2698

© IWA Publishing 2013 Water Science & Technology

|

68.12

|

2013

Taenia eggs in a stabilization pond system with poor
hydraulics: concern for human cysticercosis?
Matthew E. Verbyla, Stewart M. Oakley, Louis A. Lizima, Jie Zhang,
Mercedes Iriarte, Andres E. Tejada-Martinez and James R. Mihelcic

ABSTRACT
The objective of this study is to compare the removal of Taenia eggs to the removal of Ascaris eggs in
a wastewater stabilization pond system consisting of three ponds in series, where the hydraulic
residence time distribution has been characterized via a tracer study supported by computational
ﬂuid dynamics modeling. Despite a theoretical hydraulic retention time of 30 days, the peak dye
concentration was measured in the efﬂuent of the ﬁrst pond after only 26 hours. The smaller-sized
Taenia eggs were detected in higher concentrations than Ascaris eggs in the raw wastewater.
Ascaris eggs were not detected in the pond system efﬂuent, but 45 Taenia eggs/L were detected in
the system efﬂuent. If some of these eggs were of the species Taenia solium, and if the treated
wastewater were used for the irrigation of crops for human consumption, farmers and consumers
could potentially be at risk for neurocysticercosis. Thus, limits for Taenia eggs in irrigation water
should be established, and precautions should be taken in regions where pig taeniasis is endemic.
The results of this study indicate that the theoretical hydraulic retention time (volume/ﬂow) of a pond
is not always a good surrogate for helminth egg removal.
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INTRODUCTION
The World Health Organization recommends (WHO )
concentrations of <1 helminth egg/L in wastewater used for
irrigation, and considers eggs of four speciﬁc nematode
species (Ascaris lumbricoides, Trichuris trichiura, Ancylostoma duodenale and Necator americanus) to be the most
important (Mara ). In wastewater ponds, the main
removal mechanism for helminth eggs is sedimentation.
Ayres et al. () proposed an equation that relates nematode egg removal to the theoretical hydraulic retention
time (HRT) of a pond, and the WHO () suggested that
theoretical HRT (volume/ﬂow) can be used as a surrogate
for helminth egg removal in pond systems. However,
equal-sized ponds with different conﬁgurations may have
different residence time distributions (RTD) despite having
similar theoretical HRTs (Persson ). While Torres
et al. () concluded that the hydraulic behavior of three
facultative ponds in Spain was similar to that of ideal completely mixed reactors, Macdonald & Ernst () reported
a mean HRT that was 25% lower than the theoretical
doi: 10.2166/wst.2013.556

Downloaded from https://iwaponline.com/wst/article-pdf/68/12/2698/471814/2698.pdf
by guest

value in a system consisting of four ponds in series in Australia, and detected dye passing through all four ponds at times
less than 5% of the theoretical HRT. The percentage of inﬂuent water passing through a pond in this initial short-circuiting
path may inﬂuence helminth egg removal efﬁciency to a
greater extent than the mean or the theoretical HRT.
Taenia eggs are smaller in size and settle at a velocity that
is reportedly similar to (Sengupta et al. ) or possibly lower
than (Feachem et al. ; Murrell et al. ) the settling velocities of eggs from the nematode genera Trichuris and
Ascaris. Early work on wastewater reuse (Shuval et al. )
listed Taenia in the highest risk category due to the health
risk of taeniasis, which is listed in the Environmental Disease
Classiﬁcation system as a Category D disease (Mara & Feachem ), characterized by latency, persistence, and very
high infectivity, with an cow or pig intermediate host.
Human cysticercosis, however, which results from the direct
ingestion of T. solium eggs, is not listed in this classiﬁcation
system (Mara & Feachem ), despite the fact that it is the
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leading cause of acquired epilepsy in developing countries and
affects 5–6 million people in Latin America alone, resulting in
50,000 deaths per year (Bern et al. ). Unlike taeniasis,
human cysticercosis is more closely related to Category A diseases (non-latent; no intermediate host), and Taenia eggs are
more persistent in soil than other non-latent Category A disease agents. Taenia eggs have been detected on market
vegetables in Mexico (Sorvillo et al. ) and Libya (Abougrain
et al. ), and human cysticercosis is endemic in many
regions of Latin America, Africa, and Asia (Murrell et al.
), with prevalence as high as 23% in one region of rural
Bolivia (Bern et al. ). Human cysticercosis has also been
reported in almost all major cities of Bolivia, with one-fourth
of epilepsy patients from one sample manifesting cerebral calciﬁcations typical of neurocysticercosis (Barragán et al. ).
Nevertheless, it has received little attention in international
guidelines for wastewater use in agriculture (WHO ).
Given the importance of human cysticercosis to global
public health and the theoretically low settling velocity of
Taenia eggs, the purpose of this study is to compare the
removal of Taenia eggs to the removal of Ascaris eggs in a
wastewater stabilization pond system where the hydraulic
RTD has been characterized with a tracer study supported
by computational ﬂuid dynamics (CFD) modeling.

