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Cover:Lake Patzcuaro. Endemicfishexistin the country’svarious
bodies of water. Their care, maintenance and production— for
consumption or sale at different scales— has varied, and in
many cases has produced parasitic symptomatology. Lake
Patzcuaro is no exception. Studies about this issue are crucial
because of the importance to human health and the fish species
themselves. See article: Helminthological Characterization of
Cyprinid Algansea lacustriss in Three Different Areas of Lake
Patzcuaro, Michoacan, Mexico, (pp. 75-87), by Maria Verénica
Gabriel-Luciano and Jaime Uribe-Cortez.
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Abstract

Flores-Prieto, J. J., Ramirez-Luna, J. J.,, Calderén-Mdlgora,
C. G., Delgado-Quezada, E., & Morales-Garcia, A. J.
2015). Brackish ~ Water
Treatment for Irrigation Using Low-Pressure Nanofiltration.

(November-December, Solar

Water Technology and Sciences (in Spanish), 6(6), 5-17.

This work relates a solution for brackish water treatment
by low pressure NF using photovoltaic energy oriented to
offer space to agricultural activities in remote areas. The
study area was the sub basin Aj of the Panuco River basin,
in the RH26 hydrological region of the Chihuahua desert,
which was considerate representative of endorheic basins
around sampling zone. The raw water had high content of
sulfate (1863 mg/1), which mainly demerits its quality. The
total dissolved solids (TDS) were 2 195 mg/1. A photovoltaic
low pressure nanofiltration treatment was proposed to
primarily remove sulfates (divalent oin). The treatment was
studied using synthetic and raw water, determining the
removal efficiency of TDS and sulfates, the specific energy,
the daily production and the viability of its field operation.
In the results, the removal efficiency of TDS, the specific
energy and the productivity were significantly associated
with irradiation, and then linear correlations were obtained
for each case. Sulfates and TDS were removed 98.21 and
75.15%, respectively, at equal or higher level of irradiation
of 750 W/m? and specific energy of 1.94 kWh/m?®. Under
field conditions, the permeate productivity was 3.2 m®/
day, at average insolation of 6.3 peak-sun-hours/day, above
PV modules. The continuous operation of the desalination
system by users during four months, without specialized
assistance, showed feasibility of the proposed solution.

Keywords: Nanofiltration photovoltaic, solar desalination
nanofiltration low pressure, solar irrigation.

Water ch/znolog)/ and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 5-1

Resumen

Flores-Prieto, |. |., Ramirez-Luna, |. |., Calderén-Mdlgora, C. G.,
Delgado-Quezada, E., & Morales-Garcia, A. |. (noviembre-diciembre,
2015). Tratamiento de agua salobre mediante nanofiltracion solar a
baja presion para irrigacion. Tecnologia y Ciencias del Agua,
6(6), 5-17.

En este trabajo se presenta una solucion para tratar agua salobre
mediante nanofiltracion fotovoltaica a baja presion (NF-FV-BP),
orientada a la habilitacién de tierras improductivas en términos
agricolas. La zona de estudio fue la regién hidrolégica RH26
del desierto de Chihuahua (subcuenca Aj Rio Verde), la cual se
considerd representativa de cuencas con sedimento salino debido
a drenaje ineficiente. El agua subterrdnea disponible presenté un
alto contenido de sulfatos (1 863 mg/l) y 2 195 mg/l de sélidos
disueltos totales (SDT), lo que compromete su viabilidad para
riego. El tratamiento de NF-FV-BP se propuso por ser apto para la
remocion de iones divalentes como los sulfatos, para ast disminuir
la concentracion de SDT. El tratamiento se realizé utilizando
tanto agua sintética como la disponible en la regién de estudio,
determinando la eficiencia de remocion de SDT y de sulfatos, energia
espectfica, produccion diaria y viabilidad de su operacién en campo.
En los resultados se observé que la eficiencia de remocion de SDT,
energia especifica y productividad se relacionan con la irradiacién,
Yy se obtuvo una correlacién lineal para cada caso. Los sulfatos y los
SDT se redujeron en un 98.21 y 75.15%, respectivamente, a una
irradiacion igual o superior a 750 W/m?, con una energia especifica
de 1.94 kWh/m?. En campo, la productividad de permeado resulté
de 3.2 m®[dia, a insolacién promedio de 6.3 hora pico/dia en el plano
de los médulos fotovoltaicos. La operacion continua del prototipo
durante cuatro meses por parte de usuarios mostré viabilidad de la
solucion propuesta.

Palabras clave: nanofiltracién fotovoltaica, desalinizacion solar,
nandfiltracion a baja presion, irrigacion solar.
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Introduction

In Latin America, and particularly in Mexico,
there are large areas of salinized land where
vegetation is scarce or non-existent. Fifteen
percent of potential productive land in Mexi-
co has an excess of salts (Oosterbaan, 1995;
Pulido-Madrigal, 1996). The salinization of
land largely corresponds to locations in basins
with insufficient drainage, where runoff from
rainfall leaves sediments deposits containing
salts and only the water evaporates during
the dry season. Thus, when the land is not
adequately level and agrochemicals are not
appropriately used the salinity of the water
in the subsoil intensifies with every cycle.
The combination of soil having inefficient
drainage and a high incidence of solar irra-
diance makes these types of locations barren,
where marginalized human settlements are
common. The purpose of this work is to treat
brackish water in order to increase the capa-
city of isolated /marginalized communities
to grow crops and the amount of cultivatable
land in these areas, as well as to broaden the
studies about arid regions that have been
performed in other countries, as reported by
Yu, Liu, Wang and Liu (2011).

Inverse osmosis (IO) has primarily been
used to desalinize brackish water since this
technology is associated with lower energy
costs and a relatively large daily productiv-
ity, as reported by Ludwig (2010), Mac- Harg
(2011), Isaka (2012), and Dévora-Isiordia,
Gonzdlez-Enriquez and Ruiz-Cruz (2013),
among others. The use of nanofiltration (NF)
with inverse osmosis makes it possible to
eliminate particles foreign to water, to a cer-
tain extent, given that the size of the particles
that permeate is larger than the size of the
particles treated by IO alone. Some authors
consider nanofiltration to fall within the IO
spectrum (<0.01 nm), and it has been used
to eliminate particles with diameters over
2 nm since it is a less expensive process in
terms of energy and the equipment required
(Leo, Yahya, Kamal, Ahmad, & Mohammad,

2013; Pontié, Dach, Leparc, Hafsi, & Lhassani,
2008). Since NF operates with lower hydraulic
pressures it can use less robust equipment
than IO. And in some cases NF is used with
IO as a pretreatment to better control mem-
brane fouling.

Many studies have observed that NF is
becoming an alternative or part of the solu-
tion for the desalinization of brackish water
for human consumption, particularly when
divalent ions need to be removed (Ghermandi
& Messalem, 2009); that is, for cases involving
the quality of water for human consumption
in which monovalents ions are not a problem.
NF operates with a lower osmotic pressure
than IO, by retaining larger ions, and there-
fore the pressures needed to remove salts
from water are lower with NF than with
IO. As a result, less robust equipment and
less powerful pumps are needed, for which
photovoltaic solar energy has been widely
applicable. Several works have reported
on the use of NF systems operating with
relatively low optimal pressures, in which
robustness is lower and therefore operating
and investment costs are obviously reduced,
as reported by Koyuncu, Yazgan, Topacik
and Sarikaya (2001), Schifer, Broeckmann
and Richards (2005), Richards and Schifer
(2003), and Hrayshat (2008). Nevertheless, as
has already been mentioned, the use of NF for
brackish water has been applied particularly
to obtain water when human consumption is
a priority, as reported by Werner and Schéfer
(2007). In addition, it is useful to perform
studies to optimize treatments to remove
specific substances that degrade the quality
of water in isolated /marginalized irrigated
farming regions.

Several different investigations have ob-
served the feasibility of photovoltaic NF (PV-
NF) to treat water for human consumption
in isolated locations (Isaka, 2012). In general,
specific energy and productivity are reported
as constants. Average daily and monthly
values are also obtained, as well as those
associated with specific seasons (Hrayshat,
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2008). Richards, Richards and Schifer (2011)
reported on a retention study that depends on
the available irradiance in the interval 0.2-1.0
kW /m?. It is useful to perform detailed water
treatment studies of low-pressure PV-NF for
specific agricultural purposes in which the
critical substance or substances are removed
while reducing the removal of minerals
needed for irrigation or fertilization. In some
cases, previous studies considered the use of
PV-NF for isolated places in order to obtain
water for both human consumption and ir-
rigation, as shown by Kaldellis, Meidanis and
Zafirakis (2011). Various works involving the
treatment of water for irrigation in general
have also been published, such as Ontiveros-
Capurata, Diakite-Diakite, Alvarez-Sanchez
and Coras-Merino (2013), as well as studies
about the application of IO to large-scale ir-
rigation using conventional energy, such as
Shaffer, Yip, Jack and Elimelech (2012). Stud-
ies about treatments to remove sulfates with
different technologies are generally based
on conventional energy, such as Phuntsho,
Shona, Hongb, Leeb and Vigneswarana
(2011) and Phuntsho, Hong, Elimelech and
Shon (2013). This suggests the usefulness of
detailed studies related to PV-NF for treating
water for use in irrigation in order to opti-
mize energy consumption, processes and the
removal of specific substances.

The present investigation is a study of
low-pressure PV-NF to treat brackish water
for use in irrigation, in order to restore lands
located in basins with inefficient drainage
and which are not currently fertile for agri-
cultural purposes. This study begins with the
determination of water quality in a region
that is representative of basins with ineffi-
cient drainage. Then, a low-pressure PV-NF
design is proposed that is simple in terms of
configuration, operations and maintenance.
Its feasibility is determined according to its
efficiency for removing sulfates (SO,?) and
total dissolved solids (TDS) with different
irradiances. Specific energy and productivity

are evaluated according to the irradiances,
and the operability of the system by the po-
tential producers/users of the technology is
determined.

Materials and Methods
Sampling

Two synthetic water samples were treated,
which were prepared with well water with
low TDS contents (c.e. 250 uS/cm). NaCl,
Na,SO, and CaSO, were added to concentra-
tions of 1 107 and 1 843 mg/1 for the first lot
and second lot, respectively. Water samples
from the study area were also treated.

Location of the Study Area

The study area was located in the Chihuahua
Desert, Mexico. The samples were taken from
Hydrological Region RH26 in the Aj Rio Verde
sub-basin of the Panuco River Basin, munici-
pality of Rio Verde, San Luis Potosi (21°59”
16.98"" N, 99° 48~ 34.84"" W; elevation 1 065
m). Figure 1 shows the orographic location of
the sampling area. As can be seen, it is nestled
in the plains of a closed basin, bordered by the
Sierra Madre Oriental, between the Alvarez
and Tablon mountains to the west, and the
Sierra de Cardenas and Sierra de Ciudad del
Maiz to the east. The area is considered rep-
resentative of basins with inefficient drainage
that contain salinized sediments due to being
closed and the lack of large rivers, leading to
the accumulation of sediments. In terms of
topography, the valley of Rio Verde is made
up of silts, sands, gravel and clay from the
accumulation of sediments (Noyola-Medrano
et al., 2009). The study area has an average
annual irradiance of 6.3 peak-hours /day.

Field Sampling

The pH and TDS of raw water from the field
were determined in triplicate using an Orion

Water
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Figure 1. Orographic location of the sampling area.

brand meter, model 420a, with an uncertainty
of 0.5%. The pH was 6.95 and the maximum
TDS content was 2 195.0 mg/1 (EC = 3 430
uS/cm?). Table 1 shows the ion and cation
contents, which were determined in the
laboratory in accordance with EPA 60-10C
(2007), NOM-117 SSA1 (1994) and the proce-
dure described by the Colorimeter Manual
(HACH/DR 890, 2013). Sulfate anion contents
considerably exceeded values recommended
for irrigation or ferti-irrigation. The sodium
adsorption ratio (SAR) had a relatively high
value of 11.4, indicating very high salinity
and high sodium contents, as described by
other works, such as Silva et al. (2014), among
others.

Synthetic Water Sample

In the study, two synthetic water samples
were prepared with chlorine-free well water
(from a well at the Mexican Institute of Water
Technology, IMTA, Spanish acronym) (18°
53703.16" N, 99° 09" 34.37"" W; elevation 1
363 m). NaCl, CaSO, and sodium sulfate
were added to the samples. The salinity of

the samples were within the salinity interval
(electrical conductivity (EC)) of the aquifers
in the study area (Pifia-Soberanis & Calderén-
Molgora, 2008). Sample A had a pH of 7.86,
TDS was 1 107 mg/1 (EC = 2 080 uS/cm),
sulfates were 520 mg/1 (divalent ions) and
chlorides were 288 mg/1 (monovalents ions).
Sample B had a pH of 8.54, TDS was 1 843
mg/1 (EC = 3 690 uS/cm), sulfates were 740
mg/1 and chloride was 626 mg/1. Samples A
and B were characterized in the same way as
the samples taken from the field.

Method

The method to treat the water and evaluate
the feasibility of the technology began by
determining the raw water quality in terms of
TDS/EC (indicator of salinity), pH and SAR
(indicator of risk of salinity), as well as anion
and cation contents. These parameters were
used to identify the critical components in the
samples, which made it possible to select the
strategy to use for its treatment. The proposed
treatment system was evaluated under labo-
ratory conditions using synthetic samples and
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Table 1. Chemical properties of the field sample. The tolerance is presented according to CAPMA-UE (2012).

Elements Contents Tolerance Units
Na 207.53 <180 mg/l
Mg 105.24 <58 mg/1
Cations
Ca 546.78 - mg/1
K 39.81 <54 mg/ 1
Cr 87.8 150-355 mg/1
SO,? 1863 <371 mg/1
Anions
Ca CO, 162 - mg/1
N-NO, 115 <323 mg/1
SAR - 11.4 <10 -

its functionality in the field was then tested.
The desalinator was evaluated by determin-
ing: a) the removal efficiency for sulfates and
TDS/EC; b) specific energy; c) productivity
and d) users’ ability to operate the system in
the field (operability of the system).

Water Quality and Treatment

The quality of water for irrigation was identi-
fied according to its salinity, which was based
on TDS and the risk of salinity as indicated
by the sodium adsorption ratio (SAR). The
SAR was evaluated based on the contents
of sodium, calcium and magnesium cations
using equation (1), as reported by Richards
(1982) and Silva et al. (2014) :

SAR=__Na (1)

Ca+Mg
2

The cation and anion levels in the sample
taken from the field showed that the SO,
contents (1 863 mg/1) considerably exceeded
(502%) reference values established by the
CNA (2009) and NOM-001- ECOL-1996 for
crop irrigation. Given that sulfates, divalent
ions, are greatly responsible for adding salin-
ity to water, and the rest of the components
deviated very little from the reference values,
NF treatment was selected since it is typically

used to remove divalent ions and enables
operating the system with relatively low
pressure, which also reduces the robustness
needed of the solar pumping system.

Desalinizing Performance

The experiments were carried out in open air
both in the laboratory and the field. The SO,
removal efficiency was determined with an
insolation of 750 to 1 000 W /m? under clear
and cloudy sky conditions. The contents in
the samples were compared before and after
treatment. TDS removal efficiency, specific
energy and productivity were determined
according to different levels of incident ir-
radiance on the plane of the photovoltaic
(PV) modules, from the amount needed for
the system to function up to 1 000 W/m? on
average, with intervals of 100 W/m? on aver-
age. To this end, the different variables were
recorded and series of 8 to 12 experimental
data were averaged for each irradiance. Next,
each group of data were analyzed according
to the amount of irradiance.

The specific energy (SE) for each irradi-
ance, G, on the plane of the photovoltaic
modules (PVM) was determined by the rela-
tionship between the electric power supplied
to the pumping system (closed circuit) and
the flow of the permeate, or productivity,
based on equation (2):
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fp (G)
P

PVp(G)

SE(G)= @)

where £,(G) is the average mass flow of the
permeate in one hour, for an insolation,
and the average electric power supplied to
the pumping system during the same hour,
P,, (G). The power is obtained by multiplying
the voltage (V) by the amperage (I,,) sup-
plied to the hydraulic pump.

The functioning of the system was veri-
fied by installing and operating it in the field,
while evaluating TDS removal efficiency,
hourly productivity and operability. The latter
was determined by the number of technical
consultations by qualified personnel to reset
the system, in relation to the operating time
in the field (in the agricultural unit).

