting in a complete disap-
pearance of the native vegetation. These early contaminated
sites, represented by S2, remained as wastelands for 3–
4 months and then started a gradual revegetation by settlement
of diverse pioneer invasive plant species (Table 3). Typically,
in the marshlands of the affected sites, the new plant commu-
nity was mostly from the grass type, with C. laxus and C.
esculentus as the pioneer and dominant species (Fig. 2c and
e), but at the border of the swamplands L. peploides was the
dominant. These pioneer and putative hydrocarbons tolerant
plant species in the affected sites emerged once the native
vegetation disappears and remain as dominant for long time.

For example, in aged contaminated sites (1, 5, 6), represented
by site S1, in the first year of study, seven plant species, six
monocotyledonous (Liliopsidae), and one pteridophyte
(Phylicopsidae), from six genus and five families were iden-
tified (Table 2). As shown at data in Table 2, by the second
year of study, the number of species in this site changed from
seven to fourteen, showing twelve genus and ten families. Of
those species, the monocots population showed the most dras-
tic changes: from six to nine. Interestingly, in weathered im-
pacted sites (S1), four new dicotyledonous species
(Magnoliopsidae) appeared in the second year (Table 3).
Similarly, in the same period, in an early contaminated site
(S2) and the treated site S3, the plant species increased from
4 to 7 and from 3 to 4, respectively (Table 2). Overall, after
2 years, the number of species increased by 100 % in the site
S1 and by 60 % and 25 % in the sites S2 and S3 respectively.
Interestingly, by the end of the second year, in both the con-
taminated and the uncontaminated sites, the dominant species
were mostly monocotyledonous of the popal community
(Table 2). The botanical family with the biggest taxa was the
Cyperaceae with 2 genus (Carex and Cyperus), and 5 species
(Table 3). As can be appreciated the best genus represented
during the whole study was Cyperus with 3 species. Thus, in
the first year, in site S1, C. esculentus showed an importance
value (Iv) of 104.9, with C. papyrus as the co-dominant spe-
cies (Iv=63.5). However, in the second year the dominant
was C. laxus (Iv = 84.9), whereas C. esculentus (Iv = 55.7)
was the co-dominant species. In the sandy-clay site S2, the
first year C. laxuswas the dominant and T. latifolia (Iv=54.2)
the co-dominant, but it was shortly succeeded by Eragrostis
reptans (Michx.) Nees, and a Poaceae with undetermined ge-
nus. In the uncontaminated site S3, the dominant species in the
first year wasC. esculentus (Iv=138.6), but in the second year
it was succeeded by T. latifolia showing the highest Iv (204.9).
Thus, although C. esculentus and C. laxus showed the best
adaptive capacity; their survival and permanence in the con-
taminated sites depended upon the gradual settlement of the
native dominant species of the uncontaminated surrounding
areas. The last phenomena of population succession were also
observed in the uncontaminated site S3, where Cyperus and
Ludwigia were succeeded by Typha, the dominant species in
the zone of study (Table 3). In addition, according to the
Sörensen similarity index (SIs) to evaluate the overall ecolog-
ical similarities on the plant composition between the impact-
ed and uncontaminated sites (Müller-Dumbois and Ellemberg,
1974), S1 and S3 presented the best similarity (SIs=54.5 %)
during the first year, but in the second year the best similarity
was between Sites S2 and S3 (SIs=50 %).

Experiment II

To evaluate the three phenophases (germination, growth, and
survival), and the hydrocarbons removal in the greenhouse

Table 2 Biodiversity and life forms of plant species found through
2 years in a long-term (S1) and a recent (S2) impacted sites regarding
the surrounding area S3