METHODS
The pond system studied serves 780 people from a small town
in the Yungas region of Bolivia, and consists of a facultative
pond and two maturation ponds in series. Based on 24-hour
ﬂow measurements taken on six different occasions in the
month of June in 2007 and 2012, the average daily ﬂow rate
entering this system is 91.5 m3/day (SD ¼ 27.5), which corresponds to an overall theoretical HRT of 37 days (SD ¼ 13).
However, the average ﬂow rate entering the system was
measured to be almost twice as high in 2012 as it was in
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2011 (Table 1). Each pond has one inlet and one outlet
pipe, located near the center of the pond width (for the facultative pond) or at opposite corners (for the maturation ponds).
The inverts of the 15 cm inlet and outlet pipes in the facultative pond are 1.1 and 1.0 m above the bottom of the pond
respectively. Sludge depths in the facultative pond were
measured in June 2011 using the white towel method and
the total volume was estimated to be 169 m3 using the Kriging
method (see Lizima ). Other aspects of this system, including its performance for physical–chemical parameters, have
been previously described (Verbyla et al. ).
Helminth egg analysis
Composite 24-hour wastewater samples were collected at
the inﬂuent and efﬂuent of the facultative pond and at the
efﬂuent of the second maturation pond on three different
occasions in 2011 and 2012, with sample volumes ranging
from 2–32 L. Samples were processed for the analysis of helminth eggs in accordance with the protocol of the Centro de
Aguas y Saneamiento Ambiental at the Universidad Mayor
de San Simón in Cochabamba, Bolivia. This protocol follows a slightly modiﬁed version of the Mexican standard
method (Secretaria de Comercio y Fomento Industrial
). Brieﬂy, helminth eggs were isolated from samples
using centrifugation, ﬂotation, and biphasic separation.
The main difference between the protocol used for this
study and the Mexican standard is that magnesium sulfate
is used instead of zinc sulfate for ﬂotation. Representative
aliquots of the concentrated samples were placed on a Neubauer counting chamber, where eggs were identiﬁed and
enumerated under a light microscope.

Dye tracer study
The dye tracer study was carried out in June 2011 for the
facultative pond using Rhodamine Water Tracing dye

Dimensions and theoretical HRTs of the stabilization ponds

2011

2012

Pond

Dimensions (L × B × D/m)a

Volume (m3)

Avg. ﬂow (m3/day)

Theoretical HRT (days)

Avg. ﬂow (m3/day)

Theoretical HRT (days)