Solar Desalinator

After determining the critical substances in
the raw water and the viability of the low-

pressure PV-NF, the system was designed to
treat brackish water with high sulfate contents
(SO,?), while reducing NF membrane fouling
with a high reject-permeate relationship. The
design of the system considered low operat-
ing pressures, no electric storage and direct
coupling of a photovoltaic solar plant with a
hydraulic pump. This design was considered
in order to lower the robustness needed of
the system, thereby increasing the viability of
farmers operating it in the field.

Figure 2 shows a diagram of the configura-
tion and Figure 3 a photograph of the system.
The desalinator is composed of a microfiltra-
tion system, nanofiltration system (NF) and
a photovoltaic pumping system. The NF
system has a permeate capacity of 0.21/s (12
1/min), with 601/min of brackish feed water,
a 1:5 permeate:feed ratio and four polyam-
ide membranes (ESNA1-LF-4040) arranged
in parallel, with a total equivalent area of
30.6 m?* The photovoltaic pumping system
contains a photovoltaic plant with a nominal
system power of 1.92 kW, with 8 polycrystal-

0

W Pyranometer
@ Flowmeter

W Microfilter

Pump

Voltmeter and
amp meter

Figure 2. Diagram of the experiment.
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Figure 3. Experimental laboratory equipment.

line silicium modules and a nominal power
of 240 W each, which supplies a submerged
centrifugal pump (SQF-10 model SQFlex16).
According to the manufacturer, the pump’s
operating range is 30 to 300 VDC. It becomes
optimal above 100 VDC and as it approaches
300 VDC. The photovoltaic pumping system
can feed water with up to 1.42 kW. The
photovoltaic plant and the pump are di-
rectly coupled and are controlled only with
a start-stop switch and the power that the
solar plant supplies to the hydraulic pump.
In the coupling of the photovoltaic plant and
the pump, the output voltage to the modules
was optimized by connecting them in a chain
series with a maximum voltage output of 240
VDC.

In terms of the hydraulics, three storage
tanks were used in the laboratory to obtain
a continuous recycling of the supply, reject
and permeate of 0.6 and 1.1 m®. Meanwhile,

in the field, the permeate was deposited in a
500 m® storage tank for later use in irrigating
crops. The feed water tank (also 500 m®) was
fed with raw water pumped from the well
to minimize variations in the total dissolved
contents.

Instrumentation

Irradiation was determined with a First
Class Eppley pyranometer, on the plane
of the photovoltaic module (PVM) with an
uncertainty of £1.0%. The volumetric flow
was determined in duplicate using volum-
etry with an uncertainty of 0.1 1/min and a
flow meter with a resolution of 0.25 1/min.
The voltage and amperages were measured
with 4.5-digit multimeters. Temperature was
measured with a Type K Thermocouple, with
an uncertainty of + 0.5°C, and the hydraulic
pressure was measured with manometers
with a resolution of 0.015 bar.

Water
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Results and Discussion

The laboratory tests were performed from
September 26 to October 11, 2013 in Jiutepec,
Morelos, Mexico, and the field tests were
conducted from October 19, 2013 to February
15, 2014 in the municipality of Rio Verde, San
Luis Potosi, Mexico.

Laboratory Tests

During the experimental laboratory cam-
paign, the radiative solar power on the plane
of the PVM ranged from 60 to 1 040 W/m?.
This was primarily due to natural variations
in solar radiation and the presence of clouds.

Water Quality

With an irradiation between 750 and 1 000
W/m? between the high and low salinity
limits (2 080 to 3 690 uS/cm), the evaluation
determined an average decrease in TDS of
75.15% with a variation of 0.4%, an average
decrease in SO,? of 98.21% with a variation
of 0.7% and an average reduction in CI of
55.16% with a variation of 8.9% (Table 2). In
the interval used by the study, the TDS and
sulfate removal percentages had virtually no
dependence on the initial contents of the raw

water. The removal percentages obtained for
polyvalence molecules were consistent with
reports by Izadpanah and Javidnia (2012).
Figure 4 shows the behavior of TDS
removal and the pump supply pressure for
sample A, where both can be seen to increase
with the rise in irradiation. The TDS removal
efficiency varied from 65.2 a 75.6%, within the
range of the natural variation of irradiation
on the plane of the PVM (60 to 1 050 W/m?).
The hydraulic pressure ranged from 0.12 a
0.49 bar. The range of the operating pressure
contributed to the viability of the PV-NV
being operated by farmers in isolated areas,
since the system can use a common hydraulic
pump without special pressure requirements.

Energy Performance

The laboratory tests showed that the treat-
ment system began operations with a supply
of 124 W to the hydraulic pump, irradiation
of 60 W/m?, production of 0.15 m?/ and
a SE of 1.30 kWh/m?®. In the 60 to 750 W/
m? interval, the increases in fp and SE were
practically linear to the irradiation, as seen in
Figure 5. An 80% variation in the permeate
and a 34% variation in the SE can be observed.
At irradiations of 750 W/m? or higher, the
system shows an increase in fp of no more

Table 2. Water quality (salinity) with laboratory tests.

Units Supply Rejection Permeate Efficiency (%)
Sample A: Low salinity limit
pH - 7.86 7.91 7.49 -
EC uS/cm 2080 5890 531 74.47
TDS mg/1 1107 3007 282 74.56
SO,* mg/1 520 1900 13 97.50
Cl mg/1 288 800 115 60.07
Sample B: high salinity limit
pH - 8.54 8.48 8.74 -
EC uS/cm 3690 4140 892 75.83
TDS mg/1 1843 2090 446 75.80
SO,? mg/1 740 880 8 98.92
Cl- mg/1 626 698 312 50.16
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Figure 4. Desalinization efficiency (TDS) and supply
pressure to the pump vs. irradiance for Sample A.

than 0.76 m*®/h and 1.94 + 0.04 kWh/m?in SE.
The maximum productivity values, or flow
of the permeate and the SE, were obtained
with the maximum power of the hydraulic
pump (1.42 kW), since above this amount the
pump’s control system drains the energy sup-
plied by the PVM to a resistance circuit and is
not quantified. This protects overloading the
hydraulic pump.

The linear correlations of SE and f, with
the irradiation on the plane of the PVM are
shown in equations (4) and (5), respectively,
which present a standard estimation error of
0.25 kW /m?® and 0.20 m®/h, with a reliability
R? 0f 0.9694 and 0.9797.

SE=1x10°G +1.1511 kW/m®> 60<G(8)<750

SE=1.94 KW/m® G(0)=750 (3)

fp= 9x10*G+0.085 m*/h
fpz 0.76 m®/h

100 < G(6) < 750
G(8) =750 (4)

Field Operations

The system was installed in the field and be-
gan operating on October 19, 2013. It was still
operating adequately by February 15, 2014.
The field operations tests recorded an insola-

50 150 250 350 450 550 650 750 850 950 1050
Irradiance (W/1?)

Figure 5. Specific energy and permeate vs. irradiance.

tion of 750 W/m? or higher on the plane of
the PVM. Table 3 shows the results from the
quality of the permeate water with the field
tests. The SE evaluated in the field were con-
sistent with those obtained in the laboratory,
with a difference of only 8.2%, which can be
attributed to the difference in the fall in pres-
sure in the hydraulic installation.

At irradiations equal to or over 750 W /
m? and with the hydraulic pump operat-
ing at maximum power (1.42 kW), sulfates
decreased 97.8% (from 1 863 to 40.99 mg/1)
and the average TDS removal efficiency was
76.7% (from 2 195 to 510.1 mg/1). This was
consistent with the report by Izadpanah and
Javidnia (2012). Therefore, the hydraulic op-
erating pressure used was 0.49 bar to supply
the permeate at a rate of 0.6 to 0.66 m*/h, with
a SE of 2.1 kWh/m?®. With this performance,
the daily productivity was 3.2 m*®/day with
an average insolation of 6.3 kWh/day in
the study area, with which up to 15 tons of
tomato could be grown at a conservative rate
of 35 kg /m? over a cycle of 137 days using hy-
droponic greenhouse technology, as reported
by Flores, Ojeda-Bustamante, Lépez, Rojano
and Salazar (2007).

Only one technical consultation was
needed during the field test. This was due
to the fouling of the filter in the pre-filter

Water

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 5-17




Tn'f/mo[og,\‘ and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 5-17

1)

Flores-Prieto et al., Solar Brackish Water Treatment for Irrigation Using Low-Pressure Nanofiltration

Table 3. Water quality with field tests.

Units Supply Permeate Efficiency (%)
50,2 mg/1 1863 40.99 97.8
TDS mg/1 2195 510.1 76.76
SAR - 11.5 16.4 -
Na mg/1 207.53 45.27 78.19
Ca mg/1 546.78 12.7 97.68
Mg mg/1 105.24 3.1 97.05

system from the considerable growth of al-
gae in the supply tank. Therefore, the pump
was relocated to the brackish feed water
container. Since the system stopped due to
unforeseen conditions caused by the design
of the installation, the system is considered to
have operated without requiring specialized
technical assistance during the test period
(October-February).

As seen in Table 3, in terms of the risk
of salinity according to the SAR, the NF
eliminated a larger amount of Ca and Mg
ions given its greater affinity with sulfates,
and less Na ions were eliminated because
of its affinity with chlorides. For this reason
the SAR increased from 11.5 to 16.5, but with
smaller Na concentrations, which led to a
possible re-mineralization of only Ca and
Mg, preventing damage from salinity. Re-
mineralization should be done based on the
requirements of each crop and soil type. It can
be performed by mixing the permeate with
raw water or substances that add Ca and/
or Mg, such as calcium hydroxide (Ca(OH),),
and/or fertilizers containing Mg in the pro-
portions required.

Based on the above— considering the
quality of the permeate, energy costs and
the productivity and operability of the sys-
tem— this evaluation found that low-pressure
PV-NF can be used to treat water with high
sulfate concentrations for use in irrigation,
and can be applied in isolated / marginalized
regions where it is more greatly needed. This
can be done with the help of irrigation tech-

nology such as plastic mulch and shade cloth,
or in greenhouses with hydroponic conditions
to optimize the use of water for crops.

Conclusions

This work presented an alternative method
using low-pressure PV-NF to treat brackish
water containing high concentrations of
sulfate for use in crop irrigation, in order to
restore lands located in basins with inefficient
drainage and which are not currently fertile
for growing crops.

At the high and low salinity limits (2 080
to 3 690 uS/cm) with an irradiation of 750 to
1 000 W/m?, an average decrease of 75.15%
in TDS was observed and 98.21% in SO,?,
with minimal variations. The monovalent CI-
anions decreased 55.16% with a variation of
8.9%. The natural variation in insolation, 60 to
1040 W/m?, caused changes in TDS removal
up to 11.5%.

The flow of the permeate and the SE pre-
sented maximum values of .76 m®*/h and 1.94
+ 0.04 kWh/m3, respectively, for irradiations
of 750 W/m? or higher. For lower values the
decrease was linearly proportionate to irra-
diation. The SE varied 32% and the permeate
flow varied 80% in the irradiation interval
of 60 to 750 W/m? The operating pressure
ranged from 0.12 to 0.49 bar along with the
irradiation, with a profile that can be consid-
ered to be linear in the interval, where the PVS
is not able to supply the nominal pumping
power. The SE stabilizes at 1.94 kWh /m? once
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reaching the nominal power or higher. The
system can function even with relatively low
pressures and specialized technology for the
hydraulic pump is not strictly required, mak-
ing it possible to use a common, centrifugal
pump operated with PV solar energy.

The low-pressure NF-PV desalinization
system is an option for increasing the agricul-
tural productivity of lands with saline water
tables, as is common in basins with inefficient
drainage. This was determined by observing
that the hydraulic pressure required (0.12 to
0.49 bar) can be supplied by a conventional
centrifuge pump and the users were able to
operate the system during 4 months without
specialized technical assistance.

The desalinator resulted in an average of
3.2 m®/day, with 6.4 solar peak-hours in the
study area, which enables growing up to 15
tons of tomato in the study area at a rate of 35
kg/m? over a 137 day cycle with hydroponic
greenhouse technology, as reported by Flores
et al. (2007). By determining SE, permeate
flow and TDS removal efficiency based on ir-
radiance values, it was possible to dimension
the system with a higher degree of certainty.

Future studies about this topic should
be aimed at optimizing the system’s energy
based on the available solar irradiance and
the capacities of the components of the pho-
tovoltaic pumping system, optimizing the
coupling of the photovoltaic module with the
hydraulic pump according to the maximum
power limit. In addition, it should be noted
that the rejection water was considerably
polluted and therefore future investigations
should consider its treatment.
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Abstract

Tejeda, A., Lopez, Z., Rojas, D., Reyna, M. Z., Barrera, A., &
Zurita, F. (November-December, 2015). Efficiency of Three
Hybrid Wetland Systems for Carbamazepine Removal.
Water Technology and Sciences (in Spanish), 6(6), 19-31.

In general, it has been found that constructed wetlands are
effective in different levels for pharmaceutical removal;
however, there are cases with very low removal efficiencies
such as that of carbamazepine. The aim of this study was
to evaluate the mass removal efficiencies of the drug in
three hybrid constructed wetland systems with two-stage
treatments, including horizontal subsurface flow wetlands
(HSSF), vertical subsurface flow wetlands (VSSF) and
stabilization ponds (SP). The three different configurations
were: HSSF-SP, HSSE-VSSE and VSSE-HSSF, which were
identified as SI, SII and SIII respectively. In addition,
measurements of DO, E,, pH, EC, ET and temperature were
taken in situ in order to know the system conditions. The
results revealed significant differences (p < 0.05) among
the three hybrid system for mass removal efficiencies, with
an average of 60 + 4.45% for SI, 55 + 4.45% for SII and 36
+ 4.45% for SII. The systems I and II, were statistically
similar and also, both were different to SIII. In general,
the higher efficiencies were obtained in systems with DO
low concentrations, E, negative values and pH conditions
near to 8, which mainly occur in horizontal sub-surface
flow constructed wetlands. In contrast, aerobic conditions
demonstrated less efficiency. These results confirm the ability
of constructed wetlands to remove carbamazepine and show
that it is possible to increase its mass removal efficiency by
combining different types of wetlands.

Keywords: Horizontal sub-surface flow constructed
wetland, vertical sub-surface flow constructed wetland,
carbamazepine, hybrid systems, operating conditions.

Resumen

Tejeda, A., Lépez, Z., Rojas, D., Reyna, M. Z., Barrera, A., & Zurita,
E (noviembre-diciembre, 2015). Eficiencia de tres sistemas de
humedales hibridos para la remocion de carbamazepina. Tecnologia
y Ciencias del Agua, 6(6), 19-31.

En general, se ha encontrado que los humedales construidos son
efectivos en diferentes grados para la remocion de fdrmacos; sin
embargo, existen casos como el de la carbamazepina (CBZ), cuyas
eficiencias de remocion reportadas han sido muy bajas. EI objetivo
de este estudio fue evaluar las eficiencias de remocion mdsica de
dicho farmaco en tres sistemas de humedales hibridos con dos etapas
de tratamiento, incluyendo humedales subsuperficiales de flujo
horizontal (HSSFH), humedales subsupetficiales de flujo vertical
(HSSFV) y lagunas de estabilizacion (LE). Las tres diferentes
configuraciones fueron HSSFH-LE, HSSFH-HSSFV y HSSFV-
HSSFH, denominados como SI, SII y SIII, respectivamente.
Ademds, se realizaron mediciones in situ de OD, E,, pH, CE, ET
y temperatura, con el propdsito de conocer en qué condiciones
operaban dichos sistemas. Los tesultados revelaron diferencias
significativas (p < 0.05) en la eficiencias de remocion de los sistemas
hibridos, con un promedio de 60 + 4.45% para SI, 55 + 4.45% para
S 11y 36 +4.45% para SIII, siendo SI'y SII estadisticamente iguales
y ambos diferentes a SIII. En general, las mayores eficiencias se
presentaron en los sistemas con concentraciones bajas OD, valores
negativos de E, y condiciones de pH cercanas a ocho, que se tienen
principalmente en los humedales subsuperficiales de flujo horizontal.
En contraste, condiciones aerobias de operacion demostraron ser
menos eficientes. Dichos resultados corroboran la capacidad de los
humedales construidos para remover carbamazepina y demuestran
que es posible incrementar su remocion mediante la combinacion
adecuada de diferentes tipos de humedales.

