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ABSTRACT

Two constructed wetlands were designed and their performance in the treatment of water from Cuemanco, in an
experimental channel at Xochimilco, Mexico was assessed. One of them employed emergent macrophytes (Scirpus
americanus) and the other one used floating macrophytes (the duckweed Lemna gibba). The system was stabilized
for five months. Water quality was improved after 220 days of treatment, as organic matter (assessed as DQ0O) was
removed from 43.38% to 58.52% by employing L. gibba and S. americanus, respectively. Nutrient removal significatively
(P < 0.05) differed between the two treatments and the control, as 86.35% and 80.33% of ammonia, 89.47% and 90.23%
of nitrite, and 38.44% and 50.20% of reactive phosphorus were removed by S. americanus and L. gibba, respectively.
On the other hand, water pH changed from alkaline values to neutrality after the treatment, an important issue as this
water is employed for cultured land irrigation.

Key words: Chinampas, constructed wetlands, Lemna gibba, Scirpus americanus, nutrient removal.

RESUMEN

En este estudio se disefiaron y evaluaron dos sistemas de humedales artificiales: uno utilizando macrofitas enraizadas
(Scirpus americanus) y el otro con plantas acuéticas flotantes (Lemna gibba), para el tratamiento de las aguas de un
canal experimental de Cuemanco en Xochimilco-México. El uso de estas plantas acuaticas autéctonas de la Zona
Chinampera de Xochimilco, mejora la calidad del agua del Canal de Cuemanco cuando ésta es tratada durante 220
dias después de un periodo de adaptacion de 5 meses, ya que fue posible remover la materia organica (DQO) en un
48.38% y 58.52% con L. gibba y S. americanus respectivamente. La concentracion de nutrientes con los sistemas
experimentales disminuyd significativamente con respecto al control (P < 0.05), logrando remociones de 86.35%
y 80.33% del nitrdgeno amoniacal, 89.47% y 90.23% del nitrito, 38.44% y 50.20% del fasforo reactivo, con S. americanus
y L. gibba, respectivamente. Por otro lado, el empleo de estos sistemas disminuye el pH alcalino de las aguas del canal
generando valores neutros que son importantes ya que esta agua suele utilizarse para el riego de las chinampas.

Palabras clave: Chinampas, humedales artificiales, Lemna gibba, Scirpus americanus, remocion de nutrientes.
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INTRODUCCION

At present, Xochimilcos lacustrine zone comprises a network
of channels as well as some small lagoons that, along with the
chinampas, conform a unique ecosystem which has served for
centuries as a means of communication and a source of aqua-
tic resources, while its waters have been used for irrigation.
Especially important are the cultures on the chinampas, artifi-
cial islands made by interweaving twigs and branches of trees
locally known as ahuejotes, along with reeds and bulrushes and
filled with sediment from the lake’s bottom; in ancient times this
agrosystem produced high yields. Xochimilco is located at the
southern part of Mexico’s Basin, in the outskirts of Mexico City
(Quiroz, 1980, Juarez-Figueroa et al., 2003).

Before the 1930's it was an open water lake but its dessica-
tion rate accelerated from this time on, as water from its sources
was diverted for human consumption in Mexico City. This, along
with chinampa enlargement and change of land use for urbaniza-
tion, resulted in the transformation of an open lake to a channel
network. As more water was pumped into Mexico City (about
50% of the water from underground sources) from this zone,
water levels at the channels alarmingly diminished and this loss
was compensated by pumping water from the water treatment
plant at Cerro de la Estrella into Xochimilco (Mazari et al,, 2000).