Facultative pond

50 × 27.5 × 1.8

2,000

66

30

121

17

Maturation pond 1

39 × 13 × 1.5

550

61

9

118

5

Maturation pond 2

39 × 13 × 1.5

550

59

9

117

5

–

48

–

27

Totals
a

L ¼ length, B ¼ breadth, D ¼ depth.
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(Bright Dyes, Miamisburg, OH, USA). A 300-ppm solution
of dye, prepared with distilled water, was diluted with stabilization pond water to obtain a 300-ppb solution. A volume
of 2.17 L of this solution was mixed with 3 L of untreated
wastewater entering the stabilization pond, and the mixture
was poured into an inﬂuent distribution box. A handheld
ﬂuorometer (Equipco, Concord, CA, USA), calibrated with
pond water and the 300-ppb solution of dye, was used to
measure ﬂuorescence of samples collected in triplicate at
the pond efﬂuent. Fluorescence readings were collected
for 35 time points during a period of 12 days. Each time
samples were collected, the ﬂow rate was measured, and
the cumulative mass of dye that had passed through the
pond was estimated by multiplying the dye concentration
by the ﬂow rate and the time since the last reading. Due to
limitations in the ﬁeld, the duration of this study was only
12 days. Therefore, the results of the ﬁeld study were supported by CFD modeling.
Computational ﬂuid dynamics modeling
Two-dimensional (2D) CFD models were developed to simulate ﬂow conditions and the transport of tracer in the
facultative pond at the pond surface level and at the level
of the inlet pipe invert. Gmsh software was used to create
the ﬁne-element mesh (Geuzaine & Remacle ). The
accumulated sludge was treated as an obstacle to ﬂow.
OpenFOAM software (the OpenFOAM® Foundation) was
used to display the velocity distribution in the pond, based
on the Navier–Stokes equation, and ParaView software (Kitware, Inc.) was used for post-processing of the model and
visual image generation. The models were run for a simulated period of 90 days, using a ﬂow rate of 66 m3/day, the
average 24-hour ﬂow rate measured during the week of
the ﬁeld tracer study. A three-dimensional (3D) CFD
model was also created and run for a simulated period of
12 days, to conﬁrm the pattern of short-circuiting.

RESULTS AND DISCUSSION
Table 2 shows the concentrations of Taenia and Ascaris eggs
detected at the different points in the system. Globally,
Ascaris eggs are generally more widely distributed in raw
wastewater than Taenia eggs ( Jiménez ), but Taenia
eggs have been detected in concentrations higher than
eggs of other helminth species in France (Cabaret et al.
). In raw wastewater from the present study, Taenia
eggs were detected at higher concentrations than eggs
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Observed removal of Taenia and Ascaris eggs
Concentration of Taenia
spp. (eggs/L)

Concentration of Ascaris
spp. (eggs/L)

6/13/11

6/17/12

6/20/12

6/13/11

6/17/12

6/20/12

306

3,006

1,167

306

N.D.

N.D.

Sample

Raw wastewater

a

Outlet of facultative –
pond

365

N.D.

–

487

N.D.

Outlet of 2nd
–
maturation pondb

45

N.D.

–

N.D.

N.D.

a

N.D. ¼ none detected.

b

The minimum limit of detection for this sample was 22 eggs/L.

from other helminth species. The prevalence of taeniasis
in this Bolivian community is unknown, but was roughly
estimated based on the observed concentrations of eggs in
the wastewater, the inﬂuent ﬂow rates at the time of
sampling, the population connected to the system, and the
number of eggs released per day by adult tapeworms
(Feachem et al. ). Based on these estimates, the prevalence in this community could be 3–47%. The lower
portion of this range is consistent with reports of taeniasis
in endemic regions of Bolivia (Barragán et al. ; Carrique-Mas et al. ) and Peru (Murrell et al. ). Cabaret
et al. () has reported taeniasis prevalence to be as high
as 36% in some regions of Dagestan.
In the present study, despite an overall theoretical HRT
of 27 days in 2012, Taenia eggs were detected in the system
efﬂuent (45 eggs/L), while Ascaris eggs were not. The minimum limit of detection for samples collected at the system
efﬂuent was 22 eggs/L, so Ascaris eggs may have been present in the efﬂuent, but at lower concentrations. The
observed removal of Taenia eggs in this system is still less
than the predicted removal of nematode eggs by Ayres
et al. (). The observed removal of Taenia eggs in this
system was also limited compared to several previous
reports of helminth egg removal in other full-scale pond systems (Ayres et al. ; Madera et al. ; Oakley ).
However, many of these papers do not report minimum
limits of detection, and simply report the theoretical HRT
of the system. Thus it is difﬁcult to compare our results
with these without understanding the pond hydraulics in
these systems. The locations of inlets and outlets, the
length-to-width ratio, and the accumulation of sludge in
ponds can signiﬁcantly inﬂuence their hydraulic performance and pathogen removal efﬁciency (Shilton & Harrison
). Furthermore, many of the pond systems where
better helminth egg removal was reported have anaerobic
ponds. The system from the present study does not have
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an anaerobic pond or a grit removal chamber. The absence
of a grit removal chamber or an anaerobic pond will likely
affect sludge accumulation in the subsequent pond, which
in turn may affect helminth egg removal efﬁciency.
This study is not the ﬁrst report of helminth eggs in the
efﬂuent of pond systems with high theoretical HRTs. Ellis
et al. () detected as many as 690 hookworm eggs/L in
the efﬂuent of a system of ﬁve ponds in series with an overall
theoretical HRT of 23 days. Ben Ayed et al. () reported 52
Taenia eggs/L in the efﬂuent of a 20-day pond system,
although Ascaris eggs were also detected. Mara & Silva
() reported Ascaris and hookworm eggs at concentrations as high as 13 eggs/L in the efﬂuent of a ﬁve-pond
system with a nominal HRT of 17 days. The variable removal
of helminth eggs with respect to theoretical HRT or even estimated mean HRT of different ponds is likely to result from
differing hydraulic efﬁciencies and RTDs of those ponds.
The measured concentrations of dye tracer in the efﬂuent of the facultative pond are displayed in Figure 1. The
highest concentration was measured after only 26 hours,
and it was estimated that 8 and 12% of the dye mass
passed through the pond in less than 48 and 72 hours
respectively. These times can be expressed as the 8th and
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12th percentiles (i.e. T8 ¼ 2 days, T12 ¼ 3 days). If the retention times associated with these percentiles are compared to
the theoretical HRT in 2011 (30 days), it is evident that the
RTD is positively skewed. The results from the 2D CFD
models also conﬁrmed this, estimating the mean HRT to
be half of the theoretical HRT.
Evidence of hydraulic short-circuiting is also supported
by the 3D CFD tracer simulation. The time of the peak
dye concentration estimated by the 3D CFD simulation
matched the time of the highest concentrations of dye
measured in the ﬁeld. The magnitude of the peak may
have even been underestimated in the ﬁeld study, meaning
that the T8 and T12 values may be overestimated; the
actual times may be even lower. Furthermore, the RTD estimated by the ﬁeld study and the CFD modeling is based on
the ﬂow rate measured in 2011. In 2012, when the ﬂow rate
was almost twice as high, the portion of water (and helminth
eggs) passing through the pond in this short-circuiting path
likely reached the efﬂuent in an even shorter amount of
time.
Flow velocities in this short-circuiting path are likely to
affect helminth egg removal efﬁciency. Figure 2 shows ﬂow
velocity contours estimated by the 3D CFD model. At a ﬂow