S1 S2 S3

Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

Plant species 7 14 5 8 4 5

Genus 6 12 4 7 4 5

Families 5 10 4 5 3 4

Monocotyledonous 6 9 4 6 3 5

Dicotyledonous – 4 1 2 1 –

Pteridophytous 1 1 – – – –

Herbaceous 6 9 4 5 2 4

Shrubs – 3 1 2 1 –

Lianes 1 2 – 1 1 1

Forty-seven plant species were reported by Lot (2004) in the zone of
study, and 36 were identified in areas surrounding the sites of study in
the present work
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experiments, from the above results three putative oil-
tolerant plant species with phytoremediation capabilities
were selected from the plant community native of the
aged oil spills impacted site S6 containing highly weath-
ered petroleum (108± 9.6, of g WTH/kg soil): C. laxus

and C. esculentus found in the marshlands, and L.
peploides found at the border of swamplands (Fig. 2)
were selected. These three plant species showed a repre-
sentative abundance in the long-term contaminated sites
(Table 3).

Table 3 Ecological attributes of
the plant species found through
2 years in a long-term (S1), a re-
cent (S2), and at the recovered
uncontaminated (S3) sites regard-
ing to their content of TPH and
the density of plant species found
in their uncontaminated nearby
areas

Density (plants/m2) Dominancea

(% of covered
area/species)

Frequency
(probability to
be founded)

Importance
value (IV)b

Nearby
areas

Year
1

Year
2

Year
1

Year
2

Year
1

Year
2

Year
1

Year
2

Species S1 S1: 325,000 ± 80,000 TPH (mg/kg soil)

Carex crus-corvi 10 8 20 5 5 0.25 50 23.5 21.7

Cyperus esculentus 13 81 79 17.5 17.5 0.75 62.5 104.9 55.8

Cyperus laxus 5 0 235 0 17.5 0 62.5 0 85.0

Cyperus papyrus 40 37 14 17.5 5 0.375 37.5 63.5 18.2

Eragrostis reptans 31 18 66 5 5 0.375 62.5 34.8 32.8

Heliconia latispata 8 0 2 0 0.1 0 25 0 5.4

Ipomoea purpurea – 0 2 0 0.1 0 25 0 5.4

Ludwigia peploides – 0 3 0 0.1 0 25 0 5.6

Mimosa pigra – 0 2 0 0.1 0 25 0 5.4

Phlebodium
decumanum

6 3 1 0.1 0.1 0.125 12.5 7.7 2.8

Poaceae 1 – 0 64 0 5 0 37.5 0 27.5

Sonchus oleraceus – 0 2 0 0.1 0 25 0 5.4

Thalia geniculata 36 6 7 5 0.1 0.25 25 22.4 6.4

Typha latifolia 56 32 38 17.5 5 0.375 37.5 60.8 22.7

S2 S2: 141,000 ± 25,000 TPH (mg/kg soil)

Cyperus esculentus – 39 53 5 17.5 0.75 75 45.6 38.6

Cyperus laxus – 233 907 37.5 37.5 1 100 143.0 132.1

Eragrostis reptans – 0 74 0 17.5 0 50 0 34.0

Ludwigia peploides – 0 1 0 0.1 0 12.5 0 3.3

Myrtaceae 1 – 1 1 0.1 0.1 0.125 12.5 5.4 3.3

Poaceae 1 38 0 106 0 17.5 0 75 0 42.9

Poaceae 2 16 0 42 0 5 0 37.5 0 17.2

Pontederia cordata 96 82 45 17.5 17.5 0.25 37.5 51.8 28.6

Typha latifolia 98 71 0 17.5 0 0.375 0 54.2 0

S3 S3: 16,000 ± 2000 TPH (mg/kg soil)

Carex crus-corvi 4 6 0 5 0 0.25 0 37.5 0

Cyperus esculentus 15 36 0 17.5 0 0.625 0 138.6 0

Eragrostis reptans 27 12 78 17.5 17.5 0.375 25 83.2 41.1

Ludwigia peploides – 8 00 5 0 0.25 0 40.7 0

Poaceae 1 – 0 4 0 0.1 0 25 0 31.3

Pontederia cordata 40 0 17 0 5 0 37.5 0 29.8

Thalia geniculata 12 0 3 0 0.1 0 12.5 0 15.8

Typha latifolia 722 0 691 0 87.5 0 62.5 0 205.0

TPH content evaluated in soils from oil spill-impacted sites collected in spring 2002. A more comprehensive list
of the plant species from the subprovince plateau and marsh of Tabasco may be found in Lot (2004)
a In accordance to the Gentry (1988), domain scale
b The importance value for dominant and codominant species are italicized
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Phenology of selected plant species