This plant processes water from Iztapalapa, a municipality
east of Mexico City that produces household as well as indus-
trial wastewater; this results in faecal matter and inorganic
salts along with toxic chemicals being thus introduced into the
Xochimilco ecosystem. The decomposition of organic matter
depletes oxygen from the water receiving it (Mason, 1995), while
phosphates and other salts provoke phytoplankton blooms, and
toxic chemicals such as heavy metals have given rise to irrever-
sible effects on the flora and fauna of the channels (Balanzario,
1982; Baez et al, 1975, Quiroz & Miranda, 1994). According to
Cairns (2001) nutrient excess, along with the input of high con-
centrations of chemical compounds from industrial, agricultural
and household sources, produce a chemical stress on natural
water reservoirs that affects the natural ecosystem processes
and, in the particular case of Xochimilco, has resulted in dimini-
shed biodiversity and has made its water, flora and fauna resour-
ces unsuitable for human consumption, due to the accumulation
of toxic pollutants, especially heavy metals. The presence of
these latter in the water of the channels is due to the input of
insufficiently treated wastewater from household and industrial
sources through the effluent from treatment facilities managed
by the local government. The most important of these treatment
plantsis located at Cerro de la Estrella; from 1971 to 1993 it produ-
ced 2m¥s of secondary effluent and since 1994 its production
grew to 4 m¥s of tertiary treated effluent. Nevertheless, this
plantis not designed for heavy metal treatment and insufficiently
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designed for nutrient salt removal; thus for 22 years this plant has
discharged semi-treated water that contains arsenic, cadmium,
chrome, mercury, lead, zinc as well as organic and inorganic
toxic compounds (DGCOH, 1993).

As a result, a series of studies have been undertaken to
assess the degree of this pollution and to serve as a basis for
the development of proposals for the restoration of Xochimilco.
One of the possible solutions could be through the use of aquatic
macrophytes in constructed wetlands (Tchobanoglous, 1997; Zhu
& Sikora, 1995; Comin et al., 1997; Abbisy & Mandi, 1999; Giersberg
et al, 1986), as these water treatment systems have been found
to either eliminate or accumulate pollutants in a natural, clean,
affordable and effective way, and there are a number of studies
dealing with their physiology, depuration mechanisms and poten-
tial for use (Reddy & DeBusk, 1987) or bioeconomic assessments
related to their effective life spans (Steer et al,, 2003).

Typically, these systems are mono or polycultures of vas-
cular plants in shallow ponds or raceways receiving wastewater
that, by being kept in contact with plants, is cleared from pollu-
tants through several mechanisms (Reddy & DeBusk, 1987). In
systems based on emergent macrophytes, an important part
of the depuration process is accomplished by microorganisms
associated to the root system that uptake some of these pollu-
tants as a nutrient source or otherwise transform them (Hoagland
et al, 2001). Subsurface flow systems are constructed wet-
lands where wastewater flows horizontally through channels
containing the support medium and emergent macrophytes;
other systems employ floating or submerged macrophytes
(Tchobanoglous, 1997; Finlayson & Chick, 1983; Miranda-Rios &
Luna-Pabello, 2001).

Constructed wetlands are an alternative to conventional
water treatment facilities, mainly in rural areas where the cost
of connecting to wastewater treatment plants can be prohibitive;
their construction and operating costs are lower, their operation
is relatively simpler and their mean life span is about 20 years but
require more land than conventional plants; they generate useful
by-products such as biomass and are attractive to wildlife, espe-
cially waterfowl (Steer et al,, 2003; Seodnez, 1999). Biochemical
oxygen demand (BOD), chemical oxygen demand (COD) and fecal
coliforms can be removed nearly to 100%; nevertheless, nitrogen
and phosphorus removal fluctuates and on occasions can be low
(Gray et al., 2000).

Other considerations for plant selection must also be taken
into account, such as plant sensitivity to detrimental factors in
the treated water, such as heavy metals. Miranda et al. (2000)
determined that Lemna gibba rapidly uptakes cadmium and
lead from polluted water and thus attains a saturation state
which also results in chlorophyll a and b decrease of more than
50% at the third day of growing under experimental conditions.
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Nevertheless, this species appears to be growing successfully at
several localities of Xochimilco; this may be due to the fact that
these metals are concentrated mainly at the sediment and their
concentrations in water are low (Bojorquez & Amaro, 2003).