Figure 1

|

Results of (a) the dye tracer ﬁeld study, superimposed with (b) the results from the CFD simulations.

Figure 2

|

Flow velocity contours based on 3D CFD model (a) at 0.1 m and (b) at 0.7 m below the water surface (1.7 m and 1.1 m above the bottom of the pond, respectively). Note: the
blank portion near the inlet at 0.7 m below the water surface represents the extent of accumulated sludge at that level.
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rate of 66 m3/day, simulated velocities generally ranged
from negligible to 0.0015 m/s, but reached a maximum of
0.0038 m/s. At twice the ﬂow rate, velocities would be
even higher. Assuming that Taenia eggs settle in the pond
at 0.1 m/h (Murrell et al. ), the eggs that pass through
the pond via this short-circuiting path are exposed to high
velocities and may not have enough time to settle to the
bottom of the pond. Theoretical settling velocities would
also only govern helminth egg settling under laminar ﬂow
conditions with no vertical mixing. In reality, ﬂow conditions are turbulent, especially at the pond inﬂuent or
where sludge has accumulated. This turbulence, as well as
wind effects or thermal inversion, may cause objects in the
pond to settle more slowly or become resuspended. In this
pond, the difference in water temperature at the surface
and the bottom varied from negligible at night to ∼8 C in
the afternoon.

•
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include human cysticercosis in Category A, and local
authorities implementing guidelines for crop irrigation
with wastewater should establish limits for Taenia eggs,
especially where taeniasis is endemic.
Future research on pathogen removal in pond systems
should also include tracer studies or simulations to understand the hydraulic efﬁciency of the particular pond
conﬁguration. For helminth egg analysis, minimum
limits of detection should always be reported, especially
if no eggs are detected in the pond efﬂuent.
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•

