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Abstract

This study evaluates the capability of horizontal subsurface-flow constructed wetlands (SSF CWs) for treating pretreated
swine wastewater as a function of contact time (CT) and type of macrophyte under the local conditions of Yucatan, Mexico.
Experiments were conducted from July 2004 to November 2005 on a swine-fattening farm. The study had three stages: first,
macrophytes were located and collected; second, plants were acclimatised; and third, a pilot plant with 6 wetlands was set up,
operated and evaluated. The effectiveness of the wetlands was intensively tested over 2 periods (April and November 2005).
The results indicate that treatment efficiency significantly improved with increased CT for most of the analysed contaminants.
The highest removal rates were recorded at a CT of 3 d and ranged between 64 and 78% for total suspended solids, 52 and
78% for COD, 57 and 74% for BOD,, 57 and 79% for total nitrogen, 63 and 75% for ammonium nitrogen, 70 and 81% for
nitrate, 0 and 28% for total phosphorus and 3.3 and 4.2 log-units for total coliforms. Results also suggest that the macrophyte
species used did not significantly differ on their contribution to overall treatment efficiency. However, vegetated beds slightly
improved water quality when compared to unplanted systems. Horizontal SSF CWs are a suitable technology for treating
swine wastewater under the local conditions of Yucatan. Contact time should be given special attention in the design of future
full-scale facilities.
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Nomenclature Introduction

SSFCW  subsurface-flow constructed wetlands In Mexico, the pig-farming sector requires suitable and inte-
ST septic tank grated technological solutions to control pollution caused by
DS drum screen the pig-farming cycle, mainly for 2 reasons: first, the national
Ps sedimentation pond and state environmental authorities have increased pressure on
CT contact time industrial activities in the form of fines, and second, the Mexican
CT1 contact time of one day Government has announced that farmers who do not treat their
CT2 contact time of two days animal waste properly would lose their certificates? licences?
CT3 contact time of three days Author to check allowing them to export pork.

OLR organic loading rate Mexico is the 2™ largest swine producer in Latin America
HLR hydraulic loading rate (>18 million pigs in 2004) and the 18™ largest worldwide. Almost
TSS total suspended solids 70% of Mexico’s swine production is located in 6 states: Jalisco,
COD chemical oxygen demand Sonora, Guanajuato, Puebla, Michoacan and Yucatan (Franco,
BOD, biochemical oxygen demand 2006). Yucatan’s pig-farming registry for the year 2001 showed
TN total nitrogen a pig population of about 1 750 000 (INEGI, 2005). Each pig
TP total phosphorus generates around 36 {-d* of pig waste (Taiganides et al., 1996)
TCF total coliforms which leads to a total of approximately 63 000 m3-d*. Nitrogen

and phosphorus concentrations are generally very high in the
raw waste, about 2 500 and 600 mg-0?, respectively (Costa et al.,

2000). If these nutrient-rich wastes are applied to agricultural
soil at a higher rate than crop uptake ability, soil fixation and
processing, the excess nutrients may reach surface and ground-
water due to runoff and leaching (Stone et al., 1998).

* To whom all correspondence should be addressed.
@ +00 514 872 84 89; fax: +00 1 514 872 94 06;

e-mail: Iaume.guigagut.'uarez@umontreal.cg

Received 20 October 2008; accepted in revised form 22 January 2009.

Available on website http://www.wrc.org.za 335
ISSN 0378-4738 = Water SA Vol. 35 No. 3 April 2009
ISSN 1816-7950 = Water SA (on-line)


https://core.ac.uk/display/478284506?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jaume.puigagut.juarez@umontreal.ca