The present study assesses the efficiency of constructed wet-
lands for pollutant removal from the water of the an experimental
Canal de Cuemanco, at Xochimilco. A subsurface flow system
was compared to a floating macrophyte system, employing
bulrushes (Scirpus americanus) and duckweed (Lemna gibba),
respectively.

MATERIALS AND METHODS

Reservoir construction. Two 135-liter polypropilene containers
were used; to these we adapted tubing at its upper and lower
ends for wastewater input and sampling, respectively. These
models were installed at CIBAC (Centro de Investigaciones
Bioldgicas y Acuicolas de Cuemanco), located at the eastern
margin of the Virgilio Uribe olympic rowing facilites and west of
the Canal de Cuemanco, México.

Constructed subsurface flow wetland. Tezontle (a porous volca-
nic rock) was fragmented and sorted, selecting 1-2 cm-diameter
particles. These were added to the first container up to 2/3 of its
volume and served as a support for bulrush roots (Scirpus ame-
ricanus) (Gonzalez, 1990; Zavaleta-Beckler & Ramos-Espinosa,
1999) previously collected from the Canal de Cuemanco and
rinsed with clean water (Fig. 1).

Floating macrophytes system. The other container was filled
to its upper rim with water from the Canal de Cuemanco and
duckweed (Lemna gibba) obtained at the channel was placed
at its surface, totally covering it (Fig. 2), these presented the
characteristic purple spots above and purple coloration beneath
their fronds (Novelo y Lot, 1990); some of the fronds were slightly
swollen and so not as flat as those of Lemna obscura (=Lemna
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Figure.. 1. Cross section through subsurface flow wetland treatment
system employing Scirpus americanus
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Figure. 2. Cross section through floating macrophytes treatment system
employing Lemna gibba.

minor) and their presence in Cuemanco further confirms their
identity, as Novelo & Lot (1990) reported L. gibba in perturbated
environments with high nutrient concentrations. These plants
were compared to the botanical specimens from the Produccion
Agricola y Animal Department collection, Universidad Auténoma
Metropolitana Xochimilco.

As a control, a pond was excavated, its walls and floor
were lined with plastic foil and filled with water from the channel
(about 300 liters) in order to determine the evolution of water
conditions with no macrophyte treatment.

Adaptation and treatment. Both macrophyte systems were
adapted to the treatment conditions for five months prior to
the experiments by removing 1/3 of the water from each of
the reactors every week and replacing it with water from the
Canal de Cuemanco. Treatment began after this conditioning
and lasted for 220 days (from late April to November, 2001); both
biorreactors were fed with water from the channel, by replacing
one third of the water volume with water from Canal Nacional
per week. Every seven days, duplicate samples were obtained
from the Canal Nacional (dynamic control), from the experimental
pond (static control) and from the output from the bulrush and
duckweed systems. These samples were immediately placed on
ice after their collection and protected from direct sunlight to be
transported to the laboratory (in about 20 minutes).

Physical and chemical analysis. Water temperature was directly
measured with a capillary mercury thermometer, £0.05°C preci-
sion. Chemical oxygen demand (COD), pH, and ammonia, nitrite
and phosphate concentrations were assessed following the
standard methods in APHA, AWWA & WPCF (1995).

Statistical analysis. The data were analyzed using repeated
measures ANOVA to look for significant differences between
treatments and within treatments, over time. Differences of
means were evaluated for significance by Tukey's HSD (Honest
Significant Difference) test (P < 0.05) for homogeneous varian-
ces. Calculations were performed with STATISTICA® software
(Statsoft, 1999).
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RESULTS AND DISCUSSION

The analysis of variance for the water parameters, according to
the treatments, indicated that water temperature did not differ
among treatments and the differences found for all of the other
parameters are thus not due to variations in temperature, but
to the treatment employed, or between control and treatment
conditions. Pairwise comparisons between treatments for the
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variables here considered, as obtained from Tukey’s HSD test
are presented at Fig. 3. This figure confirms that temperature did
not differ between any of the treatments. Phosphate and COD
showed differences between the experimental treatments and
the controls, as well as among the different treatments, but no
differences between the static and the dynamic control, while
the rest of the parameters (nitrite, ammonia and pH) differed both
between the experimental treatments and between both con-
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Table 1. Treatment efficiency of the influents and wetland effluents over 220 days sampling period.