Palabras clave: humedales subsuperficiales de flujo horizontal,
humedales  subsuperficiales de flujo wvertical, carbamazepina,
humedales hibridos, condiciones de operacion.
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Introduction

The indiscriminate use of pharmaceutical
products and unrestricted discharges of
wastewater into aquatic environments have
led to these substances being found in surface
water, groundwater and water for human
consumption (Jones, Lester, & Voulvoulis,
2005). Because of its recalcitrant nature, its
presence has been reported in a wide range
of concentrations in conventional treatment
plant effluents (Herberer, 2002). Given the
large diversity of pharmaceutical compounds
found, it is impossible to entirely and pre-
cisely know their eco-toxicological effects on
human health. Nevertheless, different studies
with animals have shown that some may be
carcinogenic and teratogenic, or may alter the
endocrine system (Rosal et al., 2010).
Constructed wetlands have been studied
over the past decade as a new method to treat
water polluted by drugs (Avila, Pedescoll,
Matamoros, Bayona, & Garcia, 2010). Pollut-
ants are removed through complex phys-
iochemical and microbiological interactions
that occur when wastewater is slowly passed
through a substrate bed (sand, gravel, clay)
containing the roots and rhizomes of emer-
gent vegetation in the horizontal sub-surface
flow of the wetlands. They can also be re-
moved by quickly running wastewater with
pulses through the vertical flow of sub-surface
wetlands. Some of the mechanisms involved
in removing pharmaceutical components
are plant uptake, microbial biodegradation,
adsorption in the bed and volatilization
(Kadlec & Knight, 1996; Matamoros, Caselles-
Osorio, Garcia, & Bayona, 2008). Thus, the
three components of constructed wetlands
(emergent vegetation, filtration medium and
microorganisms) participate as determinants.
Direct uptake, accumulation and transloca-
tion of pharmaceutical compounds by plants
are important mechanisms (Dordio et al., 2011;
Zhang, Gersber, Jern-Ng, & Keat-Tan, 2014),
as demonstrated by studies with and without

plants (Matamoros & Salvadd, 2012). These
compounds move towards and within the tis-
sue of plants simply by diffusion, given that
the plants do not have specific transporters
in their cellular membranes to move them.
Adsorption can occur from the direct interac-
tion of a drug with the filtration medium (Li,
Zhu, Jern-Ng, & Keat-Tan, 2014), or through
hydrophobic interactions of aromatic and
aliphatic groups of organic compounds with
the lipophilic cellular membrane of micro-
organisms adhered to the filtration medium
(Matamoros, Garcia, & Bayona, 2005). The
degradation of pharmaceutical compounds
primarily depends on the chemical structure
of the particular compound. Recalcitrants
can biodegrade through co-metabolism
reactions (Carballa, Omil, Alder, & Lema,
2006; Carballa, Omil, Ternes, & Lema, 2007).
In addition, degradation in constructed
wetlands is affected by the filtration me-
dium, vegetation, dissolved oxygen, redox
potential, temperature, pH, availability of
nutrients and presence of toxic substances
(Li et al., 2014). Several investigations have
shown that treatment systems operated with
anoxic conditions contribute to the removal
and/or degradation of recalcitrant pharma-
ceutical compounds, such as carbamazepine
and diclofenac (Xue et al., 2010). It has been
suggested that the reductive agents stored in
anaerobic microorganisms may be indispens-
able by reducing the electron deficiency that
could produce molecules such as carbamaze-
pine (Knackmuss, 1996).

The efficiency in removing pharmaceutical
compounds is higher with constructed wet-
lands than with conventional treatment plants
(Zhang et al., 2011). Nevertheless, average re-
movals of only 20 to 50% have been obtained
with horizontal sub-surface flow (HSSFW)
and vertical flow (VSSFW) wetlands, espe-
cially in the case of carbamazepine which is
considered to be one of the most persistent
drugs (Matamoros, Arias, Brix, & Bayona,
2007; Park et al., 2009; Hijosa- Valsero et al.,
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2010; Zhang et al., 2011; Zhang et al., 2012).
Few studies have evaluated hybrid wetland
systems designed to remove this compound.
Therefore, the objective of the present work
was to evaluate and compare the mass re-
moval of carbamazepine using three different
configurations of hybrid wetland systems.

Methodology
Description of the Experimental Unit

This study was performed at the pilot plant of
the University Center of Cienega, University
of Guadalajara, in Ocotlan, Jalisco, Mexico, at
1 530 m above sea level and a latitude of 20°
21" 00”. This zone has a humid sub-tropical
climate with an average annual temperature

of 21°C, with dry and temperate winters and
hot and humid summers (Zurita et al., 2012).
The study was conducted for 7 months, from
June to December 2013. It consisted of three
hybrid wetland systems, each one in dupli-
cate (Figure 1) and all protected from rain and
direct solar radiation. In the first system (SI),
an HSSFW was used as the first treatment
stage and stabilization lagoons (SL) as the
secondary treatment. The second system (SII)
used HSSFW as a first stage and VSSFW as a
second stage, and the third system (SIII) con-
sisted of VSSFW as the first stage and HSSFW
as the second stage. The cells used in the
wetlands were manufactured from fiberglass
with lengths, widths and depths of 1.2 x 0.4 x
0.5m,048x0.48x1.2m,and 0.7 x0.7 x 0.7 m
for the HSSFW, VSSFW and SL, respectively.

General wastewater
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Figure 1. Layout of the hybrid wetlands studied. SI = HSSFW-SL; SII = HSSFW-VSSFW; SIII = VSSFW-HSSFW.
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The HSSFW were planted with a polyculture
of three macrophyte species, randomly dis-
tributing three individuals from each species
on the surface of each wetland. The species
used were Zantedeschia aethiopica, Iris sibirica
and Thypha latifolia. A polyculture was used
to promote the development of the largest
variety of microorganisms (Karathanasis, Pot-
ter, & Coyne, 2003; Vacca, Wand, Nikolausz,
Kuschk, & Kéastner, 2005; Zurita, De Anda, &
Belmont, 2009) to aid in the biodegradation
of carbamazepine. Meanwhile, in the VSSFW,
only one plant species, Strelitzia reginae, was
used as an emergent vegetation. Both types of
wetlands used ground tezontle as a substrate,
with a d,, of 0.645, d  of 2.3 mm and a unifor-
mity coefficient of 3.6. Tezontle is a low-cost
volcanic rock which is abundant in Mexico
(Ponce et al., 2013). The wastewater used as
the influent for the systems was produced at
the university center. Carbamazepine (Sigma-
Aldrich, 98% purity) was added after settling
to obtain a concentration of 25 ug/1. The SI
and SII HSSFW were continuously fed at a
flow rate of 23 ml/min and the VSSFW (SIII)
was fed intermittently with 2.8 1 every two
hours using an automated control device.
En los HSSFH se plant6 un policultivo de
tres especies de macrdfitas; tres individuos de
cada especie distribuidas de modo aleatorio en
el drea superficial de cada humedal. Las especies
utilizadas fueron la Zantedeschia aethiopica, Iris
sibirica y Thypha latifolia. El uso del policultivo
fue con el objetivo de promover el desarrollo de
una mayor variedad de microorganismos (Ka-
rathanasis, Potter, & Coyne, 2003; Vacca, Wand,
Nikolausz, Kuschk, & Kistner, 2005; Zurita,
De Anda, & Belmont, 2009) que coadyuvaran
en la biodegradacion de la carbamazepina. A
diferencia de los HSSFH, en los HSSFV sé6lo se
utilizé una especie de planta como vegetacién
emergente y fue la Strelitzia reginae. En ambos
tipos de humedales, el sustrato utilizado fue
tezontle molido con d,, de 0.645 mm y d, de
2.3 mm, asi como un coeficiente de uniformidad
de 3.6. El tezontle es una roca volcanica de bajo

costo, abundante en México (Ponce et al., 2013).
Las aguas residuales con las que se trabajo
como influente de los sistemas fue una porcién
de las aguas residuales generadas en el centro
universitario, a las que una vez sedimentadas
se les adicion6 carbamazepina (98% de pureza
de la marca Sigma-Aldrich), para tener una con-
centracion de 25 ug /1. Los HSSFH en los SI y SII
se alimentaron en forma continua con un caudal
de 23 ml/min, mientras que los HSSFV se ali-
mentaron en forma intermitente, descargando
2.8 1 cada dos horas, mediante un dispositivo
de control automatico.

Monitoring Water Quality Parameters
Quantification of Carbamazepine

The quantification of the carbamazepine
started three months after beginning to feed
the wastewater into the wetland systems. This
provided a stabilization period during which
the emergent plants adapted to the systems
and their internal physiochemical and micro-
biological processes were presumably estab-
lished. Samples were taken weekly at the inlet
and outlet of each treatment stage (Figure 1),
for a total of 13 samples. In triplicate, 100 ml
of each sample was filtered through a paper
filter (Whatman # 41) to eliminate suspended
solids and then submitted to three consecu-
tive extractions with 100 ml of methylene
chloride (1:1). The organic phase was concen-
trated until dry with a rotary evaporator (IKA
HB 10) at 40°C and gas nitrogen. The extracts
were then resuspended in 1 ml of methanol.
Each resuspension was filtered using a PTFE
filter with a pore diameter of 0.20 um. The
recuperation percentage was 96.5 £ 1.5%.
Lastly, the carbamazepine was quanti-
fied in a reverse-phase HPLC using Waters
equipment composed of a binary pump
(Waters 1525) and a UV-Vis detector with
a diode arrangement (Waters 2998). The
techniques described by Pordevi¢, Kilibarda
and Stojanovié (2009), and Dordio, Carvalho,
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Teixeira, Dias and Pinto (2010) were adapted
for analytical purposes. A 75 mm-long Waters
column (Symetry C,.) was used, with a 4.6
mm internal diameter and a 3.5 um particle
size. The mobile phase consisted of a mixture
of acetonitrile, water and orthophosphoric
acid (55:45:0,1). The flow was 1 ml/min and
carbamazepine was detected at 285 nm, in
a retention time between 3.37 and 3.41 min.
Each sample was injected in duplicate with a
volume of 20 ul in a loop of 100 ul. For each se-
ries of samples in triplicate, calibration curves
were obtained with standards prepared using
Sigma-Aldrich brand carbamazepine at 98%.
The fit of the curve was verified based on the
coefficient of determination (#?), which was

over 0.999. The detection and quantification
limit was 0.47 + 0.00 ug/1.

Measurement of Control Parameters

In addition, measurements were performed
in situ of dissolved oxygen, oxidation reduc-
tion potential, temperature, pH, electrical
conductivity and outlet flows in each of the
systems, in order to identify the operating
conditions of the systems. A portable HACH
meter (HQ40d series) with IntelliCAL digital
probes was used for the first three param-
eters. Electrical conductivity and pH were
measured with portable HI 981410 and HI
981408, respectively (Hanna brand). The mea-

SI

Feed Water Tank

@ Measuring point

VSSFW

SII

S

HSSFW

Figure 2. Location of the points for measuring control parameters during the monitoring period.
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surements were taken at four different points,
inside and outside the treatment systems (Fig-
ure 2). Perforated tubes were installed inside
the HSSSFW at the beginning and end of the
wetland to install the measuring devices.

In the case of the SL, these measurements
were performed inside the lagoons and at the
treatment outlet. For the VSSFW, the measure-
ments were taken before treatment and at the
treatment outlet. The measurements were
taken weekly at the same time as the sampling
to quantify carbamazepine over the course of
the monitoring period. Lastly, the outlet flows
from each one of the stages of the different
systems and the effluent volume at the end
of each treatment train were measured daily
to identify the evapotranspiration rate in each
system.

Calculation of Mass Removal Efficiencies
for Carbamazepine

The mass removal efficiency is the most reli-
able method for evaluating the efficiency of
constructed wetlands since it takes into ac-
count not only concentrations at the inlet and
outlet but also water losses and gains (Hijosa-
Valsero et al., 2010). Therefore, the removal
results are closer to reality than taking into
account only reductions in the concentration
of the pollutant (Kadlec & Wallace, 2009). The
calculation of the mass removal efficiency
(MRE) is expressed as follows:

MRE(%) = ﬁ x100= SR 900 (1)

i =i

Where M (mg/d) is the mass of the pol-
lutant removed from the wetland; M, (mg/d)
is the mass of the pollutant that enters the
wetland; C, (mg/1) is the concentration of the
pollutant in the influent; Q. (1/1) is the influent
flow rate; C (mg/1) is the concentration of the
pollutant in the effluent and Q, (1/d) is the
effluent flow.

Statistical Analysis

To evaluate and compare the mass removal
efficiencies for the pollutant over time, a ran-
domized complete block (RCV) design was
used with three treatments, one replication
and a block factor, with a significance level
of p = 0.05. The constructed wetland systems
(HSSFW-SL (SI), HSSFW- VSSFW (SII) and
VSSFW-HSSFW  (SIII)) represent the three
different treatments. The block factor was
the sampling date and the response variable
was the mass removal of carbamazepine. The
ANOVA was calculated with Statgraphics
Centurion XV.II.

Results and Discussion
Behavior of Dissolved Oxygen (DO)

The DO concentration in the constructed
wetland systems is most important since it
is required by the aerobic mechanisms that
remove pollutants and therefore determines
the type of microbial metabolism that is
prevalent in the system (Kadlec & Wallace,
2009). The behavior of the DO in the three
systems evaluated was as expected, based on
reports in the literature (Figure 3a). System I
had the lowest DO concentrations throughout
the treatment train. The low concentration
in a HSSFW system is due to the saturated
water matrix which prevents the diffusion of
oxygen from the surface (Vymazal & Krop-
felovd, 2008). As a result, anoxic conditions
are prevalent in the wetland (Saeed & Sun,
2012). Meanwhile, a low DO concentration in
the stabilization lagoon can be explained by
the low production of algae due to indirect
exposure to sunlight (Kadlec & Wallace,
2009). This leads to less photosynthetic activ-
ity and, thus, a low production of oxygen in
the lagoon.

With regard to System II, the behavior
in the HSSFW wused as the first treatment
stage was very similar to that of System L
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Figure 3. Averages of the control parameters at each measuring point and confidence interval (95%): a) dissolved oxygen,

b) oxidation reduction potential, c) potential of hydrogen, d) electrical conductivity. GE, general entrance. 1, 2, 3 and 4 are

measuring points at the different parts of each system, as shown in Figure 2.

Meanwhile, the results from the second stage
(VSSFW) showed an increase in DO resulting
from the intermittent feed used in this type of
wetland. The intermittent feed in the upper
portion of the VSSFW drags oxygen from the
surface to the interior of the matrix (Kadlec &
Wallace, 2009), resulting in an effluent with
a high concentration of DO (Matamoros et
al., 2007). An increased DO concentration
was also observed in the VSSFW used in the
first stage of system IIL. In this case, the direct
discharge of effluent having a high DO con-
centration affected the operating conditions

of the HSSFW used in the second stage of
the system. Although the observed decrease
in DO concentrations was characteristic of
this type of wetland, it remained above the
2 mg/l amount which is indicative of aerobic
operations, and differs with the similarities in
Systems I and IL

Behavior of E, Oxidation Reduction Potential
E, is a quantitative measurement of the

tendency of a system to oxidize or reduce
pollutants and, similar to DO, is indicative

Water
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of the biological processes that can occur in
the system (Patrick, Mikkelsen, & Wells, 1985;
Gambirell, Khalid, & Patrick, 1987; Kadlec &
Wallace, 2009). The results from this measure-
ment were consistent with those of DO.

Negative E, values were obtained in the
first stage of System I, with a slightly higher
value at the outlet than the inlet (correspond-
ing to an increase in DO concentration from
0.76 to 1.42 mg/1). These negative values de-
note reduction conditions while the increase
in E, and DO can be explained by two main
factors —a decrease in BOD as the wastewater
passes through the system (Kadlec & Wallace,
2009) and a constant supply of oxygen to the
matrix provided by the macrophytes (Barko,
Gunnison, & Carpenter, 1991; Sorrell & Boon,
1992; Brix, 1997), which creates slightly higher
oxidation conditions in the outlet area of the
HSSFW. The SL presented an increase at the
outlet of the first stage, which was likely due
to the atmospheric oxygenation of the efflu-
ent when discharged by gravity into the SL
(Figure 3b). Nevertheless the change in DO
concentration was less notable. With respect
to System II, the behavior of the first stage
(HSSFW) was similar to that of the first stage
of SI, while the second stage presented a
higher E, at the outlet, along with a notable
increase in DO concentration (Figure 3a).
This was a result of the oxygenation of the
wastewater as it passed through the VSSFW.
System III presented higher oxidation condi-
tions throughout the treatment process, with
values of around 100 mV. This behavior also
continued in the second stage of the HSSFW
system, confirmed by DO concentrations over
2mg/], as discussed in the section “Behavior
of Dissolved Oxygen — DO.”