In Yucatan, pig farmers commonly dump the primary-treated
swine waste directly onto agricultural land because there are no
environmental regulations pertaining to the discharge of waste-
water that infiltrates into the ground. In fact, the only environ-
mental regulations on water quality in Mexico refer to surface
water (NOM-001-ECOL-1996). The common practices of local
farmers have therefore raised special concern in the region, since
the widespread presence of karst soils facilitates a rapid percola-
tion of contaminants from agricultural soil to aquifers. Ground-
water contamination is of special concern in the region because
aquifers are the main source of drinking water. In a study by
Pérez and Pacheco (2004) conducted in 106 municipalities in the
region, 21 municipalities were found to exceed the upper limit
of 45 mg-0*NO, in supply water. Therefore, despite the lack of
environmental regulation on wastewater that infiltrates into the
ground, it is clearly of capital interest — in both environmental and
public-health terms — to reduce the nutrient load to the Yucatan
environment. Alternative or additional swine-waste treatment
systems need to be implemented in order to reduce the potential
environmental and health problems related to swine waste.

Constructed wetlands are biological wastewater treatment
systems in which contaminants are removed by means of vari-
ous mechanisms such as sedimentation, filtration, microbial
degradation and plant uptake (Ciria et al., 2005). They are nor-
mally used to treat settled effluent from rural housing, but are
now being considered for treating farm-produced wastewater
(McGechan et al., 2005). Constructed wetlands appear to be a
suitable technology for treating swine wastewater in the Yucatan
region since they can easily be managed by non-specialised staff
and have low maintenance and operation costs (Reddy et al.,
2001). Moreover, studies have shown that constructed wetlands
have successfully treated animal wastewater in other regions
(Payne et al., 1992; Hunt et al., 1994). The type of constructed
wetland most commonly used to treat swine wastewater is the
surface-flow constructed wetland (SF CW) (Hunt and Poach,
2001), but there have also been a few successful experiences
with subsurface-flow systems (Kantawanichkul et al., 1999 and
2001; Lee et al. (2004); Sezerino et al., 2003). Little is known,
however, about the suitability of SSF CWs for treating farm
wastes with a high nitrogen load.

The main objective of this study, therefore, was to test the
capability of horizontal SSF CWs for treating pre-
treated swine wastewater (under the local conditions of
Yucatan) as a function of contact time (CT) and type of
macrophyte.

period (Typha latifolia and Eleocharis interstincta) were used
in the 3" stage. During this final stage, the effectiveness of the
wetlands was tested twice: Once in April 2005 in the dry sea-
son that lasts from March to June, when rainfall is less than 100
mm and temperatures are high (daily maximum temperatures of
36 to 40°C); and then in November 2005, in the ‘nortes’ season
that lasts from November to February, when rainfall is very low
at less than 50 mm and temperatures are cool (daily maximum
temperatures of 20 to 23°C)

Location, collection and acclimatisation of macro-
phyte species

During the 1% stage of the study, emergent aquatic macrophytes
growing in the natural ecosystems of Yucatan were collected
and cultivated. The purpose was to select those species which
were best adapted to growing under the severe conditions cre-
ated by swine wastewater. A total of 5 species (Fimbristylis
spadicea, Typha latifolia, Eleocharis interstincta, Arundinella
berteroniana and Cladium jamaicensis) were collected and cul-
tivated in 5 plastic tanks (length 1.1 m, width 0.7 m and depth 0.6
m). Each plastic tank was filled to a height of 0.3 m with gravel
(diameter 10 to 30 mm), followed by an 0.15 m thick top layer
of sand, to simulate the conditions in which macrophytes would
grow in horizontal wetlands. These tanks were fed with 50 { of
pretreated swine wastewater each day throughout the 5 months
of the 2" stage.