Parameter Influent Effluent Removal (%) ***
Dinamic control Static control Scirpus Lemna Scirpus Lemna
Nitrite 154 % 0.73* 0.16 0.15% 89.47 90.23
(mg/L) (0.52-4.14) ** (0.04-1.85) ** (0.02-0.27) ** (0.02-0.53) **
Ammonia 0.62* 0.16* 0.08* 0.12*% 86.35 80.33
(mg/L) (0.33-1.02) ** (0.04-0.21) ** (0.01-0.15) ** (0.06-0.18) **
Reactive 26.23* 25.84* 16.15* 13.06 38.44 50.20
phosphorous (15.70-48.33) ** (17.76-55.30) ** (8.81-6466) ** (6.55-47) **
(mg/L)
DQ0 292.58* 31417* 121.38* 151.04 * 58.52 48.38
(mg04/L) (180-400) ** (200-400) ** (60-243) ** (60-285) **
Temperature 1754 * 18.18* 17.19* 18.55*
(°C) (8.0-24.0) ** (9.0-27) ** (9-25) ** (10-28) **
pH 8.83* 9.08* 6.88 * 764 %
(8.17-9.98) ** (7.5-9.92) ** (6.0-8.3) ** (6.3-8.94) **
* mean value

**(minimum-maximum value).

*** removal percentages for S. americanus and L. gibba, compared to the dynamic control

trols. All measured variables showed variations along the year
in all systems studied, and this agrees with the results by Forbes
et al., (2005), who found that water treatment through wetlands
usually show high variability, especially regarding phosphate
retention. The irregular behavior detected in the present work is
probably due to the presence of a complex microbial community
-which comprises cyanobacteria, autotrophic and heterotrophic
bacteria, fungi and protozoa- which also contributes to the
degradation of certain compounds (Quiroz & Miranda, 1984).

Removal of chemical oxygen demand. As shown Fig. 4b, organic
matter concentrations, expressed as COD can be reduced by
both macrophyte systems; this removal reached average levels of
48.38% and 58.52% with Lemna gibba and Scirpus americanus,
respectively. These values agree with the results by Juwarkar
et al. (1995) who employed Typha latifolia and thus removed
from 28 to 41% of COD, while Steinmann et al. (2003) removed
37.6% of COD with a macrophyte wetland. Nevertheless, Paing
y Voisin (2005) attained 92% COD removal with bulrush, even
though this was accomplished only after two or three years had
elapsed. Uhi & Dittmer (2005) obtained 84% decrease in COD by
treating water with bulrush for 10 years, while Molle et al., (2005)
were able to increase the efficiency of this process up to 90%.
According to the Tukey’s HSD test (Fig.3b) significant differences
are found between the control and experimental systems, but
no differences between both experimental systems. Thus, both
macrophytes are able to induce the decay of organic matter into
energy and inorganic metabolic by-products through chemical
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oxidation. Results by Abissy & Mandy (1999) who obtained an
organic matter removal of 91% in arid zone studies with a system
planted with Typha latifolia and 83% in unplanted systems in a
20-month study, and those by Sikora et al. (1995) who obtained
90% removal with Scirpus spp. and Typha latifolia, show that
higher efficiencies can be attained after longer periods.