•

The facultative pond in this system exhibits signs of
hydraulic short-circuiting with the peak dye concentration
measured in the efﬂuent after only 26 hours. Furthermore,
2D CFD models predict that the mean HRT is only half of
the theoretical HRT for this pond. The theoretical HRT of
a stabilization pond is not always a good surrogate for helminth egg removal. The percentage of water passing
through the pond during the ﬁrst short-circuiting peak
and ﬂow velocities in this short-circuiting path are
likely more important. The helminth egg removal design
equation might be improved by using an estimated 10th
percentile value (T10) based on pond dimensions,
inlet/outlet conﬁgurations, etc., and by relating helminth
egg removal to the ratio of T10 to the theoretical HRT.
To improve removal efﬁciency, engineers and plant operators should attempt to increase the ratio of T10 to
theoretical HRT by changing the conﬁguration of the
inlet structures, installing bafﬂes or considering wind
inﬂuence, as described by Shilton & Harrison ().
Taenia eggs were the most common type of helminth eggs
detected in the raw wastewater from this system, and
were also the only eggs detected in the system efﬂuent.
While humans can only acquire taeniasis by consuming
undercooked pork or beef infected with T. solium or
T. saginata cysts, the direct ingestion of T. solium eggs
by humans can cause human cysticercosis. The unitary
classiﬁcation system for water- and excreta-related diseases (Mara & Feachem ) should be updated to

Downloaded from https://iwaponline.com/wst/article-pdf/68/12/2698/471814/2698.pdf
by guest

This work is based upon work supported by the National
Science Foundation under Grants 0966410 and 1243510
and a Graduate Research Fellowship awarded to the lead
author. We acknowledge Dr Ricardo Izurieta, Nathan
Reents and Gabriela Gemio for their help. We also acknowledge students from the Universidad Tecnológica Boliviana
who assisted with ﬁeldwork. Finally, we acknowledge the
members of the community water committee for their
collaboration.

REFERENCES
Abougrain, A. K., Nahaisi, M. H., Madi, N. S., Saied, M. M. &
Ghenghesh, K. S.  Parasitological contamination in salad
vegetables in Tripoli-Libya. Food Control 21 (5), 760–762.
Ayres, R. M., Alabaster, G. P., Mara, D. D. & Lee, D. L.  A
design equation for human intestinal nematode egg removal
in waste stabilization ponds. Water Research 26 (6), 863–865.
Ayres, R. M., Mara, D. D., Lee, D. L. & Thitai, W. N. 
Monitoring full scale waste stabilisation ponds in Kenya for
nematode egg removal. Environmental Technology 14, 295–
300.
Barragán, M. E., Arce, J., de la Quintana, M., Duran, J. C.,
Matienzo, D., Machicao, E., Yucra, G., Botelho, S., Aitken,
P., Endara, J., Pinto, S. & Zamora, M.  Prevalencia de la
teniasis y la cisticercosis en Bolivia: Datos y consideraciones
preliminares. Cuadernos 32 (2), 34–38.
Ben Ayed, L., Schijven, J., Alouini, Z., Jemli, M. & Sabbahi, S. 
Presence of parasitic protozoa and helminth in sewage and
efﬁciency of sewage treatment in Tunisia. Parasitology
Research 105 (2), 393–406.
Bern, C., Garcia, H. H., Evans, C., Gonzalez, A. E., Verastegui, M.,
Tsang, V. C. W. & Gilman, R. H.  Magnitude of the
disease burden from neurocysticercosis in a developing
country. Clinical Infectious Diseases 29 (5), 1203–1209.