Behavior of Potential of Hydrogen — pH

The pH plays a very important role in remov-
ing pollutants from constructed wetlands
since it directly affects the sorption capacity
of the substrate (Li ef al., 2014) and microbial

processes (Meng, Pei, Hu, Shao, & Li, 2014).
The behavior of System I was very stable
throughout the treatment train, with pH val-
ues of around 8 (Figure 3c). This behavior can
be explained by the buffer capacity of sub-
surface systems and by the little variability in
pH in the lagoons due to the low production
of algae mentioned (Kadlec & Wallace, 2009).
The same stability was also present in the first
stage of System II, with values very similar
in the inlet and outlet zones. Nevertheless,
a decrease in the pH was registered at the
outlet of the system’s second treatment stage
(VSSFW). This behavior can be explained
by nitrification in vertical wetlands, which
generates H+ ions (Vimazal & Kropfelova,
2008). The values obtained were very close to
neutral and consistent with those reported in
the literature (United Kingdom Constructed
Wetland Association (CWA Database, 2006).
The behavior of System III was very dif-
ferent than that of SI and SII. In the first two
systems, the pH remained around 8 through-
out nearly the entire treatment train, while in
System III the pH values were around 7. The
pH decreased notably between the influent
and outlet of the first stage (VSSFW) due to
nitrification, which is common in this type
of wetland. Later in the HSSFW, these val-
ues showed little variation as a result of the
buffer capacity of the system, as mentioned.
Nevertheless, the values at the outlet zone
were slightly less than at the inlet (Figure 3c¢),
perhaps due to the possible continuation of
the nitrification process in the HSSFW as a
result of predominantly aerobic conditions.

Behavior of Electrical Conductivity — EC

EC is the measurement of total ionic salts and
is nearly proportional to the total dissolved
solids (TDS) in the wetland. Although biologi-
cal processes can alter this measurement, the
factors that most influence these values are
physical dilution and evaporation processes
(Kadlec & Wallace, 2009). The results from
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these processes, obtained by this study,
showed a decrease in electrical conductivity
in the flow at the outlet of the three systems
(Figure 3d) in spite of the effects of evapo-
transpiration, which will be discussed in this
section. According to Kiambadde, Kansiime
and Dalhammar (2005), a decrease in EC
can be explained by ion capture, micro and
macro elements in plants and adsorption
by their roots. In addition, in this particular
study case, the removal of these types of
compounds likely increased because of the
tezontle which was used as a substrate in the
sub-surface of the systems, which has been
proven to have a high TDS removal capacity
(Zurita et al., 2012).

Evapotranspiration — ET

In constructed wetlands, evapotranspiration
is a crucial factor which affects the hydro-
dynamics and functioning of the treatment
(Chazarenc, Naylor, Comeau, Merlin, & Bris-
son, 2010). It affects the reduction of the water
volume at the treatment outlet and therefore
increases the concentration of pollutants
(Borin, Milani, Salvato, & Toscan, 2011). The
growth in the plants along with solar radia-
tion, relative humidity, temperature and wind
are factors that affect the evapotranspiration
rate (Xu, Ma, & Liu, 2011). In tropical climates,
high evapotranspiration rates are a very im-
portant aspect to be considered because of
the negative impact on the concentration of

pollutants in effluents from constructed sub-
surface flow wetlands. Table 1 summarizes
the evapotranspiration data corresponding to
the three systems (mm/day) for each of the
months studied, as well as average monthly
water temperatures in the systems.

Mass Removal of Carbamazepine (CBZ)

The analysis of the efficiency of System I for
removing CBZ demonstrated a significant
increased (p < 0.05) between the first and
second stages of the system. The average
removal increased from 43+ 3.8% in the first
stage (HSSFW) to 17 + 3.8% in the second
stage. Meanwhile, with respect to System
II, the removal efficiently did not increase
significantly in the second stage (average
efficiencies of 48 + 3.5% and 7 + 3.5% in the
first and second stages, respectively). System
III also did not show a significant increase (p
< 0.05), with average removal of efficiencies
of 34 +5.7% in the first stage and 2 +5.7%
in the second stage. Figure 4 shows the ac-
cumulated removal between the two stages
for each system and each monitoring date.
These results were used to compare the total
removal efficiencies obtained with the three
systems.

When calculating the ANOVA for the re-
moval totals, Systems I and II were found to
be more effective and equal, and significantly
different than SIII (p < 0.05). The averages
were 60 + 4.45% for SI, 55 + 4.45% for SII

Table 1. Average monthly evapotranspiration (mm/day) by the treatment system and confidence interval (95%).

Month Wateor (tjemp. Evapotranspiration
SI SII SIII
September 20.5 26.68 £2.02 27.8 £3.67 22 +0.00
October 18.5 23+281 1994 338 22 +0.00
November 16.1 24.3+2.33 24.46 £9.91 20.76 £1.79
December 14.3 247 +7.84 299 +8.6 20 +10.76
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Figure 4. Mass removal of carbamazepine by each system, throughout the monitoring period.

and 36 + 4.45% for SIII. The slightly better
efficiency of System I compared to System II
was probably due to the nearly anoxic condi-
tions (DO: 0.53 - 0.78 mg/1, E, : -126.7 — 25.3
mV) that were predominant throughout the
system which, unlike aerobic conditions,
contribute to the removal of carbamazepine,
according to Park et al. (2009), and Hai, Li,
Price and Nghiem (2011). Meanwhile, a 45%
removal efficiency was obtained with the
HSSFW used as the first treatment stage. This
coincides with results reported by Park et al.
(2009), who obtained removal percentages
between 30 and 47%, which is higher than
those reported by Matamoros et al. (2008),
Hijosa-Valsero et al. (2010) and Zhang et al.
(2011, 2012). This difference is probably due
to a greater degree of biodegradation result-
ing from the polyculture and/or the uptake
by the species used. Furthermore, an average
mass removal of 34% was obtained with the
VSSFW used as a first stage, which is higher

than the 26% reported by Matamoros et al.
(2007).

Conclusions

The results from the three systems evaluated
confirm the ability of constructed wetlands
to remove carbamazepine, as reported by
various authors, and therefore enable af-
firming that higher removal efficiencies can
be obtained using hybrid wetlands. During
the evaluation period, the hybrid system
composed of a horizontal sub-surface flow
followed by stabilization lagoons most effec-
tively removed carbamazepine. This suggests
that anoxic operating conditions as well as
pH values around 8 contribute to removing
this pharmaceutical. With respect to System
ITI, a modification of the anoxic conditions
commonly reported in horizontal sub-surface
flow wetlands was observed, caused by the
direct discharge of effluent from the prior
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vertical stage which created aerobic operat-
ing conditions in this system, apparently
unfavorable to the removal of carbamazepine.
This suggests a probable negative correlation
between the removal of the pharmaceutical
compound and the dissolved oxygen and
oxidation reduction potential. Nevertheless,
further research is needed to evaluate these
operating conditions at different levels in
constructed wetlands in order to determine
the ideal values for removing this drug.

Thus, this study demonstrated that con-
structed hybrid wetlands are a good option
for removing pharmaceutical compounds
from domestic wastewaters, including those
that are recalcitrant, such as carbamazepine.
Constructed wetlands can potentially be ap-
plied in Mexico, particularly because they
are low-cost, can be applied as centralized
or in situ systems, and are easy to operate.
To obtain similar efficiencies with full-scale
applications, the information generated by
the present investigation should be taken
into account, including the filtration medium
(tezontle with its corresponding granulom-
etry), the macrophyte species (Z. aehtiopica,
Lsibirica y T. latifolia) and the design criteria
used (retention time, length-width relation-
ship, etc.). The implementation of these sys-
tems will improve the treatment of domestic
wastewater and better protect aquatic and
human ecosystems from the documented
adverse effects caused by pharmaceutical
compounds.
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Abstract

Paredes-Trejo, F., Guevara-Pérez, E., Barbosa-Alves, H., &
Uzcétegui-Bricefio, C. (November-December, 2015). Seasonal
Trend of the Rainfall and the Influence of El Nifio-Southern
Oscillation on the Occurrence of Extreme Rainfalls at the
Watershed of Valencia’s Lake, Venezuela. Water Technology
and Sciences (in Spanish), 6(6), 33-48.

The Valencia lake basin is the endorheic watershed
larger of Venezuela (VLB). VLB is densely populated and
industrialized; therefore the extreme climate events can
cause severe impacts. In the Venezuelan territory, it is known
that ENSO (EI Nifio-Southern Oscillation) can modulate the
rainfalls, however no has been explored in detail as ENSO
can affect the rainfalls on VLB. This study analyzes the
spatio-temporal trends of the seasonal rainfalls and explores
the association between the occurrence of extreme rainfall
months and the phases of ENSO (El Nifio, La Nifia and
Neutral) on VLB. Eight stations were selected by the quality
control of their registers. We considered two periods for our
analysis: 1934-2005 (local scale) and 1966-1992 (regional-local
scale). In addition, were identified the months of occurrence
of the rainy and dry seasons. The accumulated rainfall by
season in each station was calculated and after was explored
the occurrence of a long-term trend by Mann-Kendall
test. Seasonal precipitation in each station and season was
categorized in extreme dry, extreme-no, or extreme wet
(ED, EN and EW) using the 10th and 90th percentiles as
threshold. The likelihood of occurrence of a month ED, EN
or EW at local scale according to season and phase of ENSO
was estimated. The association between these categorical
variables was analyzed by chi-square test for independence.
The results more remarkable were: there is no evidence of
a long-term trend at local scale on seasonal precipitation;
the Nifio/Nifia episodes are partially associated with the
occurrence of extreme rainfall at seasonal scale; a high-
proportion of the extreme rainfall events could have been
driven by local factors which were not evaluated here.

Keywords: Valencia’s Lake, El Nifio-Southern Oscillation,
climate change, extreme rainfall.

Resumen

Paredes-Trejo, F., Guevara-Pérez, E., Barbosa-Alves, H. &
Uzcdtegui-Bricerio, C. (noviembre-diciembre, 2015). Tendencia de la
precipitacion estacional e influencia de El Nifio — Oscilacion Austral
sobre la ocurrencia de extremos pluviométricos en la cuenca del lago
de Valencia-Venezuela. Tecnologia y Ciencias del Agua, 6(6), 33-
48.

La cuenca del lago de Valencia (CELV) es la cuenca endorreica de
mayor tamario en Venezuela. Por su elevada densidad poblacional
e industrial es susceptible a los extremos pluviométricos. Se sabe
que el fenémeno ENOA (El Nirio-Oscilacion Austral) modula
las Iluvias en el territorio venezolano, pero no se ha explorado
su incidencia en detalle en la CELV. En este estudio se analiza la
tendencia espacial y temporal de la precipitacion estacional y se
explora la asociacion entre la ocurrencia de meses con extremos
pluviométricos y las fases de ENOA (El Niiio, La Nifia, neutro)
en la CELV. Se seleccionaron ocho estaciones climdticas con buena
calidad de registros. Los periodos 1934-2005 y 1966-1992 se adoptan
para los andlisis a escalas local y regional. Se identificaron los
meses de la temporada seca y hiimeda. En cada estacion se calculé
la precipitacion acumulada estacional y se evalué su tendencia de
largo plazo utilizando la prueba de Mann-Kendall. Se categorizo la
precipitacion mensual local y estacional en extrema seca (ES), no
extrema (NE) y extrema hiimeda (EH), usando como umbrales los
percentiles 10 y 90. Se analizé la ocurrencia probabilistica espacial y
simultaneidad de un mes ES, NE y EH, segiin la temporada y fases
de ENOA. La asociacion entre ENOA y la precipitacion estacional
se explora con una prueba Chi-Cuadrado. Se encontrd lo siguiente:
no existen tendencias locales de largo plazo en la precipitacion total
estacional; la ocurrencia de extremos pluviométricos estacionales
estd parcialmente asociada con los eventos El Nifio/La Niiia; la
incidencia de extremos pluviométricos podria estar vinculada con
factores climdticos locales.

Palabras clave: El Nifio-Oscilacion Austral, lago de Valencia,
cambio climdtico, extremos pluviométricos.
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Introduction

The Fourth Report by the Intergovernmen-
tal Panel on Climate Change indicated that
annual precipitation increased consider-
ably between 1900 and 2000 north of South
America. The meteorological phenomenon El
Nifio-Southern Oscillation, or ENSO (ENSO),
is one of the components of the global climate
system that most influences the variability in
precipitation in that region (Arntz & Fahr-
bach, 1991; Giddings & Soto, 2006). ENSO also
has been widely associated with the largest
climatic impacts in Central America, Mexico
and the Southern Cone (World Bank, United
Nations, 2011; European Commission, 2009).
Its effect extends to countries located within
and on the periphery of the Pacific and Indian
basins (Allan, Lindesay, & Parker, 2000), the
Tropics, and in certain extratropical regions
in North America (Magafia &Ambrizzi, 2005;
PNUMA-CEPAL, 2010).

Venezuela is a tropical country located in
the far north of South America (~ 1-12° N, 60-
74°W) with precipitation modulated primarily
by the activity and location of the Intertropical
Convergence Zone (ITCZ). The trade winds
from the northeast and southeast converge in
the ITCZ, creating a low-pressure subsystem
which moves in a southerly direction (Goldb-
runner, 1984;Pulwarty, Barry, Hurst, Sellinger,
& Mogollon, 1998). The ITCZ is part of the
global climate system and therefore quickly
responds to variations in tropical atmospheric
circulation (Martelo, 2003a). Precipitation is
spatially heterogeneous because orographic
barriers control surface winds (Insel, Poulsen,
& Ehlers, 2010). Meanwhile, several types
of temporal variations in the available pre-
cipitation series have been identified (Win-
emiller,1990). On the scale of a decade, for
example, Martelo (2003b) noted that average
rainfall had a weakly alternating pattern, that
is, normal conditions prevailed from 1951-
1960, rainy conditions from 1961-1970, dry

from 1971-1980, rainy from 1981-1990 and dry
for the incomplete decade of 1991-1998.

In Venezuela, seasonal variability in pre-
cipitation can be affected by both the cold El
Nifio and La Nifia ENSO phases (Pulwarty,
Barry, & Riehl, 1992; Cédrdenas, Garcia, & Gil,
2002; Paredes, Guevara, Uzcategui, & Garbi,
2008). The ENSO effect in Venezuela is not
homogeneous (CNMeH-CONICIT, 1998),
and therefore El Nifio tends to result in drier
than normal summers and a late start to the
rainy season in Guayana and the west, while
in the central, plains and eastern regions the
influence is much less notable, with cases in
which El Nifio years coincide with an early,
normal or late rainy season. In comparison,
a neutral ENSO —that is, when the Pacific
Ocean’s thermal surface conditions are near
the historical average— usually corresponds
to an early start of the rainy season. It is worth
mentioning that in Guayana, La Nifia is as-
sociated with dry seasons that are rainier than
normal and therefore relatively high currents
in the Caroni River, while in Los LLanos it is
associated with a late start to the rainy season
(Rogers, 1998; Martelo, 2003b).

On a large scale, the influence of ENSO
on the precipitation regime in Venezuela has
been studied in-depth by Caviedes (1998),
Cérdenas and De Grazy (2003), the Ministry
of the Environment and Renewable Natural
Resources (Ministerio del Ambiente y Recur-
sos Naturales Renovables) (2007), and Rol-
lenbeck and Anhuf (2007); nevertheless the
main spatial and temporal characteristics of
this modulation has been studied with suf-
ficient detail only in some parts of the country
(Guevara & Paredes, 2007; Pierre & Tirado,
2007; Pérez, 2012). One of the regions where
the influence of ENSO on precipitation is not
well known is in the Lake Valencia basin. The
dominant topography in this basin increases
its vulnerability to “pluviometric extremes,”
a term which will be used below to refer to an
anomalous dry or anomalous rainy episode
lasting at least two consecutive months.
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Lake Valencia is the largest freshwater
endorheic lake in Venezuela ((Diaz, 2006). It
is located in a tectonic depression called the
Valencia Graben, between the Cordillera de
la Costa mountain range to the north and the
Interior range to the south (Bradbury et al.,
1981). It is surrounded by a highly industri-
alized and densely populated area (Sequera,
1994). In general terms, agricultural activities
occupy 34% of the land, urban activities 18%
and industrial 3%. The area of the lake is 359
km? with a volume of 6.30 km® and a depth
of 18 m, supplied by 18 sub-basins (Guevara
& Mdrquez, 2012; Dourojeanni, Jouravlev, &
Chévez, 2002). The permanent rivers include
Gtiey, El Limén, Las Delicias, Turmero,
Aragua, Cabriales, Los Guayos, Nepe and
Guacara, along with Cafio Central and the
Papelera, Sudantex and Corpoindustria chan-
nels (Filippone, 1999). Mean surface runoff
towards the lake is 9 m®/s during the dry
season and 19 m?®/s during the rain season
(Guevara, Guevara, & Garcia, 2008).