Nitrite removal. In Table 1, we see that nitrite attained removal
percentages of 90.23% and 89.47% for L. gibba and S. ame-
ricanus, respectively, compared to the dynamic control. This
suggests that nitrites are rapidly oxidized to nitrate which is
readily uptaken by macrophytes as a nitrogen source, in agree-
ment to Quiroz et al., (1982), who found that hydrophytes such
as Lemnaceae and Scirpus olneyi, among others, have a high
ability for nitrogen absortion from the environment. Miranda et
al., (2000), confirmed that absortion and adsortion of cadmium
and lead occur in L. gibba submitted for 13 days to to these
metals. Even though the controls showed high variability, (Fig. 4f),
according to the Tukey’s HSD test (Fig. 3f) significant differences
are found between these and the macrophyte systems, but there
was no difference between L. gibbay S. americanus. Qur nitrite
removal results are higher than those by Shutes et al. (2005),
who obtained nitrite removal up to 65.5% with a joint Typha and
Phragmities system through five consecutive years, while Uhi &
Dittmer (2005) accomplished 95.9% nitrite removal by employing
bulrush in a 10-year treatment which suggests that similar effi-
ciencies can be attained by our system, providing that a similar
period has elapsed.
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Temperature. In accordance with Fig. 3a, we did not find statis-
tically significant differences between any of the experimental
systems or controls employed, but we found important seasonal
variation: average temperature for the period from May to August
was 23°C for all the systems, while from September to February
etdecreased to an average of 13°C for all of the systems (Fig. 4a).
This agrees with results by Talling (1990) and Andersson et al.,
(2005), neither of whom found statistically significant variation for
this parameter.

Reactive phosphorus removal. Phosphate removal is especially
important in freshwater systems in order to minimize eutrophica-
tion, as phosphorus is commonly the limiting factor for produc-
tion. Our results showed high reactive phosphate concentrations
for all systems considered from April to May (Fig. 4e). As these
are the driest moths, there is apparently a concentration effect
because of water evaporation. Afterwards, from June to early
November phosphate diminished due to dilution by rainfall and
maximum removal percentages of 50.20% and 38.44% for L. gibba
and S. americanus, respectively, were attained as compared to
the dynamic control (Table 1). According to the statistical analy-
sis, phosphate removal differs significantly when the experimen-
tal systems are compared with the controls but the difference is
not statistically significant when both experimental systems are
compared (Fig. 3e); apparently, phosphorus removal is limited by
the capacity of the media to adsorb, hind, or precipitate the inco-
ming phosphorus (Arias & Brix, 2005), and there are even some
researchers, Leader et al., (2005) who report phosphate removal
up to 98% by employing co-treatment systems involving calcium
oriron. Martin & Gerald (1994) removed 69.5% with a system that
combined floating and emergent macrophytes. Richardson (1985)
believed that emergent macrophytes were capable of higher
phosphate absorption, due to rhizosphere activity, but warned
that this system saturates and is able to release the absorbed
phosphate if plants are not regularly harvested. We believe that
chemical precipitation of reactive phosphate can also occur and
thus prevent higher total phosphate removal, as Martin & Gerald
(1994) found that phosphorus absortion by plants occurs slowly
and only for soluble phosphate compounds. On the other hand,
Andersson et al., (2005) obtained variable phosphate removal (30
to 90%) for seven years, depending on the macrophyte system
employed.

Ammonia removal. Table 1 show that the highest removal per-
centages for this nutrient were 86.35% for S. americanus and
80.33% for L. gibba, compared to the dynamic control, and this
implies statistically significant differences between experimental
systems and this control, even though there are irregular beha-
vior in dynamic control (Fig. 4c). Nevertheless, no statistically
significant differences between experimental systems and the
static control were found (Fig. 3c). These differences might be
due to the fact that ammonia-excreting organisms, such as fish,
amphibia and zooplankton occur at the Canal de Cuemanco,
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where even the excreta of urea by waterfowl can be hydrolized
to ammonia, while this phenomenon did not occur at the pond
(static control). Macronutrient (nitrogen, phosphorus and potas-
sium) removal has also been demonstrated for Ludwigia peploi-
des when used for phytoremediation of natural ecosystems for
preventing the eutrophization of epicontinental aquatic systems
(Wang et al., 2002). Our removal figures are higher than those
obtained by Abissy & Mandi (1999), who removed 17% and 31%
of ammonia by employing Typha latifolia and Juncus sibilanus,
respectively, Shutes et al,, (2005) who also removed 31% of
ammonia with a joint Typha latifolia. and Phragmites australis
system and are also higher than those by Schulz et al. (2003), who
attained removal percentages from 64.1% to 73.8% with emergent
macrophytes. Nevertheless, higher removal percentages are
possible through the use of systems including floating as well
as emergent macrophytes such as those reported by Martin &
Gerald (1994) and Zhu & Sikora (1995), who achieved removal
percentages of 98.3% and 95-100%, respectively.