Germination frequency ofCyperuswas affected by the hydro-
carbons levels (Fig. 3). Both Cyperus species were very sen-
sitive; however, Ludwigiawas affected only at high TPH con-
centrations, showing similar germination frequency in the less
contaminated S2 and S3 soils (Fig. 3). In S3, Cyperus species
reached the maximum germination frequency of 31 % after
14 days, while in S1 and S2 the maximum was c.a. 20 % after
16 days. For Ludwigia, the highest germination frequency
occurred in S3 (82 % by the 18th day), while in the contam-
inated soils S1 and S2 was 77 % by the 18th day and 62 % by

the 19th day, respectively. Similar results were observed in
pots cultivated with a mix culture of Ludwigia and both
Cyperus. In addition, spontaneous germination of other plant
species from the natural bank of seeds was observed after
6 weeks of culture. In pots with S3, five additional species
were identified: Mimosa pigra, T. latifolia, Phlebodium
decumanun, Clibadium erosum, and C. crus-corvi. Of these
plants, P. decumanum and C. crus-corvi showed vegetative
development for 85 weeks, M. pigra survived 8 weeks with-
out producing seeds, Clibadium survived for 85 weeks pro-
ducing so great quantity of seeds that formed a seedling man-
tle with diverse degrees of survival. T. latifolia produced veg-
etative shoots every 6 weeks and survived for 28 weeks.
Similarly, in pots containing soil S1, plantlets of C. crus-corvi
and other unidentified Cyperus were observed. Carex sur-
vived for 80 weeks without showing maturity features, but
with vegetative reproduction with 1 or 2 shoots every
40 weeks. In pots with soil from S2, only appearance of C.
crus-corvi was observed. It survived in vegetative state until
the week 85 without production of asexual shoots. With ex-
ception of Clibadium, the species that spontaneously emerged
in the pots cultivated in the greenhouse were also observed in
areas close to the sites of study (Table 3).

Survival and growth of the three plant species were also
drastically affected by the presence of hydrocarbons, reaching
a maximal survival in any soil after 4 weeks (Fig. 4).
However, the Cyperus survival was successfully stabilized
after 1315 weeks, while Ludwigia resulted almost intolerant
to the presence of hydrocarbons and the most of the individ-
uals died after 9–10 weeks in pots containing contaminated
soils S1 and S2, and after 12–13 weeks in the uncontaminated
soil S3 (Fig. 4e). Flowering and fructification processes of
Cyperus started after 19 weeks of culture, and their ordinary
vital cycle finished after 20 weeks by a gradual deceasing of
the individuals. By the weeks 12 and 14, some of the Cyperus
plants produced 1 to 3 vegetative shoots that regenerated into
a new generation of individuals maintained under the same
experimental conditions. Seeds from these died plants were
collected and used to induce a second generation of individ-
uals under the same experimental conditions to further pheno-
logical studies. The procedure was repeated until the fourth
generation of plants, which died after 85 weeks, showing phe-
nological features as the first generation. On the other hand,
survival of L. peploides was similar in any soil for 4 weeks,
but afterwards it declined drastically in the contaminated soils,
and was stabilized after 15 weeks in S3, and after 21 weeks in
the most of the contaminated soils. With the time, in pots
containing contaminated soils, a gradual population displace-
ment of Ludwigia by Cyperus was evident, resulting in a final
survival ratio of c.a. 1% after 85 weeks. Similarly, in pots with
soil S3, new plant species different ofCyperus, but commonly
observed in uncontaminated areas nearby to the sites of study,
emerged, and gradually succeeded L. peploides. Thus,

Fig. 3 Cumulative germination frequency of Cyperus laxus (a), Cyperus
esculentus (b), and Ludwigia peploides (c) sowed in rectangular pots
without drain system and containing 11 kg of soil. The pots were
incubated in a greenhouse without temperature or humidity controls.
Error bars represent the standard deviation of five experimental units
sowed with hundred seeds each
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hydrocarbons affected the survival of the studied species in
the following increasing order: L. peploides > C. esculentus >
C. laxus.