The level of Lake Valencia has continu-
ously increased over the past decade due to
diversions from the Pao Cachinche and Pao
La Balsa reservoirs (which feed the Centro I
Regional System, the main aqueduct in the
Valencia-Maracay axis), as well as the diver-
sion of the Cabriales River to the lake in 1979
and the continuous discharge of urban and in-
dustrial wastewater. Between 1995 and 2000,
the level of the lake’s water mirror increased
at a mean rate of 0.40 m/year, reaching a
relative maximum elevation of 413.36 masl
in the year 2012 (Ministerio del Ambiente y
Recursos Naturales Renovables, 2007). Dur-
ing the rainy season of 2013, the Lake Valencia
Quality and Level Control Commission, a
government agency, reported an elevation
of 414 masl with several significant effects:
partial flooding of some sectors located in
the southern portion of the municipality of
Girardot, state of Aragua, as well as in Mata
Redonda and La Punta; temporary closure
of the road to La Culebra Island; and the

permanent flooding of the foundations of the
Valencia-Guigue road section, among others.

Agricultural activity in the Lake Valencia
basin makes it highly vulnerable to long
dry episodes, especially in lower areas. For
example, prolonged absences of rain affect
the agricultural sector of the region, reducing
the yields of some non-irrigated crops such as
industrial sorghum, garden vegetables, fruits
and citrus (Marin, 2002).

Studies reported by the literature char-
acterize the spatial distribution of rainfall in
the Lake Valencia Basin (Guevara et al., 2008)
and some have estimated some of the relevant
hydrological parameters (Ascenzi, Mora, &
Pino, 2007) using a probabilistic approach to
evaluate annual and seasonal precipitation
(Paredes et al., 2013). Nevertheless, it is not
known whether precipitation in the basin has
increased or decreased over time, whether the
unusually dry or wet seasons are associated
with ENSO phases or if the pluviometric ex-
tremes tend to be more frequent. Therefore,
the purpose of the present investigation is
to explore the influence of the meteorologi-
cal phenomenon ENSO on the pluviometric
extremes in the study basin. The present
study analyzes a series of monthly rain gauge
measurements available from a set of stations
located in the basin for the purpose of ana-
lyzing: a) the long-term trend in the seasonal
accumulated precipitation and b) the connec-
tion between the ENSO phases and seasonal
pluviometric extremes using a probabilistic
approach.

Methodology
Study Area

The Lake Valencia basin is located in central
Venezuela. It covers an area of 2 943 km? in
the states of Carabobo (53.13%) and Aragua
(46.87%). Tt extends from 9° 55" 4.26” to 10°
24’ 41.74”1atitude north and -68° 4" 21.2” to
-67° 16’ 30.15”longitude west, as shown in
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Figure 1. Its hypsometric range is from 426
masl (mean level of the lake) to 2 430 masl
(Pico Codazzi).

Rain Gauge Records

Monthly rain gauge records were used from
the weather stations located in the study
area, provided by the National Weather and
Hydrology Institute ((http:/ /www.inameh.
gob.ve/). The series with a monthly record
length (MRL) equal to or greater than 30 years
were selected. Based on this criteria, records
were chosen from 8 rain gauge stations with
31 = MRL = 59 and which had the following
characteristics: discontinuous records, mean
record length of 42.50 years and median of
42.50. These periods correspond to a discon-
tinuous time frame ranging from the year
1934 to 2005. From here on this group will be
called the sample.

Procedural Steps

1. Evaluation of the quality of the series. The
stationarity of the sample was evaluated
using the t statistic (acceptance criterion
p < 0.05). The variable of analysis was the
slope of the line representing the relation-
ship between annual precipitation and
time in years. The serial autocorrelation
was evaluated using the Durbin-Watson
test (Fox, 2008). The non-homogenous
years were detected with the Easterling-
Peterson test (Buishand, 1982). The 8 se-
ries of rain gauge records used passed the
above tests and, therefore, were included
in the subsequent analysis (Figure 1).

2. Analysis of the annual trends in sea-
sonal rain gauge measurements. First,
the beginning and end of the rainy and
dry seasons were identified according to
the sign of the rain gauge coefficient, on

10° 207 0 N+
7 2
/ ‘ Q A
b L .
3 TN 12° N
000" Ny | g mm,f JRSSAUTE
491 6°Nq
4°N
2° N
0 4 8 16 70°7W 60°W
h— . m . Relative location of the study area
68°0° 0" W 67°40" 0" W 679200 0" W

Figure 1. Lake Valencia basin. Note: Cabriales River; 2, Los Guayos; River 3, Guacara River; 4, Mariara River; 5, Tapatapa River;

6, Turmero River; 7, Taguayguay Lagoon; 8, Zuata Reservoir; 9, Aragua River; 10, Las Minas River; 11, Tocorén River; 12,
Giiigiiey River; 13, Cafio Central; 14, Las Dos Bocas River; 15, Honda Ravine; 16, Maracay River; 17, Las Delicias Dike. The
triangles indicate the locations of the eight rain gauge stations used. The number is station number assigned by the National

Meteorology and Hydrology Institute of Venezuela.
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a monthly scale (Carillo, 1999). Accord-
ingly, November-April was considered to
be the dry season and May-October the
rainy season. In order to avoid overlap-
ping of consecutive years, for 1 year the
dry season was identified as January to
April. The following were determined for
each series and year: seasonal precipita-
tion (SP), variation coefficient of the SP,
and amount and year of occurrence of
the maximum and minimum seasonal
precipitation. Using this approach, the
SP represents the annual rainfall accumu-
lated during the season analyzed (dry or
rainy). Lastly, the Mann-Kendall test was
applied with ranges (Kendall, 1975) to
identify statistically significant long-term
trends (p < 0.05) in the SP. The SP variables
during the dry and rainy seasons were
mapped to identify the occurrence of a
spatial pattern.

The seasonal analysis of the seasonal
anomalies in the pluviometric extremes.
The periods in which the series contained
years in common was calculated, resulting
in 1966 to 1992. In each series, the monthly
precipitation (P) was transformed (Pl.].) into
monthly anomaly (ai].); To this end, the
10th (P,,) and 90th (P, ) percentiles were
calculated for each month i (i = 1... 12)
considering all the years j in the common
period (j = 1966... 1992). Each observation
was then coded as follows: if P <P, —
a; = -1 (extremely dry month or ED); if
P,=Py—a,=+1 (extremely rainy month
or ER); if P, < Pi]. <P, — a; = 0 (not an
extreme month (NE)). Seasonal trends in
extreme months (ED, ER) were evaluated
by applying the Mann-Kendall test to the
resulting vector to separately analyze
the number of ED and ER months in the
years available in the series. The seasonal
trends (slopes) were mapped to identify
any presence of a spatial pattern.
Probabilistic  relationships  between
seasonal rain gauge levels at each sta-

tion and the ENSO phases. The monthly
probability of the occurrence of a ED,
ER or NE month was calculated for each
station, season and ENSO phase. The
prevalent ENSO phase during a month
was determined according to the ENSO
categorization from the U.S. National
Weather Service of the National Oce-
anic and Atmospheric Administration
(NOAA) (www.cpc.ncep.noaa.gov). Since
the seasonal precipitation at each station
and the ENSO phases are analyzed as
factors, a two-way contingency table was
constructed, to which the chi-square test
was applied to evaluate the association
between both categorical variables, with
a confidence level of 95% (Greenwood &
Nikulin, 1996). To indirectly estimate the
average spatial coverage of the ED, ER
and NE months in each season from 1966
to 1992, the average percentage of stations
that contained one of these months was
calculated per year and season. This result
was grouped according to the observed
ENSO phase to evaluate the association
among these variables.

Computing Tools Used for the Analysis

Anclim software was used to evaluate the
quality of the series (Stépanek, 2008). The
conversion of the monthly rain gauge series
to anomalies and the probabilistic and statis-
tical analyses were conducted in R v. 3.2.1.
The mapping was generated with SAGA-GIS
2.1.4™,

Results

Trends in Seasonal Rain Gauge
Measurements during the Uncommon
Period, 1934-2005

The rain gauge series analyzed have differ-

ent beginning and end dates in the 1945 to
2005 time frame. The separate analysis of all

Water

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 33-48




Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 33-48

Paredes-Trejo et al,, Seasonal Trend of the Rainfall and the Influence of El Nifio-Southern Oscillation on the Occurrence of Extreme...

the records in each series of data resulted in
the following determinations: mean regional
precipitation during the dry season (January
— April) of 86.75 mm (Table 1); local minimum
and maximum occurring in Maracay (50.17
mm) and Las Dos Bocas (141.75 mm), respec-
tively; and a regional average variation coef-
ficient of 76.14%, with a range from 62.22% in
Las Dos Bocas to 86.95% in Maracay. In addi-
tion, during the rainy season (May-October),
the regional average precipitation was 873.12
mm, with a local minimum and maximum in
Las Cenizas (715.67 mm) and Las Dos Bocas
(1234.87 mm), respectively (Figure 1); the
regional average variation coefficient was
20.13%. The precipitation trends during the
rainy and dry seasons (expressed as mm/
year) were not statistically significant, for all
the stations (p < 0.05).

Seasonal Trends in Pluviometric Extreme
Anomalies During the Common Period, 1966-
1992

Table 2 shows the annual trend in the oc-
currence of extreme months during the dry
and rainy seasons for the period 1966-1992.
In general, during the dry season (Janu-
ary — April) the largest trend in the group of
extremely dry (ED) months occurred in Las
Cenizas (0.046 ED events/year). In the group
of extremely rainy (ER) months, the largest
trends observed were in Santa Cruz (-0.020 ER

events/year) and Guacara (-0.020 ER events/
year). In terms of the dry season, the ED
group averaged 0.026 ED events/ year and
the ER group averaged -0.009 ER events/ year.
Between May and October (rainy season), the
largest trend in the ER group was recorded at
Colonia El Trompillo (-0.032 ED events/ year)
and the largest in the ED group was at Gua-
cara (-0.038 ER events/year). Overall, the ED
group had an average of -0.003 ED events/
year and the ER group -0.006 ER events/
year. None of these trends were statistically
significant (p < 0.05).

Spatial and Temporal Characteristics of the
Seasonal Pluviometric Extremes according
to the Prevalent ENSO Phase, 1966 to 1992

Table 3 shows the probability of an ED, ER or
NE month during the dry and rainy seasons
(May-October) for each station in the Lake
Valencia basin for the period 1966-1992. As
an example, when El Nifio was present dur-
ing the dry season (January — April), station
417 recorded a probability of occurrence of
an ED, NE and ER month of 31, 56 and 13%,
respectively. With La Nifia, these probabilities
were 13, 71 and 17%, respectively. Meanwhile,
for the neutral ENSO phase, values of 28,
63 and 9% were obtained, respectively. The
association between ENSO and the rain
gauge levels (ED, NE and ER) during the dry
season were statistically significant only for

Table 1. Seasonal rain gauge measurements. Uncommon period from 1934 - 2005.

Station number Location Dry season Rainy season
(P(mm)/CV(%)) (P(mm)/CV(%))

417 Santa Cruz 1966-1999 70.36/72.95 840.09/19.81
452 Guacara 1949-1993 70.66/78.30 782.18/19.51
466 Maracay 1934-1992 50.17/86.95 774.42/22.12
488 Colonia El Trompillo 1960-2005 79.52/86.09 858.49/24.42
489 Agua Blanca 1934-2005 119.69/73.74 1014.78/22.52
491 Las Dos Bocas 1949-2005 141.75/62.22 1231.88/13.38
497 Las Cenizas 1960-2003 91.19/73.59 715.67/22.71
1494 Embalse Taiguaiguay 1951-1999 70.63/75.31 766.60/16.58
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Table 2. Annual Trend in the Occurrence of Extreme Months during the Dry and Rainy Seasons. Common period 1966-1992.

Station Location Dry season Rainy season
number (ED/ER events/year) (ED/ER events/year)
417 Santa Cruz 0.0031/-0.0195 0.0024/-0.0122
452 Guacara 0.0250/-0.0195 -0.0171/0.0379
466 Maracay 0.0269/-0.0006 -0.0073/0.0214
488 Colonia El Trompillo 0.0140/-0.0183 -0.0324/0.0024
489 Agua Blanca 0.0379/0.0018 0.0098/0.0244
491 Las Dos Bocas -0.0037/0.0122 0.0116/-0.0018
497 Las Cenizas 0.0458/-0.0073 0.0037/-0.0092

1494 Embalse Taiguaiguay 0.0317/-0.0183 0.0031/-0.0183

Note: ED is extremely dry month, ER is extremely rainy month.

stations 489 and 491 (p < 0.05), both located
in the middle-upper portion of the basin and
on the southern side of the lake (Figure 2).
During the rainy season (May-October), the
chi-square test for independence suggests
an association between ENSO activity and
seasonal precipitation only at station 1494
(Table 4).

Table 3 shows the quantitative association
between the ENSO phases (neutral, El Nifio,
La Nifia) and the dominant rain gauge sign
(ED, ER or NE) for each station and season
using the probabilistic approach, but does not
provide information about the spatial area
of these events on the station scale. Figure 3
compensates for this limitation by showing
the average regional percentage of stations in
which an ED, ER or NE month was observed
during the dry (January-April) and rainy
(May-October) seasons for the period 1966 to
1992, along with the ENSO phase (neutral, El
Nifio, La Nifia) recorded during each season.

A high average percent in the ED, ER or
NE level indicates that this sign was predomi-
nant in the group of stations. For example,
Figure 3 shows that during the rainy season
of 1973 (panel b), roughly 70% of the sta-
tions had an ED month along with La Nifia
(generalized dry condition) while during the
dry season of 1981 (panel a) roughly 63% of
the stations had an ER month in conjunction

with the neutral ENSO condition (generalized
rainy condition).

Discussion

Seasonal Trends in Rain Gauge Records for
the Period Analyzed

From the spatial perspective, the rain gauge
measurements from the stations tended to
decrease as the distance to Lake Valencia
increased and the land became flatter (Table
1, Figure 2). The lowest values were observed
in the plains located south of Troncal 5 (Los
Guayos-Maracay section) and north of the
Flor Amarilla-Magdaleno (south side of the
lake). The highest occurred in the far south-
west (Cerro Las Dos Bocas).

The wind records from the Naguanagua
station (10° 14’ 58” N and 68° 17 0” W) lo-
cated in a large valley bordered by Filas, La
Guacamaya and Orégano (both aligned in
the north-south direction) show an interesting
characteristic in surface winds. During the
dry season, they came from the NW, NNW
and WNW (in order of occurrence) with an
average speed of 16.2 km/h and decreased
during the rainy season to 10 km/h and
changed direction to NW, ENE and SW (in
order of occurrence). In this regard, it is worth
mentioning that the prevailing surface wind
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Table 3. Probability of occurrence of an extremely dry month (ED), non-extreme (NE) or extremely rainy (ER) month during the
dry and rainy seasons at the stations in the Lake Valencia basin, according to the ENOA observed (neutral, El Nifio, La Nifa).

Common period 1966-1992. The probability of occurrence is expressed as a unit fraction.