Physico-chemical characterisation of swine
wastewater

On the farm, the wastewater generated during the fattening cycle
is discharged to a septic tank (ST), from which it is pumped to
a drum screen (DS) before being diverted to the receiving envi-
ronment. Solids derived from this treatment are disposed of on
agricultural lands without additional treatment. In this study,
3 m?® of the DS effluent were transferred every day to 3 paral-
lel pilot sedimentation ponds (Ps). From there, the wastewater
was pumped to a storage tank that fed the horizontal wetlands
(Fig. 1). As additional treatment, sedimentation ponds were
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(August-December 2004), the macrophytes were accli-
matised. In the 3" stage, which lasted 11 months (Janu-
ary-November 2005), 6 pilot horizontal SSF CWs were
set up and operated. The macrophytes that had proved
to be the most resistant during the acclimatisation
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Figure 1

Schematic diagram of the pretreatment and the horizontal SSF CW pilot
plant used in this study. Bed types: T1 and T2, Typha latifolia; C1 and C2,

unplanted as control; E1 and E2, Eleocharis interstincta.
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TABLE 1
Averages and standard deviations of the main
physico-chemical properties of the effluent of the
sedimentation ponds (Ps).
Note that the effluent of the Ps is the influent of the wetlands.
These data are from sampling campaigns conducted in April
2005 (ST, DS and Ps (dry)) and November 2005 (Ps (‘nortes’)).

Parameter n Average = SD

Ps (dry) Ps (Nortes)
pH 12 71+0.1 7401
TSSmg-0* 12 | 1003100 853+100
CODmg-(? 12 | 4421+454 4413+398
BOD,mg-(* 12 | 2167+£197 3582+276
Total N, mg N-¢* 12 706+36 709+86
NH,*, mg N-¢* 12 614+12 615+52
NO,, mg N-{* 12 56£15 7717
Total P, mg P-0*! 12 88+3 44+7
TCF, log-units 100 m¢? 12 | 11.6£0.05 11.2+0.1

used to remove solids, thereby reducing the organic loading rate
(OLR) applied to the wetlands. The physico-chemical properties
of the Ps effluents were analysed in April 2005. A total of 12
samples were collected on 4 consecutive days from each pre-
treatment effluent, prior to the first wetland sampling campaign.
The physico-chemical parameters analysed were pH, total sus-
pended solids (TSS), chemical oxygen demand (COD), biochem-
ical oxygen demand (BOD), total nitrogen (TN), ammonium
nitrogen (NH,"-N), nitrate nitrogen (NO,-N), total phosphorus
(TP) and total coliforms (TCF). All of these parameters were
analysed according to Standard Methods (2001) and are sum-
marised in Table 1. NH,*-N was analysed by means of a prior
distillation step in the Kjeldahl method.

Horizontal SSF CWs

The pilot plant was fed with pretreated wastewater from the Ps (i.e.
wastewater that had been stored in a tank). The plant consisted
of 6 identical parallel beds (wetlands), of which 2 were planted in
February 2005 with Typha latifolia (T), 2 were planted with Eleo-
charis interstincta (E), and 2 remained unplanted as controls (C).
Plants were established at a density of 15 shoots.m? and allowed
to grow to densities of approximately 65 shoots'm at the start of
the experiment. These 2 species were selected from among all of
the cultivated macrophytes because they had the best appearance
and development during the acclimatisation period. Each system
consisted of 6 identical beds made of PVC with length, width and
depth of 1.1 m, 0.7 m and 0.45 m respectively. Furthermore, each
bed was filled to a height of 0.3 m with gravel with a diameter
ranging from 10 to 30 mm (D,;= 32 mm), followed by a 0.15 m
thick top layer of sand (D,;= 2 mm). The initial porosity was 40%
and 32% for the gravel and sand media, respectively. The nomi-
nal pore space of each bed was 50 { (experimentally measured
at the beginning of the sampling period). During the experimen-
tal phase the water level in each bed was kept constant at about
0.05 m below the surface of the sand.

Wetlands monitoring and data analysis

The performance of the wetlands was monitored over 2 periods,
inthe dry and “nortes’* seasons, over 9 consecutive days of inten-
sive sampling of the effluent of each bed. Note that, although the
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TABLE 2
Operational parameters during each of the two sampling
campaigns (dry and ‘nortes’). The same experimental
procedure was carried out in each campaign.