2703

M. E. Verbyla et al.

|

Taenia eggs in a stabilization pond system with poor hydraulics

Cabaret, J., Geerts, S., Madeline, M., Ballandonne, C. & Barbier,
D.  The use of urban sewage sludge on pastures: the
cysticercosis threat. Veterinary Research 33, 575–597.
Carrique-Mas, J., Iihoshi, N., Widdowson, M. A., Roca, Y.,
Morales, G., Quiroga, J., Cejas, F., Caihuara, M., Ibarra, R. &
Edelsten, M.  An epidemiological study of Taenia solium
cysticercosis in a rural population in the Bolivian Chaco.
Acta Tropica 80 (3), 229–35.
Ellis, K. V., Rodrigues, P. C. C. & Gomez, C. L.  Parasite ova
and cysts in waste stabilization ponds. Water Research 27 (9),
1455–1460.
Feachem, R. G., Bradley, D. J., Garelick, H. & Mara, D. D. 
Sanitation and Disease: Health Aspects of Excreta and
Wastewater Management. John Wiley & Sons, Chichester,
England.
Geuzaine, C. & Remacle, J.-F.  Gmsh: a 3-D ﬁnite element
mesh generator with built-in pre- and post-processing
facilities. International Journal for Numerical Methods in
Engineering 79 (11), 1309–1331.
Jiménez, B.  Helminth ova removal from wastewater for
agriculture and aquaculture reuse. Water Science and
Technology 55 (1–2), 485.
Lizima, L. A.  Hydraulic Evaluation of a Community Managed
Wastewater Stabilization Pond System in Bolivia. MS Thesis,
University of South Florida.
Macdonald, R. J. & Ernst, A.  Disinfection efﬁciency and
problems associated with maturation ponds. Water Science
and Technology 18 (10), 19–29.
Madera, C. A., Peña, M. R. & Mara, D. D.  Microbiological
quality of a waste stabilization pond efﬂuent used for
restricted irrigation in Valle Del Cauca, Colombia. Water
Science and Technology 45 (1), 139–43.
Mara, D. D.  A numerical guide to volume 2 of the guidelines
and practical advice on how to transpose them into national
standards, [online] http://www.who.int/water_sanitation_
health/wastewater/Volume2_v2.pdf (Accessed March 1, 2013)
Mara, D. D. & Feachem, R. G. A.  Water- and excreta-related
diseases: unitary environmental classiﬁcation. Journal of
Environmental Engineering 125 (4), 334–339.
Mara, D. D. & Silva, S. A.  Removal of intestinal nematode
eggs in tropical waste stabilization ponds. Journal of Tropical
Medicine and Hygiene 89, 71–74.

Water Science & Technology

68.12

|

2013

Murrell, K. D., Dorny, P., Flisser, A., Geerts, S., Kyvsgaard, N. C.,
McManus, D., Nash, T. & Pawlowski, Z. (eds)  WHO/
FAO/OIE Guidelines for the Surveillance, Prevention and
Control of Taeniasis/Cysticercosis. World Organization for
Animal Health, World Health Organization, Food and
Agriculture Organization, Paris, France.
Oakley, S. M.  Monitoring of wastewater stabilization ponds
in Honduras. In: Congreso Interamericano de Ingenieria
Sanitaria y Ambiental, San Juan, Aug. 22–27, 2004.
Persson, J.  The hydraulic performance of ponds of various
layouts. Urban Water 2 (2000), 243–250.
Secretaria de Comercio y Fomento Industrial  Análisis de
agua - Determinación de huevos de helminto - Método de
prueba, D.F. México. [online] http://www.conagua.gob.mx/
CONAGUA07/Noticias/NMX-AA-113-SCFI-1999.pdf
(Accessed May 14, 2012).
Sengupta, M. E., Thamsborg, S. M., Andersen, T. J., Olsen, A. &
Dalsgaard, A.  Sedimentation of helminth eggs in water.
Water Research 45 (15), 4651–60.
Shilton, A. & Harrison, J.  Guidelines for the Hydraulic
Design of Waste Stabilisation Ponds. Massey University,
New Zealand. [online] http://www.bvsde.paho.org/bvsacd/
agua2003/hidra.pdf (accessed May 1, 2013).
Shuval, H. I., Adin, A., Fal, B., Rawitz, E. & Yekutiel, P. 
Wastewater Irrigation in Developing Countries: Health
Effects and Technical Solutions. World Bank Technical
Paper Number 51.
Sorvillo, F., Wilkins, P., Shaﬁr, S. & Eberhard, M.  Public
health implications of cysticercosis acquired in the United
States. Emerging Infectious Diseases 17 (1), 1–6.
Torres, J. J., Soler, A., Saez, J., Leal, L. M. & Aguilar, M. I. 
Study of the internal hydrodynamics in three facultative
ponds of two municipal WSPS in Spain. Water Research 33
(5), 1133–1140.
Verbyla, M. E., Oakley, S. M. & Mihelcic, J. R.  Wastewater
infrastructure for small cities in an urbanizing world:
integrating protection of human health and the environment
with resource recovery and food security. Environmental
Science & Technology 47 (8), 3598–3605.
WHO  Guidelines for the safe use of wastewater, excreta
and greywater: Volume II – Wastewater use in agriculture,
France.

First received 18 May 2013; accepted in revised form 13 September 2013. Available online 24 October 2013

Downloaded from https://iwaponline.com/wst/article-pdf/68/12/2698/471814/2698.pdf
by guest

|