Dry Season (January-April) Rainy Season (May-October)
Station: 417 Serial: 417
Condition ED NE ER ED NE ER
Neutral 0.28 0.63 0.09 0.11 0.77 0.11
El Nifio 0.31 0.56 0.13 0.08 0.75 0.17
La Nifia 0.13 0.71 0.17 0.17 0.79 0.04
Station: 452 Station: 452
Condition ED NE ER ED NE ER
Neutral 0.33 0.53 0.14 0.10 0.80 0.09
El Nifio 0.25 0.65 0.10 0.10 0.80 0.10
La Nifa 0.42 0.54 0.04 0.14 0.69 0.17
Station: 466 Station: 466
Condition ED NE ER ED NE ER
Neutral 0.48 0.39 0.13 0.09 0.78 0.13
El Nifio 0.35 0.55 0.10 0.23 0.70 0.07
La Nifia 0.25 0.67 0.08 0.06 0.83 0.11
Station: 488 Station: 488
Condition ED NE ER ED NE ER
Neutral 0.20 0.67 0.13 0.13 0.78 0.09
El Nifio 0.25 0.65 0.10 0.10 0.80 0.10
La Nifia 0.21 0.71 0.08 0.08 0.75 0.17
Station: 489* Station: 489
Condition ED NE ER ED NE ER
Neutral 0.13 0.73 0.14 0.11 0.78 0.10
El Nifio 0.35 0.50 0.15 0.07 0.80 0.13
La Nifia 0.13 0.88 0.00 0.14 0.75 0.11
Station: 491" Station: 491
% Condition ED NE ER ED NE ER
% Neutral 0.20 0.63 0.17 0.11 0.77 0.11
i": El Nifio 0.05 0.95 0.00 0.10 0.77 0.13
2 La Nifia 0.17 0.79 0.04 0.1 0.81 0.08
é Station: 497 Station: 497
g Condition ED NE ER ED NE ER
@ Neutral 0.16 0.70 0.14 0.07 0.80 0.13
T; El Nifio 0.40 0.50 0.10 0.20 0.77 0.03
; La Nifa 0.25 0.71 0.04 0.14 0.72 0.14
< Station: 1494 Station: 1494 *
é Condition ED NE ER ED NE ER
: Neutral 0.27 0.63 0.11 0.07 0.84 0.08
/: El Nifio 0.35 0.55 0.10 0.20 0.77 0.03
§ La Nifa 0.25 0.63 0.13 0.14 0.61 0.25
é * Note: The occurrence of an extremely dry, non-extreme or extremely rainy month at the station indicates it is dependent on the ENOA
g’ conditions, with a confidence level of 95%.
E
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Figure 2. Digital elevation model of the Lake Valencia basin. Note: triangles indicate the location of the eight
stations used. The number is the station name assigned by the National Meteorological and Hydrologic
Institute.

currents in Venezuela are E, ENE and NE
over the course of a year due to the influence
of the trade winds on the northern portion
of South America (Gonzélez-Longatt, 2015).
Nevertheless, these directions tend to be
uncommon in deep inter-mountain valleys
because the wind currents are redirected
(Golbrunner, 1984; Foghin-Pillin, 2002). The
difference in the dominant wind patterns seen
at the Naguanagua station during dry and
rainy seasons suggests that the orographic
barriers direct the air currents to the bottom
of the valleys where they interact with local
wind circulations (lake breeze systems from
the valley-mountain), favoring or inhibiting
the formation of rain depending on the direc-
tion of the dominant flow and the humidity
content. The control by the orography on the
distribution of rain in mountain basins has
been well documented (Beniston, Diaz, &
Bradley, 1997; Guan, Huang-Hsiung, Makh-
nin, Xied, & Wilsone, 2009; Brito et al., 2010).

Inside the Lake Valencia basin, two mois-
ture centers can be seen to remain during the
dry and rainy seasons. One was located in the
Las Dos Bocas River and the other between
Filas, Los Aguacates and Toma Las Manos,
a mountainous region located in the south-
western portion of the basin (Figure 2). The
second was located northeast of dividing line
between the Lake Valencia basin and the Ch-
uao River (called Topo El Guayabo). The first
center was previously reported by Paredes et
al. (2013), who noted the permanent nature
of rainfall throughout the year. Both of these
centers are located at the bottom of large val-
leys surrounded by tall mountains and near
watersheds or divides. Figure 2 shows the
basin with a large network of deep valleys
in the north and southern parts of the lake,
where the surface wind could be channeled
from the lake (local climate sub-system) or
neighboring hydrographic basins to higher
elevations. In this case, the air currents would
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Figure 3. Regional average of occurrence of an extremely dry (ED), non-extreme (NE) and extremely rainy (EH) month during

the dry season (panel a) and rainy season (panel b), in the Valencia Lake basin during the period 1966-1992. At the top of each

panel the ENOA phase observed is indicated (neutral, El Nifio, La Nifia). Note: The year 1992 was omitted beacuse of missing
data at the stations during the dry and rainy seasons.
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rise and progressively cool until reaching the Las Dos Bocas and Topo El Guayabo. With
condensation point over the ascending wa- this focus, the surface winds that reach Las
tershed (Barlovento mountainside), favoring Dos Bocas likely enter through the Pirital-Bo-
the formation of clouds that generate rain. querdn-El Yagual (intra-mountain) corridor.

This hypothetical mechanism may explain the In the seasonal context, the evidence ob-

high seasonal values and their persistence in served for the periods 1934 to 2005 and 1966

1270\
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to 1992 does not indicate a sustained decrease
or increase in total seasonal pluviometric
extremes (Table 2). In general, this suggests
that variations in the seasonal rain gauge
measurements in the Lake Valencia basin
were temporarily stationary during these
periods, although it is evident that the spatial
distribution of the rainfall is largely controlled
by the orography.

Comparing Figure 1 and Tables 1 and 2,
a slight increase can be seen in ED months
during the dry season in the upper Las
Minas basin (tributary of the Taguaguay
Lagoon) and a slight decrease in ER months
at the headwaters of the Guacara River and
in southwest Cagua (plains of the Aragua
River). Meanwhile, during the rainy season a
slight decrease in ED months is observed in
the middle basin of the Guigue River and in
ER months at the headwaters of the Guacara
River. Most of these locations are located at
an intermediate altitude and are relatively
near the hydrographic divide. Although
these trends were not statistically significant
(Table 2), they suggest that the rainfall in the
mountainous region was slightly more prone
to seasonal variations than at lower eleva-
tions. This subtle characteristic suggests that
the lake could be the main source of moisture
for the formation of rain in the lower part of
the basin, particularly during the dry season.
It is important to note the trade winds reach-
ing the Lake Valencia basin probably do not
contain a large amount of moisture, since they
first have to cross coastal mountains (to the
north) and inland mountains (to the east),
both of which block the advance of trade
winds (particularly the coastal mountains)
and favor rain falling outside of the basin’s
watershed (Barlovento-Sotavento effected,
described by Pulwarty ef al., 1992). Neverthe-
less, large-scale storm systems can enter the
basin, since the altitude of the bottom of the
clouds in these systems would be higher than
the tallest mountain peaks.

Association Between Seasonal Pluviometric
Extremes and the ENSO Phases for the
Period 1966-1992

For the period 1966 to 1992, roughly 22% of
the months in the dry season (January-April)
coincided with La Nifia, 19% with El Nifio
and 60% with the neutral phase. Interestingly,
these same percentages were obtained for the
rainy season (May-October). Therefore, the in-
cidence of the cold phase of ENSO (La Nifia)
was dominant during both seasons.

Table 3 shows that during the dry seasons
for the period 1966 to 1992, El Nifio coincided
with an ED, ER and NE month 35, 15 and 50%
of the time at station 489, respectively. This
suggests that the ED months may be partially
due to the warm ENSO phase. Similarly, a
statistically significant association was found
between ENSO phases and seasonal precipita-
tion at station 491 (p < 0.05 based on the chi-
square test). Nevertheless, in this case the
frequency of an ED or ER month was higher
during the neutral ENSO phase. In fact, an ED
or ER month had a probability of occurrence
of only 20 and 17%, respectively, suggesting
that, at a local scale, one or several factors
not related to ENSO were related to these
climate conditions. When analyzing the rainy
season (May-October), only the association
between ENSO-precipitation at station 1494
was statistically significant (Figure 2). Unlike
the previous stations, the response at this sta-
tion was two-fold, that is, El Nifio coincided
with 20% of ED months and La Nifa with
25% of ER months. In general, these results
demonstrate that the occurrence of an ED or
ER month at the local scale during the dry
and rainy season cannot be attributed only to
the ENSO phases but rather to other factors
that play a more important role (probably
local climate factors).

For the period 1966 to 1992, an ED, ER or
NE month during the dry season (January-
April) was observed to be common, on aver-
age, at 57, 31 and 63% of the stations analyzed
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when an El Nifio episode occurred, at 32, 18
and 73% when La Nifia occurred, and 39,
34 and 63% when the ENSO was neutral,
respectively (Figure 3). These same values for
the rainy season (May-October) were: 27, 21
and 78% with El Nifio, 33, 26 and 76%, with
La Nifia and 24, 27 and 79% with a neutral
ENSO phase (Figure 3). These percentages
demonstrate that during the dry season El
Nifio events were associated with extensive
moderately dry climates in the basin (57% on
average), and the spatial extension of ED or
ER months during a year corresponding to
La Nifia was notably smaller than one cor-
responding El Nifio years. During the rainy
season, El Nifio had just a slightly larger
spatial incidence than the neutral phase (27
versus 24%, respectively), while interestingly,
La Nifia was associated with ED months and
this was more extensive than El Nifo (ED
according to coverage: 27% El Nifo; 33% La
Nifia; and 24% neutral). For the period 1966
to 1992, two dry events occurred during the
dry season (January-April) at over 80% of the
stations, in 1970 and 1987, which coincided
with neutral and El Nifio phases, respectively
(Figure 3a). When analyzing the rainy season
(May-October), the drought of 1973 is notable
(Figure 3b), which was associated with ED
months at over 60% of the stations and coin-
cided with the neutral ENSO phase.

The comparison of Figure 1 and Table 3
shows a high probability of ED months in
the Noguera and Las Minas rivers (tributar-
ies of the Giiigtie River and the Taguayguay
Lagoon) during the dry seasons and El Nifio
years. The persistence of these climate condi-
tions over time can cause a decrease in the
flow of the Guigue River and in the level of
the Taguayguay Lagoon during dry periods,
increasing the risk of forest fires due to very
dry land. For El Nifio years, ED months are
more probable during the rainy season in the
upper Las Minas River basin and the lower El
Limon basin while during La Nifia years ER
months are slightly more probable only in the

Zuata and its surrounding area.

For the period analyzed, the results de-
scribed demonstrate that the ENSO phenom-
enon can partially explain the occurrence of
ED and ER months at a local scale during the
rainy and dry seasons in the Lake Valencia
basin. El Nifio presents a higher incidence
of pluviometric extremes than La Nifia and
is typically associated with unusually dry
conditions with moderate spatial coverage.
The moderate to slight connection between
the active ENSO phases identified at a lo-
cal scale suggests that factors not evaluated
were determinants of particular pluviometric
extreme events (for example, the widespread
drought in 1979 during the neutral phase of
ENSO).

It is important to note that the associa-
tion between the ENSO phases and rainfall
in Venezuela generally has high spatial and
temporal variability (Cédrdenas et al., 2002).
This has been attributed to complex interac-
tions between ENSO and certain large-scale
factors in the Atlantic Ocean and the vari-
ability in the tropical atmospheric circulation
(Martelo, 2003b). In any case, the results are
consistent with findings previously reported
by Pulwarty et al. (1992), Martelo (2003b), and
Paredes, Millano and Guevara (2008), among
others, who indicate that El Nifio years favor
the occurrence of ED months and La Nifia
years favor ER months.

Conclusions

During the periods 1934 to 2005 and 1966 to
1992, no evidence was found of an increase or
decrease in seasonal accumulated rain gauge
measurements in the Lake Valencia basin.
Although local trends with differing degrees
of magnitude were identified, they were not
statistically significant.

Over the dry and rainy seasons during
El Nifio and La Nifia years, only some loca-
tions showed a slightly higher probability
of pluviometric extreme months (ER or ED)
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than neutral years. In general, the droughts
coinciding with El Nifio tended to be more
extensive than the wetter climatic conditions
coinciding with La Nifia. In any case, a high
proportion of persistent droughts or storms
in the basin was not associated with active
ENSO phases but rather may be associated
with unidentified, local climatic factors.
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Appendices
Durbin-Watson Serial Autocorrelation Test

The application of a simple or multiple
regression analysis to one or two groups of
variables can detect the occurrence of a serial
correlation for a unit shift in the residuals
derived from the adjusted model. Given an
annual precipitation series at station k with
length L in years, the observations form a vec-
tor a,...a , where i =1... L. If the observations
are placed in ascending order then p (x, y) =
(1,4,), (2, a,)... (L, a,). When applying a linear
regression analysis to matrix p, an adjusted
linear equation is obtained whose residu-
als form the vector (e, e, e,...¢,). Then, the
Durban-Watson (d) statistical test is given by:

d=iz "~ (1)

The statistic d is compared to two thresh-
olds, dL’a and du’a, according to Fox (2008).
These thresholds depend on the significance
level (a) used for the test, L and the number

of predictors in the regression equation. The
decision rules are:

When d < d, , there is a positive autocor-
relation in the error terms.

When d >d,, , there is no positive autocor-
relation in the error terms.

When d,  <d <d, the test is not conclu-
sive.

When (4 - d) < d,,  there is a negative au-
tocorrelation in the error terms.

When (4 -d) >d, , there is not a negative
autocorrelation in the error terms.

When d <@-d<d
conclusive.

the test is not

U,o’

The detection of a statistically significant
serial autocorrelation in the annual precipita-
tion series can be attributed to errors in mea-
suring precipitation.

Esterling-Peterson Homogeneity Test

With this technique, variations can be de-
tected in annual precipitation which are
caused by non-climatic factors. Consider an
annual precipitation series for station k and
a record length L in years. First, a reference
station near the station with an equal length
of records (at least 30 years in common) is
selected. Then, a difference vector is obtained
by subtracting the observations from both
stations from year to year, from f=1...L. This
series is then divided into two sub-series, S,
and S, of length L, and L,, where n =2..;
therefore, L,=L-n,L,=L~-L, resulting in
pand S, =a_ o a .
identify whether year 7 is not homogeneous,
the Student-f test for the difference in means

S =a,a,..a .a,. To

is applied to the observations from each sub-
series with a confidence level o. If this test is
significant, it is concluded that the series is
not homogenous for year n. A series can have
more than one non-homogeneous years that
could be caused by a non-climatic factor.
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Mann-Kendall Test for Trends

Using this test, a monotonous trend in an
annual precipitation series can be detected.
Consider the annual precipitation series at
a station k with L length of years. Then the
observations form a vector a,...a, where i =
1... L (note that L > 30 years). The observations
are analyzed in pairs as p (x, y) = (1, a,), (2,
a,)... (L, a,). First, the Kendall S parameter is
calculated.

For a,— ifal > a, score = +1, if a, < a, score
=-1,if a, = a, score = 0; if a, > a,score = +1, if
a,<a,score=-1,if a, = a,score =0;... if a, > a,
score = +1, if a, < a, score = -1, if a, = a, score
= 0. This procedure is repeated from a, to a,.
Note that for each constant, a,>a,0ra <a,
whenever j > i.

All the scores are then totaled. P represents
the total positive scores and M the total nega-
tive scores. Once this is performed, then S =
P — M. The total number of comparisons is
given by L (L — 1)/2. Therefore, the Kendall
Tis:

S
e N

To estimate the statistical significance of
the Kendall t, consult appendix B in Helsel
and Hirsch (1993), using parameters L and S
as input variables.
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Resumen

Musalem, K., McDonald, M., Jiménez, F, & Laino, R.
(noviembre-diciembre, 2015). Mapeo de la vulnerabilidad
del agua subterrdnea en dos cuencas afectadas por la represa
Yacyreta en Paraguay. Tecnologia y Ciencias del Agua, 6(6), 49-
62.

Se condujo un mapeo de vulnerabilidad del agua
subterrdnea en dos cuencas hidrogréficas de agricultura
intensiva y dreas urbanas que drenan al embalse Yacyreta
en Paraguay. Se aplicaron y compararon dos métodos de
sobreposicién ampliamente utilizados (GOD y DRASTIC)
para determinar la vulnerabilidad del agua subterrdnea a
la contaminacién. También se evaluaron los posibles efectos
del cambio climdtico en los valores de vulnerabilidad
utilizando escenarios de cambio climdtico de terceros
autores. Por dltimo, se proyectaron los posibles efectos en
la vulnerabilidad derivados de las variaciones en el nivel
fredtico, producto de las operaciones de la represa Yacyreta.
La determinacién de la vulnerabilidad del agua subterrdnea
utilizando DRASTIC mostré un 56% del drea de las cuencas
clasificadas como de “media alta” vulnerabilidad (indice
DRASTIC 140 — 159) y un 22%, ya sea como “alta”, “muy
alta” o “mdxima” (indice DRASTIC 160 — > 200). GOD, por
otro lado, mostré un 96% del drea de las cuencas como de
“vulnerabilidad moderada” a la contaminacién (valores
0.3-0.5) y un 4% como “alta vulnerabilidad” (valores 0.51-
0.6). Las clases de vulnerabilidad se mantuvieron iguales
sin importar los escenarios de cambio climético revisados,
para un periodo de cien afios. Las operaciones de la represa,
en especifico un escenario de elevacién del nivel fredtico
de cinco metros, sugiere un aumento en la vulnerabilidad
a la contaminacién en las partes bajas de las cuencas. Por
dltimo, se compararon los modelos GOD y DRASTIC, y su
adaptabilidad a los datos disponibles para la regién y la
construccién de escenarios.