Para- Unit CT1 CT2 CT3 | Replica
meter? CT3
Q ed? 50 50 50 50
CT d 1 2 3 3
HLR mm-d* 65 32.5 21.6 21.6
OLR |[gCOD'm?d? 287 142 95 95
n 24 18 12 12

2The abbreviations are: CT, contact time; OLR, organic loading rate;
HLR, hydraulic loading rate; Q, flow; n, number of samples.

sampling was conducted in a short period of time, fixed biomass
reactors (as the constructed wetlands) are generally less affected
by changes in environmental and/or operational conditions (Brix
and Schierup, 1989). On the other hand, in order to evaluate the
effect of CT on treatment efficiency, the systems were operated
at three different CTs for these 9 d. For the testing of each differ-
ent CT pretreated wastewater was supplied in quantities of 50 {
depending on the desired contact time, with excess water being
displaced from the toe of the bed. Specifically, contact times
were 1 d (CT1), 2 d (CT2) and 3 d (CT3). For each contact time
water was removed from the toe of the bed at 4 h intervals over a
period of 12 h during the day of sampling and the samples were
mixed to obtain a composite sample. Thus for CT1, water was
removed after 24, 28, 32 and 36 h, for CT2 it was removed after
48, 52, 56 and 60 h, and for CT3 it was removed after 72, 76,
80 and 84 h. Following each experimental run, the water in the
bed was removed and replaced with fresh pretreated wastewater.
After runs of CT1, CT2 and CT3, another 3 d experimental run
was undertaken, and samples were taken as for CT1, CT2 and
CT3 without replacing the water each time. Table 2 summarises
the operational conditions of each wetland by CT.

Statistical analyses were carried out using the Statgraphics
Plus 4.1 statistical software package. One- and two-way ANOVA
methods were used to check the influence of each factor consid-
ered (presence/absence of macrophytes and CT) for each water-
quality parameter and to evaluate the interactions between fac-
tors. For each ANOVA test, it was checked whether the variables
were normally distributed; if not, they were log-transformed. To
discriminate among the means, Fisher’s least significant differ-
ence (LSD) procedure was used.

Results and discussion
Organic matter and TSS removal in the wetlands

In our study, effluent TSS, COD and BOD, concentrations
clearly decreased as the CT increased in all cases tested. Planted
wetlands produced effluents whose quality was 5 to 15% better
than those of the unplanted controls (Tables 3 and 4). In general
terms, the organic matter removal results suggest that CT influ-
ences wetlands performance more than the type of macrophyte.

TSS removal efficiencies ranged from 35 to 76% in the dry
season and from 44 to 78% in the “nortes’* season. The organic
matter removal results showed a pattern similar to that of TSS.
Specifically, in the dry season, efficiencies ranged from 36 to
68% and from 28 to 69% for COD and BOD,, respectively; in
the “nortes’ season, they ranged from 40 to 78% and from
49 to 74% for COD and BOD, respectively. The literature on this
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TABLE 3
Averages and standard deviations of TSS and organic matter in the effluents
of the wetlands in the dry season sampling campaign.
Average removal percentages are shown in parentheses.
Parameter | Presence/ Unit CT1 CT2 CT3
absence
macrophyte
TSS T mg-(* 628+79 (37) 273+44 (73) 255+61 (75)
C 647+62 (35) 324+35 (68) 24010 (76)
E 590493 (41) 306+42 (69) 277+45 (72)
COD T mg-(*! 25824256 (42) 2014+87 (54) 1439+167 (67)
C 2833+£162 (36) 2151115 (51) 1472+101 (67)
E 2612+157 (41) 1834+111 (59) 1417+95 (68)
BOD, T mg-*! 1391+184 (36) 1087+136 (50) 697+149 (68)
c 1551475 (28) 1260+68 (42) 882156 (59)
E 1352+120 (38) 1030£127 (52) 662+68 (69)

Presence/absence of macrophytes: T, Typha latifolia; C, unplanted control; and E, Eleocharis interstincta. CT means contact
time. Note: values in brackets represent the mean percentage of removal.