Although growth rates for the three species in any soil
started to increase after 5–6 weeks, growth was considerably
less in the contaminated soils (Fig. 4b, d, f). Both Cyperus
species reached their maximum growth after 17 weeks and
died by the week 21. However, L. peploides reached an aver-
age height of 1.6 cm high after 10 weeks and 4.4 cm after
21 weeks in soils from the contaminated sites S1 and S2,
respectively, and 43.3 cm after 21 weeks and 135 cm after
85 weeks, when cultivated in soil from the uncontaminated
soil S3 (Fig. 4f). Although most of the Ludwigia plants devel-
oped in contaminated soils S1 and S2 died after 11 and
21 weeks, respectively, some individuals grown in the con-
taminated soil S1 reached almost 180 cm after 2 years, but
showing serious morphological alterations, putative variation
symptoms regarding to healthy plants (Fig. 2g). These altered
plants showed thick and rigid steam, and great ramification of

several order and dimensions, characteristic of the sympodial
growth of shrubs.

Phytoremediation effect on TPH removal

Soil type, hydrocarbons content, and plant species affected the
TPH removal efficiency (Table 4). Although most treatments
with collected plants were lost because they died after few
months of culture in the greenhouse, some individuals of C.
esculentus, C. laxus, E. polystachya, and C. crus-corvis sur-
vived after 2 years and therefore they were included in the
analysis to evaluate their effect on the TPH removal efficiency
(Table 4). Both the plant species and the initial TPH content
affected significantly (df=8, F=2.80, p=0.012 and df=3,
F=17.58, p<0.0001, respectively) the removal efficiency of
hydrocarbons from the contaminated soils cultivated by
2 years with plants established either from seeds or from
transplanted plants. Duncan’s post hoc means comparison test
revealed three groups of means (a, b, c) for the final TPH

Fig. 4 Survival and growth of plants of Cyperus laxus (a, b), Cyperus
esculentus (c, d), and Ludwigia peploides (e, f) grown in a greenhouse as

pointed out in Fig. 2. Error bars represent the standard deviation of five
experimental units sowed with hundred seeds each
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content regarding to both plant species and the initial TPH
content. Overall, residual TPH content was not significantly
different between the control treatments without plants and
treatments with L. peploides, C. laxus, and C. crus-corvi. In
contrast, in treatments where C. esculentuswas present, single
or in combination with L. peploides and/or C. laxus, the final
estimated nominal TPH content was significantly lower than
in unvegetated treatments independently of the soil type. In
fact, the best TPH removal efficiency was with a mix of C.
esculentus, L. peploides, and C. laxus (92 % from the most
contaminated soil S1) and with C. esculentus alone in soil S4
(85 %). In addition, treatments with E. polystachya were sig-
nificantly different between S3 and S4 (Table 4); however, this
plant survived only in the uncontaminated soil S3 and in the
lower long-term contaminated soil S4, but was unable to sur-
vive in the highly contaminated soil S1 and in the Fluvisol
gley-eutric soil S2. On the other hand, the differences in the
results between S1 and S4 (Table 4) suggest that high levels of
weathered hydrocarbons might prevent lightly the hydrocar-
bons removal capability, at least for C. esculentus. Thus, at the
end of the experiment, Duncan’s test showed that soil S4,
either treated with C. esculentus or with E. polystachya
achieved contents of TPH similar to the uncontaminated soil
S3. Thus, the best TPH removal levels in S1 was achieved
with plants of C. esculentus (70 %) and a mix culture of C.
esculentus, L. peploides, and C. laxus (92 %), which was also
efficient to remove the TPH from the Fluvisol gley-eutric soil
S2, where the mix culture of L. peploides with C. laxus was
the most efficient.