Other macrophytes also bioaccumulate heavy metals such
as cadmium and lead, as occurs with several Azolla species,
which include A. microphylla, A. filiculoides and A. pinnata, as
has been proved for wetlands. These species also have the ahi-
lity to increase their tissues and thus to grow rapidly when some
nitrogen compunds are available, according to Anju et al.,(2004).

The results here presented prove that macrophytes hioac-
cumulate nitrogen and phosphorus compounds and this ability
can result in their potential use as soil conditioners, germination
promoters or as fodder.

pH. Water from the Canal de Cuemanco tends to be alkaline
throughout the year (Fig. 4d) due to salinization of the chinampa’s
soil, which has caused diminishing productivity of crops; these
results agree with previous reports by Quiroz & Miranda (1994).
Kdrner et al. (2001) found that Lemna gibba does not grow when
pH is above 9.8, depending on temperature. During the present
study we found that our macrophyte systems neutralized pH to
average values of 6.88 and 7.64 for S. americanus and L. gibba,
respectively, and pH differences between experimental and con-
trol systems are thus statistically significant and also between S.
americanus and L. gibba systems (Fig. 3d). The values obtained
fall within the range permitted by the Norma Oficial Mexicana
NOM-CCA031-ECOL-1993. Our results agree with those by Hench
et al. (2003), who obtained values from 7.1 to 6.5 by treating with
reeds, bulrushes and duckweed.

The main conclusions that can be drawn from this experi-
ment were: Excepting water temperature and ammonia, the diffe-
rences hetween the controls and the macrophyte systems began
to be noticeable from the second half of June and this suggests
that warm temperatures (which at the zone occur from March to
mid June) favor the development of the root system.
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Our constructed wetlands both appear to be efficient for organic
matter (COD), ammonia and reactive phosphate removal, as shown by
Tukey's HSD analysis, when comparing these systems to controls.

Macrophytes drive water pH to a neutral range, especially in
the case of S. americanus and this may have beneficial effects for
the aquatic biota and also for crops, as water from the channels is
employed for watering them.
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of S. americanus and to obtain a better evaluation of seasonal
differences, at least for three years.

105
=
=4
¥—  Scirpus
Lemna
- Dynamic Control
Static Control
Sampling Date
70
60 e)
50
3 4
£
g
E
= D
£
5
2
r‘;); 20
8
&
10 = Scirpus
-0 Llemna
0 ~¢-- Dynamic Control
SEICCISBLIRBI2RIBLLYIB322IRNIBY A Static Control
53 < = ] o = =
<= 3 = 2 ] S 2
Sampling Date
45
?
35 $ f)
.
25
)
=
8 15
£
05
=k~ Scirpus
-+ Lemna
05 --#- Dynamic Control
S5IS2ISBRIIBY2LII LRI 22RY S -4 Static Control
=& < = - & = =
5235 2 2 5 3 2
Sampling Date

Figure. 4. Time series plot of temperature (a), COD (b), ammonia (c), pH (d), reactive phosphate (e) and nitrite (f) for the two treatments and

the controls. .

Vol. 16 No. 3 » 2006



718

These results point out that L. gibba-based and S. ameri-
canus-based water treatment systems are a feasible alternative
for the treatment of water from the Canal de Cuemanco. Another
advantage to be taken into account is the fact that these macro-
phytes are native to the region and that their use would also
contribute to biodiversity conservation of this ecosystem.
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