TABLE 4
Averages and standard deviations of TSS and organic matter in the effluents
of the wetlands in the ‘nortes’ season sampling campaign.
Average removal percentages are shown in parentheses.
Parameter | Presence/ Unit CT1l CT2 CT3
absence
macrophyte
TSS T mg-0? 322457 (62) 225+49 (74) 190453 (78)
C 474+88 (44) 37162 (57) 303+74 (64)
E 370+52 (57) 23557 (72) 211+39 (75)
COD T mg-0?! 13004335 (71) 1083+275 (75) 958+264 (78)
C 26331532 (40) 2333155 (47) 2133+267 (52)
E 1741+398 (61) 17754181 (60) 15334208 (65)
BOD, T mg-(? 1250+222 (65) 9504192 (73) 922490 (74)
C 1823+302 (49) 1706+186 (52) 1558+204 (57)
E 12564189 (65) 9874159 (72) 993+121 (72)

Presence/absence of macrophytes: T, Typha latifolia; C, unplanted control; and E, Eleocharis interstincta. CT means contact
time. Note: values in brackets represent the mean percentage of removal.

topic reports a wide range of TSS and organic matter removal
efficiencies in constructed wetlands treating swine wastewater,
as discussed below.

Kantawanichkul et al. (2001) reported a COD removal effi-
ciency of 98% in a pilot combined wetland system (a vertical
SSF CW followed by a horizontal SSF CW) treating raw swine
waste and operated with an OLR of 105 g COD m?-d* and a
hydraulic loading rate (HLR) of 37 mm-d ™. Sezerino et al. (2003)
observed lower COD removal efficiencies, ranging from 25 to
54%, for a vertical SSF CW treating swine waste and operated
with an OLR ranging from 12 to 23 g COD m?-d* and an HLR
of 30 mm-d™. Lee et al. (2004) reported removal efficiencies of
99% for TSS, 77% for COD and 86% for BOD, for a horizon-
tal subsurface SSF CW fed with pretreated swine waste and
operated with an OLR of 130 g COD m?d? and a HLR of 120
mm-d?. In our study, we found that the highest removal efficien-
cies of TSS and organic matter (COD and BOD,) were observed
for CT 3 when the OLR was 95 g COD m?-d* and the HLR was
21.6 mm-d?; in this case, the removal efficiencies ranged from
64 to 78% for TSS, 52 to 78% for COD and 57 to 74% for BOD,.
The organic matter and TSS removal efficiencies observed in
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our study were therefore generally lower than those reported by
Lee et al. (2004) and Kantawanichkul et al. (2001) and higher
than those reported by Sezerino et al. (2003). The wide range of
efficiencies in TSS and organic matter removal found in differ-
ent studies is probably related to the great variation of pig-waste
composition, which is, in turn, highly dependent on farm man-
agement and storage conditions (Boursier et al., 2005).

According to our statistical analysis, CT caused signifi-
cant statistical differences in the average effluent concentration
of TSS, COD and BOD, in all bed types (i.e. with or without
macrophytes) and in both campaigns (Table 5). The test used to
discriminate among the means indicated that all pairs of means
were different for BOD, and COD. For TSS, most of the differ-
ences were between CT 1 and the 2 other CTs.