Discussion

The diversity of plants found through the time in the contam-
inated sites represents good biological indicator for the recov-
ery status of the site, as has been suggested for other contam-
inated ecosystems (Palmroth et al. 2002; Vitalino et al. 2002;
Wolters et al. 2000). Therefore, the dynamic regeneration of
sites to their natural conditions should be consequence of the
gradual succession of pioneer species. For example, the pres-
ence of T. latifolia in the second year in the uncontaminated
site S3, supplied with new soil, points out that the environ-
mental conditions of this site soon will achieve the natural
community of plant species as the surrounding area. Similar
results have been reported for floristic composition distur-
bance (Collins et al. 1995; Mackey and Curie, 2001) and
woody plant control studies to maintain the diversity of spe-
cies in local sites (Fulbgriht, 1996). Beside the profile of plant
diversity, dynamic succession of species was notable in the
sites of study, but it was impressive in the site added with new
soil S3, where the dominant and co-dominant species were
changing continuously. The frequent emergence of new plant
species at very low densities in soils from contaminated sites
suggested an ordered and dynamic succession, perhaps con-
trolled by the current specific plant populations.

As other reports for similar hydrocarbon-contaminated
sites (Gentry, 1988; Lin et al. 2005a; Lot, 2004;
Mendelssohn et al. 2002), the plant community in the oil
spill-impacted sites was eliminated by the presence of hydro-
carbons. This observation suggests that appearance of

Table 4 Residual (TPH) and removal ratio (Rem) of the initial TPH content at soils from impacted sites after 2-year phytoremediation with plants
grown from seeds or collected at the oil spill-affected site S6

Cultivated in soil from site

S1c S2b S3a S4a,b

Plant species Cultivated TPH Rem TPH Rem TPH Rem TPH Rem
(g/kg soil) (%) (g/kg soil) (%) (g/kg soil) (%) (g/kg soil) (%)

Uncultivated 284 ± 80 12.6 141 ± 25 0 16± 2.0 0 145 ± 25 0

L. peploides1,a,b 218 ± 22 32.9 141 ± 25 0 16± 2.0 0 – –

C. esculentus1,b,c 85 ± 3 73.8 52 ± 30 63.1 16± 2 0 22± 2 84.8

C. laxus1,a 234 ± 47 28.0 102 ± 30 27.6 16± 2 0 – –

E. polystachya2,c – – – – 14± 2 12.5 20± 10 86.2

C. crus-corvis2,a 321 ± 58 1.2 53 ± 6 62.4 16± 2 0 – –

Mix11,c (LpCeCl*)1 22 ± 2 93.2 30 ± 7 78.7 15± 4 6.2 – –

Mix21,b,c (LpCl*)1 218 ± 22 32.9 26 ± 2 81.5 16± 2 0 – –

Mix31,b,c (CeCl*)1 213 ± 13 34.46 102 ± 30 27.6 15± 4.0 6.2 – –

For initial TPH content refer to Table 1. The TPH content was evaluated in both cultivated and uncultivated (no plants) pots containing soils cultivated
with plants from seeds1 or from collected plants2 . Data represent the mean of the TPH content ± SD (g/kg soil) and the removal ratio (Rem) of at least
three pot systems. En dash (–) means lost treatment