Palabras clave: modelo DRASTIC, modelo GOD, Sistema
Acuifero Guarani, cambio climdtico.

Abstract

Musdlem, K., McDonald, M., J[iménez, F., & Laino, R. (November-
December, 2015). Groundwater Vulnerability Mapping in Two
Watersheds Affected by Yacyreta Dam in Paraguay. Water
Technology and Sciences (in Spanish), 6(6), 49-62.

Groundwater vulnerability mapping was conducted for two
intensive agriculture and urban watersheds draining to the Yacyreta
Dam in Paraguay. Two widely used overlaying methods (GOD and
DRASTIC) were applied and compared to determine groundwater
vulnerability to contamination. Possible effects of climate change
on vulnerability values were also assessed using climate change
scenarios provided by third authors. Finally, the possible effects
of water table variations derived from Yacyreta Dam operations
was projected on groundwater vulnerability. Determination of
groundwater vulnerability using DRASTIC shows a 56% of the
area of the watersheds to be classified as “medium high” (DRASTIC
index 140 — 159) and a 22% as either “high”, “very high” or
“maximum” (DRASTIC index values 160 — > 200). GOD on
the other hand showed a 96% of the area of the watersheds with a
“moderate vulnerability” to contaminants (values 0.3-0.5) and
a 4% of “high vulnerability” (values 0.51 — 0.6). Vulnerability
classes remained the same regardless of any climate change scenarios
reviewed, for a 100 year span. Operation by the dam, specifically a
five meter elevation of the water table scenario, suggests an increase
in vulnerability in lower parts of the watersheds. Finally we compare
GOD and DRASTIC models and their suitability regarding the
available data for the region and scenario building.

Keywords: DRASTIC model, GOD model, Guarani Aquifer
System, climate change.
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Introduccion

El agua subterrdnea constituye la mayor reserva
de agua dulce en el mundo, representando mds
de 97% de toda el agua dulce disponible en la
Tierra, con exclusién de los glaciares y capas de
hielo. E1 3% restante se compone principalmente
de las aguas superficiales (lagos, rios, hume-
dales) y la humedad del suelo (Quevauviller,
2008). A pesar de su relevancia, la contamina-
cién de los sistemas de aguas subterrdneas es
un problema cada vez més critico, una vez que
un acuifero estd contaminado es practicamente
inviable para limpiar y las posibilidades de
remediacién implica altos costos econémicos
(Wang, 2006).

El agua subterrdnea es una fuente oculta que
es cuantitativamente mucho mds importante
que las aguas superficiales, y para el que la
prevencién de la contaminacién y monitoreo de
la calidad y la restauracién son atin més dificiles
que en el caso de las aguas superficiales, sobre
todo debido a su inaccesibilidad (Quevauviller,
2008). La prevencion de la contaminacién es
fundamental para una gestién eficaz de las
aguas subterrdneas (Babiker, Mohamed, Hiya-
ma y Kato, 2005), sobre todo teniendo en cuenta
la incertidumbre sobre los futuros escenarios
climdticos. Las proyecciones indican que el
cambio climdtico va a variar segtin la regién y
localidad, modificando la frecuencia de los fené-
menos climaticos extremos, como inundaciones
y sequias (Bergkamp, Orlando, y Burton, 2003).
El agua subterrdanea es ampliamente utilizada
por los seres humanos como el agua potable,
con algunos paises que dependen casi por com-
pleto de ella, mientras que otros solo en parte,
poniendo de relieve la importancia de la calidad
de las aguas subterrdneas y la conservacién de
la cantidad como estrategia de adaptacién al
cambio climético (Quevauviller, 2008).

La vulnerabilidad del agua subterrdnea en
los mapas de contaminacién es cada vez mds
necesaria, ya que, por un lado, el agua subte-
rranea representa la principal fuente de agua
potable, y en las demds altas concentraciones de
actividades humano/econémicas (por ejemplo,
industriales, agricolas y domésticas), representa

a las fuentes reales o potenciales de su contami-
nacién (Rahman, 2008). El concepto del mapeo
de la vulnerabilidad de las aguas subterrdneas
es ttil para la planificacién ambiental y la toma
de decisiones, y diferentes métodos han sido
desarrollados para la determinacion de la con-
taminacién de la vulnerabilidad de los acuiferos
a la contaminacién (Gogu y Dassargues, 2000).
Estos métodos, en su mayoria sobre la base de
indices y técnicas de sobreposicién, han sido
utilizados en distintos contextos geolégicos:
DRASTIC, SINTACS, AVI y GOD (Expésito,
Esteller, Paredes, Rico y Franco, 2010), y tam-
bién se han empleado en estudios comparativos
(Agtiero y Pujol, 2002; Gogu y Dassargues, 2000;
Lobo-Ferreira y Oliveira, 2004; Napolitano
y Fabbri, 1996). La naturaleza del indice es
asignar valores a cada caracteristica hidrogeo-
l6gica, que luego se combinan para calcular un
valor global de la vulnerabilidad con el fin de
clasificar las regiones en diferentes unidades
de contaminacién potencial (Kumar, Bansod,
Debnath, Thakur, y Ghanshyam, 2015).

Se estima que el 80% de la capa de agua
potable en Paraguay en América del Sur se
suministra a partir del agua subterranea.
Cabral (2005) estima que al menos el 38% de
la poblacién del pais vive sobre el Sistema
Acuifero Guarani y se suministra por sus
aguas y que ciertas condiciones, especialmente
la agricultura intensiva y residuos urbanos
estdn o estardn arriesgando la calidad del agua
del este sistema, debido especialmente al uso
generalizado de tierras para la produccién
intensiva de soya, asi como otros cultivos (por
ejemplo, maiz, girasol). Preocupaciones globales
sobre la asociacién de la produccién de soya y
otros cultivos como una fuente importante de
contaminacién del agua subterrdnea (Clay, 2004)
se han tomado como tema de interés para este
estudio, especificamente para dos captaciones
ubicadas en esta regién. Nuestro estudio tuvo
como objetivo determinar la vulnerabilidad del
agua subterrdnea actual a la contaminacién de
los “acuiferos poco profundos” utilizando mo-
delos DRASTIC y GOD para las cuencas de los
rios Mboi Cae y Quiteria y evaluar los posibles
efectos del cambio climatico en las categorias
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de la vulnerabilidad, asi como de cambios en el
nivel fredtico derivados de las operaciones de la
presa Yacyretd. Nuestras dos cuencas de estudio
se perciben localmente como una sola unidad
socio-hidrolégica, compartiendo un comité de
una cuenca y los actores comunes implicados en
su gestion. Este estudio se centra en el drea de
las dos cuencas ubicadas dentro de la influen-
cia del Sistema Acuifero Guarani y la presa de
Yacyretd. El mapeo de las aguas subterrdneas
se llevé a cabo no solo para proporcionar los
mapas resultantes al comité de cuenca, sino
también como un ejercicio comparativo de la
idoneidad de la aplicacién de los dos modelos,
especificamente la entrada de datos, teniendo
en cuenta la informacién disponible para esta
region. Los mapas de vulnerabilidad de aguas
subterraneas se presentan aqui como una ca-
racteristica intrinseca del sitio estudiado en la
posible amenaza de contaminantes, incluyendo,
pero no limitado a, la produccién intensiva de
soya. (Para obtener una lista de los contaminan-
tes asociados a la agricultura intensiva de soya,
véase: Paraiba et. al., 2003).

Materiales y métodos

El Sistema Acuifero Guarani es uno de los
mayores reservorios de agua subterrdnea del
planeta (Oporto y Vassolo, 2003; Farifia et al.,
2004). Se encuentra en América del Sur entre
12° y 35° de latitud sur y 47° y 65° de longitud
oeste. Se estima que el acuifero contiene una
reserva de 45 000 kilémetros cdbicos de agua
que cubre un area de aproximadamente 1 200
000 kilémetros cuadrados, de los cuales 840
000 kilémetros cuadrados pertenecen a Brasil,
225 500 kilémetros cuadrados a Argentina, 71
700 kilémetros cuadrados a Paraguay y 58 500
kilémetros cuadrados a Uruguay (Cabral, 2005).
En Paraguay, el Sistema Acuifero Guarani se
encuentra en el parte oriental del pafs, forman-
do una franja que se extiende de norte a sur, a
lo largo del rio Parand (Farifia et al., 2004), parte
de la cuenca del rio de La Plata.

Dentro del sistema acuifero, se seleccionaron
dos cuencas que son de interés local para la

Entidad Binacional de Yacyretd y el comité de
cuenca hidrografica local y donde las poblacio-
nes urbanas mds grandes del departamento de
Itapda estdn siendo afectados por el proyecto de
la presa Yacyretd en Paraguay, y las actividades
agricolas intensivas representan al menos el
80% del 4rea total de las cuencas. Las cuencas
de los rios Mboi Cae y Quiteria (286 kilémetros
cuadrados y 352 kilémetros cuadrados, respec-
tivamente) se encuentran en el Departamento
de Itaptia de Paraguay, drenando ambos al rio
Parand, que constituye parcialmente la frontera
politica entre Paraguay y Argentina (Figura
1). Se han utilizado dos modelos para la vul-
nerabilidad del agua subterrdnea: DRASTIC,
originalmente publicado por Aller, Bennett,
Lehr, Petty y Hacket, (1987), y GOD publica-
do por Foster, Hirata, Gémez, D’ elia, y Paris
(2002). Estos modelos se han probando en varios
trabajos subsecuentes: en la India (Kumar, Thi-
rumalaivasan, y Radhakrishnan, 2014; Rahman,
2008; Shahid 2000), Paraguay (Laino, Jiménez,
Veldzquez, Péez y Casanoves, 2006, Larroza,
Farifia, Bdez y Cabral, 2005), Jap6n (Babiker et
al., 2005), El Salvador (Vignola, 2005), Nicaragua
(Obando, 2005), México (Ceballos y Avila, 2004;
Exp6sito et al., 2010), Portugal (Lobo-Ferreira y
Oliveira, 2004), Estados Unidos (Chowdhury,
Igbal, y Szabo, 2003), Costa Rica (Agiiero y
Pujol, 2002) e Italia (Napolitano y Fabbri, 1996).
Los datos de entrada y las fuentes de los mode-
los se presentan en la Tabla. 1. Los datos de las
condiciones hidrogeoldgicas se obtuvieron para
cada pardmetro utilizando diferentes fuentes y
métodos y se explica en la Tabla 2.

Calculo DRASTIC

El acrénimo DRASTIC corresponde a las inicia-
les de siete mapas base de la siguiente manera:
D: profundidad del agua / R: red de Recarga
/ A: medios acuiferos: / S: medios de suelo /
T: Topografia / I: Impacto de la zona vadosa /
C: conductividad hidrdulica. Cada uno de los
pardmetros se mapea y clasifica ya sea en rangos
o en tipos de medios importantes que tienen un
impacto en el potencial de contaminacién. A
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Figura 1. Localizacién del drea de estudio, cuencas Mboi Cae y Quiteria en el departamento de Itaptia, Paraguay. Se muestra
parcialmente el embalse binacional de Yacyreta (Argentina y Paraguay). Fuentes: NaturalEarth, Instituto Geografico Militar del
Paraguay y Musalem (2010).

Tabla 1. Resumen de las fuentes de informacién y los procesos de la tabla seguido para obtener dréstica y GOD valoraciones
sobre la cuenca de los Mboi Cae y Quiteria rios en Paraguay.

Parametros Fuente Resumen del proceso seguido Unidades

Perfiles de los 41 pozos reportados
. por SENAS,’A (la agencia de servicios Los niveles estdticos fueron interpolados .
Profundidad de de saneamiento de agua local) que usando IDW Profundidad en
agua muestran los niveles estdticos y metros

N . . ara el drea de las cuencas
dindmicos del nivel freatico dentro de | P
las cuencas

Mapas de geologia (Instituto
Geografico Militar de Paraguay, 1986)
y estudios de hidrogeologia que
estimaron la recarga neta para basaltos

La recarga neta fue estimada por la
geologifa en funcién de las precipitaciones. | Milimetros por

Recarga de red . . ) Para las zonas de piedra arenisca, se afio
y piedra arenisca en el Acuifero AT .
. . utiliz6 directamente un valor estimado de
Guarani. Santa Cruz y Silva (2002) en revision de Ia literatura
Laino (2005), Kull (2.003), Schmidt
(2009)

. Mapas de geologia (Instituto La roca que sirve como acuifero, poros o . .
Mec}hos de Geografico Militar fracturas relacionada con la vulnerabilidad Litologfa
acuifero o

De Paraguay, 1986) a la contaminacion

Mapeas de suelos (Instituto Geogréfico
Militar De Paraguay, 1986). Taxonomia
y texturas del suelo local (Consultores
Globales, 2008)

Los subgrupos de taxonomia de suelos se
vincularon a la textura y tradujeron a las Textura
clasificaciones de vulnerabilidad

Medios de suelos

Las isolineas se procesaron en un
modelo de elevacién digital. Usando la Pendiente (%)
pendiente GIS se calcul6 y tradujo a los
clasificaciones de vulnerabilidad

Lineas de contorno de Paraguay
Topografia (Instituto Geografico Militar
De Paraguay, 1986)
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Tabla 1 (continuacion). Resumen de las fuentes de informacion y los procesos de la tabla seguido para obtener dréstica y GOD

valoraciones sobre la cuenca de los Mboi Cae y Quiteria rios en Paraguay.

Parametros Fuente Resumen del proceso seguido Unidades
Listigeicio Gte (e Perfiles de pozos proporcionadas
medios de la zona P PToP o Lectura directa de los perfiles de SENASA | . .
por SENASA + mapas geolégicos de ) - . Litologfa
Vadosa o estratos y la confirmacién con mapas geoldgicos
o Paraguay
de sobreposiciéon
. Datos directos de las obras que Valores directos reportados de
Conductividad R . e .
hidraulica informaron los valores locales (Godoy, | autores traducidos a clasificaciones de Metros/ dia
1991; De Salvo, 1991; en Farifia 2009) vulnerabilidad
Confinamiento
. Caracteristicas traducidas a clasificaciones . .
Sjbiiiaéi - Datos reportados por Schmidt (2009) de vulnerabilidad (GOD solamente) Confinamiento

Tabla 2. Datos utilizados y consideraciones para la aplicacion de los modelos GOD y DRASTIC de vulnerabilidad de las aguas
subterrdneas. Los valores se reclasifican para clases de vulnerabilidad respectivamente, utilizando indices de DRASTIC (Aller et
al., 1987) y GOD (Foster et al., 1987) para computo final. Para mds detalles sobre los calculos de datos ver Musalem (2010).