The ANOVA test revealed significant interactions between
the two factors (presence/absence of macrophytes and CT) for
TSS in the “nortes™ season and for COD and BOD, in both
campaigns. These interactions were due to the fact that efflu-
ent concentrations were clearly lower in CT 3 than in CT 1 and
CT 2, and that the planted beds had lower concentrations than
the unplanted beds.
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TABLES
Probabilities of the ANOVA test on the effects of each of the factors (one-way) and their interactions (two-
way) on effluent concentrations. The two factors evaluated in this study are presence/absence of macro-
phytes and CT. The bed types and CT that caused the statistical differences are shown in parentheses.
Presence/ CT Presence/
absence T C E absence
macrophytes macrophyte *CT
Dry Nortes Dry Nortes Dry Nortes Dry Nortes Dry Nortes
TSS 0.913 0.039* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.470 0.007*
- ©) @ (1,3) @l aln ) ®
COD 0.447 0.040* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.006* 0.000*
- ©) (all) @ (all) (all) (all) (1,2)
BOD, 0.048* 0.022* 0.000* 0.000* 0.000* 0.001* 0.000* 0.000* 0.000* 0.002*
(C,E) ©) (all) (all) (all) (all) (all) (1,2)
Total N 0.129 0.100 0.001* 0.023* 0.000* 0.000* 0.000* 0.000* 0.002* 0.269
- - @ @ @ (all) @) @l
NH,' 0.057 10.077 0.004* 0.002* 0.000* 0.003* 0.002* 0.000* 0.003* 0.114
- - (1,3) (3) (all) (3) (all) (all)
NO, 0.000* 0.085 0.002* 0.006* 0.000* 0.003* 0.010* 0.000* 0.000* 0.216
©) - (all) (all) (1,3) (all) (€] (all)
Total P 0.000* 0.048* 0.598 0.042* 0.430 0.514 0.498 0.465 0.376 0.185
(all) ©) - ©) - - - -
TCF 0.402 0.369 0.000* 0.000* 0.000* 0.000* 0.007* 0.000* 0.214 0.168
- - (all) (all) (all) (all (all) (all)

Macrophytes are: T, Typha latifolia; C, unplanted control; and E, Eleocharis interstincta. CT means contact time.

Significant differences are marked with asterisks.

Nutrient removal in the wetlands

The effluent TN and NH,* concentrations clearly decreased as
CT increased, regardless of the type of macrophyte (Tables 6
and 7). These results contrast with those found for ammonium
in the study of Lee et al. (2004), who observed that the lowest
removal rates occurred at the greatest hydraulic retention time.
The planted wetlands generally produced effluents whose qual-
ity was between 2 and 5% better than that of the unplanted beds
for TN and NH," (Tables 6 and 7). In the case of NO,, there
was no clear relationship between effluent concentration and
CT, since during the dry season the lowest concentrations were
observed for CT 2, whereas in the “’nortes’ season the results
varied with the type of treatment.

The TN removal efficiencies ranged from 47 to 66% in the
dry season and from 59 to 79% in the “nortes’* season, whereas
the NH,* removal efficiencies ranged from 53 to 67% in the dry
season and from 50 to 75% in the “nortes’ season. The NO,
removal efficiencies ranged from 69 to 84% in the dry season
and from 60 to 75% in the ‘nortes’ season. The planted beds had
the best NO,” removal performance (Tables 6 and 7, next page).

The literature generally reports lower nitrogen removal
efficiencies than those found in this study. For example, Lee et
al. (2004) reported removal efficiencies for TN, NH,*and NO,’
ranging from 1 to 22%. The higher efficiencies observed in our
study may be linked to our intermittent feeding strategy. Inter-
mittent feeding may have enhanced re-aeration of the granu-
lar medium, which in turn would have increased biochemical
aerobic routes. In fact, the removal efficiencies observed in
this study are very similar to those reported for vertical SSF
CWs by Sezerino et al. (2003) (2 to 68%) and by Kantawa-
nichkul et al. (1999) (80 to 90%). The rather high removal rates
observed in the experiments of Kantawanichkul et al. (1999)
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may be related to the fact that the authors used diluted swine
wastewater.

Based on statistical analyses conducted on nitrogen species,
we can conclude that CT caused significant statistical differences
in terms of the average effluent concentrations of TN, NH,* and
NO,"in all treatments in both campaigns (Table 5). The test used
to discriminate among the means indicated that all of the pairs of
means were statistically different for the three nitrogen species.
The greatest average differences were observed between CT 1
and CT 3 regardless of the type of macrophyte.

The ANOVA test revealed significant interactions between
the 2 factors (presence/absence of macrophytes and CT) for TN,
NH," and NO, in the dry season campaign. These interactions
were due to the fact that the planted beds had significantly lower
concentrations than the unplanted beds during the dry season.