Lp Ludwigia peploides, Ce Cyperus esculentus, Cl Cyperus laxus
a,b,c Groups of homogenous means after the Duncan’s post hoc test
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invasive pioneer species in the impacted sites is an initial
ecological signal of the process leading to the native plant
community regeneration. For example, in intact wetlands of
Louisiana (USA), Spartina alternifolia dominated the salt
marsh, while Spartina patens and Distichlis spicata co-
dominated brackishmarsh, and Saggitaria lancifolia dominat-
ed freshwater marsh (Mendelssohn et al. 2002; Lin et al.
2005a). However, in oil-contaminated wetlands after in-situ
burning, the marshland was revegetated by S. lancifolia and
other invasive species, such as Eleocharis fallax ,
Alternanthera philoxeroides, and Echinochloa crus-galli
(Lin et al. 2005b). Similarly, in our results, after disappearance
of the native vegetation dominated by T. geniculata, C.
papyrus, P. cordata, and T. latifolia (Rivera-Cruz et al.
2004), new invasive pioneer species were established, from
which the Cyperus genus showed the best capacity to grow
and survive in the contaminated sites, which to our knowledge
has not been reported before. Furthermore, although C.
esculentus and C. laxus were the marshlands dominant and
co-dominant species respectively, and L. peploides was the
border of swamplands dominant, after 2 years, the general
tendency of the plant community showed that the local dom-
inant species would be finally succeed these invader pioneer
plants leading to the ecological recovery of the contaminated
sites (Table 3). This observation agrees with those reported by
Gallegos et al. (2000) and Escalante-Espinoza et al. (2005),
who conclude that C. laxus was one of the pioneer invasive
species in similar hydrocarbon-contaminated sites, but it was
finally succeeded by the natural dominant species. In conse-
quence, if these invasive pioneer species were cultivated in the
contaminated sites for phytoremediation purposes, as we re-
ported recently for ex situ phytoremediation of soils from such
sites at greenhouse level (Rivera Casado et al. 2015), they
would induce the necessary ecological changes to catalyze
the natural restoration process of the contaminated sites to
the original ecological conditions.

The above reasoning was supported also by the results from
the studies performed in the greenhouse, which showed that the
best removal efficiency of TPH (93.2 % from a 325 g TPH/kg
soil) after 2 years was in S1 with a mix culture of C. esculentus,
L. peploides, and C. laxus (Table 4). That is, in spite of the high
TPH content in the soils (Table 1), the above plant community
was able to grow and survive in such adverse conditions.
Therefore, this mix culture might be the best for the ecological
recovery of similar contaminated sites. Furthermore, even in the
sandy soil S2, which is nutritionally poorer than the Gleysolic
types (Gentry, 1988; Zavala, 1988; Ke et al. 2002), the final
TPH residual content in those treatments with this mix culture
(22±2 g TPH/kg soil) was similar to the uncontaminated soil S3
(15±4 g TPH/kg soil). The differences in the results between S1
and S4 (Table 4) point out that high levels of weathered hydro-
carbons might prevent lightly the hydrocarbons removal capa-
bility of C. esculentus. On the other hand, the emergence of

native plant species in the pots incubated in the greenhouse,
which gradually succeeded the cultivated plants, pointed out
not only that an important bank of seeds is contained in the
contaminated sites but it might also be a signal of the dropping
of the TPH levels and the restoring of the soil. Similar reflection
have been reported for studies performed with species like man-
grove (Ke et al. 2002) and the salt marsh grass Spartina
alterniflora (Lin et al. 2002b).

Conclusions

Oil-tolerant plant species, native at aged sites affected by oil
spills, were selected on the bases of their ecological changes
regarding with unimpacted areas. After disappearance of the
native vegetation by the hydrocarbons’ presence, new pioneer
plant species were established in the impacted sites. Although
C. esculentus and C. laxus showed the best adaptive capacity,
their survival and permanence in the contaminated sites
depended upon the gradual settlement of the native dominant
species of the surrounding areas because of dynamic succes-
sion of species in the sites of study. Therefore, these invasive
pioneer plants would be naturally replaced by the dominant
species of the zone. On the other hand, the phenological
changes and the hydrocarbon removal capability of the select-
ed plants cultivated at greenhouse level in soils from impacted
sites showed that C. esculentus, alone or in a mix culture with
C. laxus and L. peploides, was the most tolerant to the hydro-
carbons presence and yielded the best TPH removal level,
although high levels of weathered hydrocarbons might pre-
vent lightly the hydrocarbon removal capability of C.
esculentus. Accordingly, the results from this workmight have
particular potential for the phytoremediation of tropical wet-
lands contaminated with oil hydrocarbons with these plant
species to catalyze the natural restoration process of the im-
pacted sites to the original ecological conditions.
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