The TP removal efficiencies were generally lower than those
of the other contaminants. TP removal ranged from 0 to 12% in
the dry season and from 6 to 28% in the ‘nortes’ season (Tables 6
and 7). According to the statistical tests, CT seemed not to have
a significant effect on TP removal (Table 5). On the contrary, as
has been previously described by Vymazal (2003), the presence
of macrophytes had a significant effect on the performance of
the systems. The TP removal efficiencies obtained in this study
were, however, lower than those reported by Lee et al. (2004) (47
to 59%).

Microbial removal in the wetlands

The TCF removal was generally not high enough to produce
effluents with low concentrations. Effluent TFC concentrations
ranged from 10.8 to 10.1 log-units:100 m¢™ in the dry season
and from 9.1 to 8.5 log-units:100 m{tin the ‘nortes’ season for
CT 1, from 9.8 to 9.6 log-units:100 me* in the dry season and
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TABLE 6
Averages and standard deviations of nutrients and micro-organisms in the effluents
of wetlands in the dry season sampling campaign. Average removal percentages
are shown in parentheses.
Parameter Presence/ Unit CT1 CT2 CT3
absence
macrophyte
Total N T mg-0*t 275+48 (61) 19653 (72) 179+29 (75)
C 290+43 (59) 207+36 (71) 19037 (73)
E 286453 (60) 232+56 (67) 148+41 (79)
NH,* T mg-(? 28565 (54) 274+58 (55) 218+43 (65)
c 307+69 (50) 299+49 (51) 228+56 (63)
E 242+58 (61) 218+52 (65) 151+32 (75)
NO, T mg-? 25+11 (67) 23+8 (70) 1949 (75)
C 31410 (60) 28411 (64) 23+8 (70)
E 28+13 (64) 25+7 (67) 21+7 (73)
Total P T mg-? 38415 (15) 3818 (15) 3215 (28)
C 42+15 (6) 40+16 (10) 41+11 (8)
E 40+16 (10) 39415 (12) 39+13 (12)
TCF T log-units 9.1+0.42(18) 7.5£0.90(33) 7.5+0.69(33)
C 100 m¢* 8.8+0.44(22) 7.1+0.61(36) 7.0+0.52(37)
E 8.5+0.58(24) 8.0+0.52(29) 7.8+0.33(30)

Presence/absence of macrophytes are: T, Typha latifolia; C, unplanted control; and E, Eleocharis interstincta.

CT means contact time. Note: values in brackets represent the mean percentage of removal.

TABLE 7
Averages and standard deviations of nutrients and microorganisms in
the effluents of wetlands in the ‘nortes’ season sampling campaign.
Average removal percentages are shown in parentheses.
Parameter Presence/ Unit CT1 CT2 CT3
absence
macrophyte

Total N T mg-? 363+34 (49) 292451 (59) 264+17 (63)
C 377+26 (47) 314+24 (56) 305+25 (57)
E 36535 (48) 26617 (62) 237+19 (66)
NH,* T mg-0*t 249+36 (59) 218+28 (65) 20116 (67)
C 28619 (53) 244%19 (60) 206x19 (66)
E 268422 (56) 244+18 (60) 214+24 (65)

NO; T mg-(? 1443 (75) 9+2 (84) 163 (72)

cC 18+1 (69) 13+2 (77) 17+1 (70)

E 132 (77) 10+2 (82) 11+2 (81)

Total P T mg-? 81+4 (8) 7947 (11) 7845 (12)

C 89+4 (0) 87+6 (2) 91+1 (0)

E 85+5 (4) 83%5 (6) 81+3 (8)
TCF T log-units 10.1+0.02(13) 9.6+0.12(17) 8.5+0.49(27)
C 100 m¢* 10.8+0.04(7) 9.8+0.01(16) 8.320.02(29)
E 10.4+0.39(10) 9.7+0.12(16) 8.6+0.33(26)

Presence/absence of macrophytes are: T, Typha latifolia; C, unplanted control; and E, Eleocharis interstincta.

CT means contact time. Note: values in brackets represent the mean percentage of removal.

from 8.0 to 7.1 log-units'100 m{lin the ‘nortes’ season for CT
2, and from 8.6 to 8.3 log-units' 100 mC!in the dry season and
from 7.8 to 7.0 log-units-100 m€'in the ‘nortes’ season for CT 3.
Removal efficiencies ranged from 3.3 log-units in the dry season
to 4.2 log-units in the ‘nortes’ season. These removal efficien-
cies agree with those reported by Kantawanichkul et al. (1999)
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(approximately 4 log-units). The ANOVA test indicated that
there were no statistical differences in the average effluent TFC
values between the various types of beds within the same CT
(Table 5). On the contrary, CT caused significant differences in
TFC concentrations. The test used to discriminate among the
means indicated that all pairs of means were different.
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Summary of all results

CT caused clear differences in removal efficiency for most
of the evaluated contaminants. Therefore, it may be consid-
ered as a key parameter in the performance of horizontal SSF
CWs treating swine wastewater. In contrast, the differences
between planted and unplanted systems were not clear or
were very low, especially in the dry season. This contrasts
with the studies of Brison et al. (2006) and Ciria et al. (2005),
which reported a clear contribution by plants on contaminants
removal. It is likely that the high concentrations of contami-
nants treated in this study masked the macrophytes’ contribu-
tion to overall treatment efficiency (Brix, 1997). Only in the
case of BOD, planted wetlands clearly showed superior treat-
ment efficiency, with removal efficiencies of 68% in planted
wetlands (Typha latifolia) and 59% in unplanted beds for both
periods.

The wetlands had slightly better removal efficiencies in the
‘nortes’ campaign than in the dry campaign. Specifically, during
the ‘nortes’ season, the wetlands had 2 to 10%, 4 to 10%, 6 to
21%, 13 to 14% and 3 to 8% higher removal efficiency for TSS,
COD, BOD,, TN and NH,"™-N, respectively. This trend seems
to be linked to the higher evapotranspiration rates in the dry
season, which would increase the contaminant concentrations in
the wetlands. Unfortunately, evapotranspiration was not directly
quantified at the time of the experiments; in the dry season, how-
ever, temperatures and wind speed are higher and humidity is
lower, so we may reasonably assume that the evapotranspira-
tion rates would have been higher. It is common for treatment
efficiency in many constructed wetlands to decrease in dry peri-
ods due to high rates of evapotranspiration (Kadlec and Knight,
1996).

Care should be taken when applying the results of this study,
since they were obtained from small pilot wetlands and during
a short evaluation period. Nevertheless, these results provide a
starting point for the use of horizontal SSF CWs in Yucatan and
gives insight of the potential application of this technology for
an environmental concern in the region.

Conclusions

The results of this study clearly indicate that CT is a key factor
in the removal of a wide variety of contaminants (COD, BOD,,
TN, NH,, NO, and micro-organisms) in horizontal SSF CWs
treating swine wastewater.

According to the results of this study Typha latifolia and
Eleocharis interstincta are the most suitable macrophyte spe-
cies to be used for the treatment of piggery wastewater under
Yucatan’s local conditions. In spite of the fact that high con-
taminant concentrations in wastewater may have masked the
macrophytes’ contribution to the overall treatment efficiency,
vegetated beds usually provide better effluent quality than
unplanted beds.

The best contaminant removal efficiencies were for a CT of
3 d. In such conditions, removal efficiencies ranged between 64
and 78% for TSS, between 52 and 78% for COD, between 57
and 74% for BOD,, between 57 and 79% for TN, between 63 and
75% for NH,", between 70 and 81% for NO,’, from 0 to 28% for
TP and between 3.3 and 4.2 log-units for TCF.

In general terms, the results of this study suggest that hori-
zontal SSF CWs could be a suitable technology for treating
swine wastewater in Yucatan. Furthermore, CT clearly deserves
special attention in the future design of full-scale facilities.
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