Parametros

Procesamiento de datos : consideraciones y limitaciones

Rangos de datos

Profundidad
hasta el agua

Las profundidades del nivel fredtico se obtuvieron de los pozos
proporcionados por la agencia de saneamiento de agua local.
Los datos fueron extrapolados a toda la zona de las cuencas
utilizando la ponderacién de distancia inversa de ArcGIS. Una
imagen matricial con la profundidad hasta el agua de la cuenca
se reclasificé en valores de vulnerabilidad de acuerdo a cada
autor. Los pozos se distribuyen irregularmente en la cuenca con
mds datos concentrados en las partes bajas de la misma. Sin
embargo, se utilizaron pozos fuera de las cuencas para realizar
la interpolacién. Los valores se trasladaron directamente a las
clasificaciones de DRASTIC y GOD, segtin los indices de Aller et
al. (1987)

La profundidad del agua varié
de aguas superficiales (0 m en las
fuentes) hasta 75 m

Recarga

Se toman en cuenta las consideraciones de Santa Cruz y Silva
(2002) en Laino (2005) del programa Piloto Concordia-Salto.
Este estudio fue presentado en una investigacién realizada

por el Proyecto del Sistema Acuifero Guarani con respecto a la
estratigrafia e hidrogeologfa y estimé una recarga neta de 3% de
la precipitaciéon anual en Uruguay. Teniendo en cuenta que el
area de estudio tiene un drea hidrogeolégica similar (formacién
del Alto Parand y el Sistema Acuifero Guarani) el mismo valor
de 3% de la precipitacién se utiliz6 para las dreas con geologfa
basdltica dentro de las cuencas. Para zonas con piedra arenisca
de la Formacién Misiones y de sedimentos, los estudios
realizados por el Proyecto Sistema Acuifero Guarani reportados
por Kiill (2003) establecieron una recarga de 136 a 150 mm /afio
y por Schmidt (2009) una recarga neta para la Formacién Alto
Parana de 77 mm/afio

La distribucion de las formaciones geoldgicas, areniscas, basaltos
y arenas se obtuvo de los mapas geolégicos disponibles en el
Instituto Geografico Militar en Paraguay (1986). La mayor parte
de las cuencas se encuentran en dreas de geologia basaltica, con
depdsitos aluviales cerca de la desembocadura de los rios

La recarga oscila entre 50 a 178
milimetros/afo dependiendo

de la informacién geolégica y la
precipitacion anual registrada
obtenida a partir de datos del
servicio meteorolégico nacional
paraguayo. La precipitacion total
varfa de 1 878 a 1 988 mm por afo
para ambas cuencas

Medios acuiferos

Informacion sobre la geologia fue tomada de mapas geoldgicos
de Paraguay (1986) y trasladada directamente a una “calificacién
tipica” de acuerdo con la metodologia DRASTIC de Aller et

al., (1987). Medios acuiferos se refiere a la porcién de roca
consolidada o no consolidada

Que sirven como un acuifero

Tres categorias fueron encontradas
en las cuencas : (1) camas de
arenisca o caliza; (2) de arena y (3)
basaltos

Water
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Tabla 2 (continuacién). Datos utilizados y consideraciones para la aplicacién de los modelos GOD y DRASTIC de

vulnerabilidad de las aguas subterrdneas. Los valores se reclasifican para clases de vulnerabilidad respectivamente, utilizando
indices de DRASTIC (Aller et al., 1987) y GOD (Foster et al., 1987) para cémputo final. Para mds detalles sobre los cdlculos de

datos ver Musalem (2010).

Parametros

Procesamiento de datos : consideraciones y limitaciones

Rangos de datos

Medios de suelo

La distribucién de la taxonomia del suelo se obtuvo de mapas
digitalizados de suelos de Paraguay (Instituto Geogréfico
Militar). En segundo lugar, cada subgrupo de suelo se relacioné
con su textura segun tres estudios diferentes realizados en la
zona: Un informe que consta de estudios de suelos en base

a la observacién de campo, la morfologfa y el andlisis fisico

y quimico de los horizontes del suelo realizado por Global
Consultores (2008) en las cuencas de la Entidad Binacional
Yacyretd; una investigacion de tesis de maestrfa realizada por
Laino (2005) donde se utiliz6 el modelo DRASTIC; y un estudio
geol6gico inédito en el drea realizado por Gonzélez (2005) (en
Laino 2005); también se consulté Taxonomy Keys del Soil Survey
Staff de la USDA (2006). La textura de subgrupos se traslado a
las calificaciones DRASTIC utilizando Aller et al. (1987)

Los suelos que se encuentran en las
cuencas fueron Litico Udorthent
(basalto) (mds dominante), Rhodic
Paleudult y Typic Kandiudox,

en los cuales se determind, con
base en la literatura, que tenfan
dreas de barro y arcilla fina Typic
Paleaquult y las dreas Typic
Albaquult tenfan marga, margas
finas y texturas de marga arenosa

Topografia

Las isolineas se disponian a 10 metros de esta drea y se
transformaban en una (red irregular triangulada) y finalmente
en rdster con un tamafo de pixeles cuadrados de 100 m (10 x 10
m). La pendiente se calcul6 utilizando Arco SIG y se traslado a
DRASTIC por la reclasificacién del réster con el indice DRASTIC

La pendiente en porcentaje oscilé
entre 0%, sobre todo en las partes
bajas de las cuenca, y 40% en las
zonas superiores

Impacto de la
zona vadosa
o capas de
sobreposicion

Segtin Aller et al. (1987) de la zona vadosa se define como aquella
por encima del nivel fredtico que es insaturada o saturada
discontinuamente. La lectura de 23 perfiles de posos asf se utiliz6
para determinar las caracteristicas del material por debajo del
horizonte tipico del suelo y por encima del nivel fredtico

La geologia basdltica fue
predominante en las cuencas.
También se encontraron otras
fracciones mds pequefias de arena
y piedras areniscas; sin embargo
no se encontraron pozos para
estas dreas y se asignaron valores
tipicos de acuerdo con la geologia
encontrada

Conductividad
hidraulica

Farifia (2009) ha reportado que el basalto fracturado tiene una
muy alta conductividad hidrdulica, que alcanza niveles atin

mds altos, con base en el trabajo llevado a cabo (Godoy 1991

y De Salvo 1991 en Farifia 2009). La explicacién dada para

tan alto nivel de conductividad hidrdulica es la presencia de
fracturas horizontales y verticales y su interconexién en la
Formacién Geoldgica del Alto Parand. Dado que esta era la tinica
informacién disponible sobre la conductividad hidrédulica, un
raster constante fue creado con este valor

43 m/d basado en Farifia (2009)

Confinamiento
de aguas
subterrdaneas

Los datos para el confinamiento de las aguas subterraneas se
toman directamente de los estudios realizados para el Proyecto
Sistema Acuifero Guarani y reportados por Schmidt (2009).

El drea de las cuencas hidrogréficas es considerado como

parte de la “acuifero de basalto” o Formacién del Alto Parand,
que es un acuifero no confinado, lo que contrasta con los
acuiferos de piedra arenisca (comdnmente llamado guarani) y
acuiferos cuaternarios que se consideran confinados. El Sistema
del Acuifero Guarani se compone de diferentes acuiferos
interconectados o interrelacionados entre si. El acuifero de
basalto normalmente recibe la recarga directa de la precipitacion,
aunque también contribuye a través de goteo al acuifero inferior
Guarani (Formacién Misiones) y el acuifero Pérmico (Guarani
-Independencia) (Schmidt, 2009)

Acuifero libre
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Tabla 3. Clasificacion del indice DRASTIC de Aller et al. (1987) y los valores interpretativos de acuerdo con c6digo nacional de

color de los EUA.
Tasa del indice DRASTIC Color R,G,B Vulnerabilidad potencial
Inferior 79 Violeta 238, 130, 238 Minimo
80-99 Indigo 75, 0,130 Muy bajo
100-119 Azul 0,0, 255 Bajo
120-139 Verde oscuro 0,128, 0 Medio bajo
140-159 Verde claro 0,255, 0 Medio alto
160-179 Amarillo 255, 255, 0 Alto
180-199 Naranja 255,127,0 Muy alto
Mayor a 200 Rojo 255,0,0 Maéximo

cada factor o pardmetro se le asigna una califi-
cacién subjetiva entre 1y 10. Después se utilizan
multiplicadores de peso para cada factor con el
fin de equilibrar y mejorar su importancia. La
vulnerabilidad final, el indice DRASTIC, se cal-
cula como la suma de sobreposicién ponderada
de las siete capas, de acuerdo con Aller et al.
(1987).

Las categorias del indice drastico también
fueron tomadas del estudio de caso de Aller ef
al. (1987) para la metodologia DRASTIC asig-
nando un esquema de colores conocido como
“cédigo de color nacional de EU para rangos
del indice DRASTIC “ (tabla 3). Utilizamos
esta misma categorizacién para determinar los
cambios derivados de los cambios del nivel
fredtico (seccién 3.3) y los escenarios de cambio
climdtico (seccién 3.4). Se presenta en este tra-
bajo debido a su relevancia como un marco de
referencia pocas veces utilizado.

Cdlculo GOD

GOD es el acrénimo de los siguientes pardme-
tros: el confinamiento de las aguas subterrdneas
(G) en el acuifero en cuestion; superposicion de
los estratos (O) o zona vadosa en términos de
cardcter litolégico y el grado de consolidacién
que determinan su capacidad de atenuacién de
contaminantes (equivalente al impacto de la
zona vadosa para DRASTIC); y la profundidad

de la capa de las aguas subterrdneas (D) o el
paro del agua subterrdneas en acuiferos confi-
nados (Ver tabla 3 para mds detalles sobre c6mo
se han obtenido los datos y preparado para los
modelos). Segtin la metodologia GOD la vulne-
rabilidad del acuifero resultante del indice de
contaminacién se considera como el producto
de estos tres parametros, que se traduce en una
categorizacién propuesto por Foster et al. (2002).

Cambios en la vulnerabilidad de aguas
subterrdneas por operaciones de presas

Un aumento en el nivel fredtico debido a las
operaciones de la presa Yacyretd ha sido objeto
de debate, de cara al aumento final de 5 metros
del embalse de Yacyretd a méxima capacidad
(afios 2008-2009). Informacién de los estudios
hidrogeoldgicos realizados por Lotti- Associatti
(1999) y una revision realizada por el hidro-
gedlogo Miguel Auge (n/a), en relaciéon con
los posibles efectos de la elevacién del nivel
fredtico del acuifero, muestran que atin poco se
sabe acerca de como las aguas subterrdneas se
comportard después de que el nivel de agua de
la presa de cambios de 78 m a 83 m. Por un lado
de las predicciones, Lotti asegura que debido
a la hidrogeologia de “fuerte baséltica” de la
zona, s6lo un pequefio “borde marginal” de
aproximadamente 12.5 metros se verd afectado
y provocard cambios en el nivel fredtico. Por
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otro lado, Auge se opone a esta prediccién al
afirmar que no hay suficientes datos hidrogeo-
l6gicos disponibles en la zona para determinar
cémo el cambio en el nivel de agua del embalse
afectard a las aguas subterrdneas, concluyendo
que es necesario un muestreo mayor mediante
pozos y el uso de modelos tridimensionales en
lugar de modelos bidimensionales utilizados
por Lotti. Hasta ahora no se ha encontrado en
la literatura estudios complementarios o datos
de campo en relacién con los cambios en el nivel
fredtico hasta esta publicacion.

Un escenario del peor de los casos se utilizé
para visualizar y comparar los posibles cambios
en la vulnerabilidad de los acuiferos a la con-
taminacion, donde el cambio del nivel fredtico
es equivalente a la elevacién del embalse de la
presa (5 m). Aunque es poco probable que eso
realmente ocurra, teniendo en cuenta la infor-
macién de Lotti, sirve al propésito de mostrar
el evento extremo de afectar el nivel fredtico
(profundidad del pardmetro agua en DRASTIC
y GOD) en toda la zona de las cuencas.

Cambios en la vulnerabilidad del clima
Escenarios de cambio

Utilizamos los escenarios de cambio climatico
en la precipitacion anual media y la temperatura
anual media causado por el cambio climético
global segtin tres distintos escenarios de emisio-
nes de gases de efecto invernadero considerados
por Limia (2000) y Gonzdlez (2005). Nuestros
escenarios de cambio climdtico consideran cam-
bios de la precipitacién anual media (+ 16.2% y
-11.5%) en un lapso de 100 afios. Estos cambios
en la precipitacién se utilizaron para cambiar los
valores de recarga neta, estimados localmente
como 3% de la precipitacién de la zona baséltica
de las cuencas (Tabla 4).

Resultados y discusién

El mapeo de la vulnerabilidad como resultado
de la aplicaciéon de modelos GOD y DRASTIC
se muestra en la figura 2 para condiciones y
predicciones de cambio actuales en la vulnerabi-

lidad de las aguas subterrdneas provenientes de
operaciones de presas. Los resultados del mode-
lo de GOD muestran 96% del drea de las cuencas
con valores de 0.3 hasta 0.5 (vulnerabilidad mo-
derada a la contaminacién) y 4% (valores 0.51 a
0.6) resulto con alta vulnerabilidad. Los valores
mads altos se encuentran en las zonas bajas de
las cuencas, donde la profundidad hasta las
aguas subterrdneas es minima y se presentan
arenas aluviales. El modelo DRASTIC muestra
un 56% del drea de las cuencas clasificadas como
“medio altas” (indice DRASTIC 140-159) y un
porcentaje del 22% como “altas”, “muy altas”
0 “méximas” (valores del indice DRASTIC de
160 > 200).

El escenario del peor de los casos en relacién
con el aumento del cambio del nivel fredtico
de 5 metros mostré cambios en las categorias
de vulnerabilidad en DRASTIC. Mientras los
valores “bajos”, “medio bajo” bajaron de 21.7
al 9.11% de las cuencas, y los valores medio
altos de 56 a 50% del 4rea total de las cuencas,
los valores “ altos”, “muy altos” y “maximo”
aumentaron de 22% a 40% de las cuencas.

El cambio de los valores de precipitacién,
por consiguiente, el cambio de estimaciones ne-
tas de recarga, empleando escenarios de cambio
climdtico para un lapso de 100 afios, no parecia
afectar el resultado final de DRASTIC. A pesar
de que los valores cambian en los mapas resul-
tantes, las categorias de vulnerabilidad siguen
siendo las mismas. No se analizaron escenarios
de cambio climético con el modelo GOD, ya que
los valores de recarga no se pueden cambiar
directamente en el modelo, sino que en vez de
eso se centra en las caracteristicas geoldgicas de
los estratos de superposicién.

Discusion

Los mapas de resultados de DRASTIC mues-
tran una distribucién mds heterogénea de las
clases de vulnerabilidad en comparacién con el
modelo GOD. Agiiero y Pujol (2002) realizaron
observaciones similares mientras analizaron
su experiencia en la aplicaciéon de los mismos
modelos en el Valle Central de Costa Rica. A
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Tabla 4. Pozos utilizados para la determinacién de la “profundidad de agua” (D) a través de la interpolacién de nivel estético
para determinar la vulnerabilidad del acuifero en las cuencas de Mboi Cae y Quiteria, Itapta, Paraguay.

Pozo Localidad Profundidad FeSha Caudal Nivel estatico
(m) (afio) (m®/s) (m)
IT-P0010 Capitdn Miranda 116 - 24.00 24.50
IT-P0011 Capitdn Miranda 115 - 12.00 0.00
IT-P0012 Capitdn Miranda 122 1996 40.00 30.60
IT-P0022 Fram 62 1980 30.00 0.00
IT-P0031 Jesus 139 1984 5.00 65.00
IT-P0034 Trinidad 78 1986 12 35.00
IT-P0041 San Juan del Parana 184 1992 4.60 3.70
IT-P0042 San Juan del Parand 100 1996 35.00 3.00
IT-P0047 B° San Juan 137 1993 35.00 10.00
IT-P0048 B° San Juan 146 1995 30 27.00
IT-P0049 Cambyreta 206 1993 30.00 55.00
IT-P0051 Nueva Esperanza 228 1996 20 0.00
IT-P0052 Ita Paso 282 1997 10.00 19.05
IT-P0055 Polidedortivo (Diben) 264 1992 15.30 0.00
IT-P0058 Potrero Santa Maria (Villa) 99 1995 60.00 15.00
IT-P0067 Campichuelo 217 1997 40.00 21.10
IT-P0068 San José Obrero 80 1998 20.00 10.50
IT-P0078 Puerto Samuhu 117 1998 4.50 23.50
IT-P0079 San Blas Independencia 170 1998 25.00 23.50
IT-P0084 San Miguel Kuruzu 140 1997 30.00 34.50
IT-P0085 Azotea 306 1998 29.00 0.00
IT-P0086 B° Guazu-Arroyo Pora 158 1997 40.00 7.70
IT-P0088 Chaipe 117 1997 70.00 1.00
IT-P0089 Chaipe 129 1997 41.00 4.20
IT-P0090 La Paz 116 1997 40.00 0.00
IT-P0091 La Paz 163 1997 16.00 5.05
IT-P0124 Santo Domingo 152 2000 25.00 14.00
IT-P0125 Pradera Alta 121 2001 38.00 8.00
IT-P0136 Copetrol Santa Maria 0 1996 0.00
IT-P0141 Paso Guembe 118 2003 3 75.50
IT-P0198 Virgen de Itacua 91 2001 15.00 21.00
IT-P0203 B° San Juan 135 1996 50.00 10.40
IT-P0247 San Antonio Ypecuru 232 2002 10.10 18.50
IT-P0278 Ita Paso 286 2001 8 30.00
IT-P0279 Ita Paso 306 2002 8.00 20.00
IT-P0281 8 de Diciembre (Ita Paso) 200 2003 10.13 15.00
IT-P0336 San Blas Cerro Cora 103 2001 20.00 29.00
IT-P0362 Fram 285 2005 40.00 15.00
IT-P0372 San Luis del Parana 162 2004 7.97 30.00
IT-P0388 San Nicolds B® Guarani 222 2003 8.44 14.85
IT-P0389 Ytororo 190 2003 9.70 0.00
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Figura 2. Vulnerabilidad del acuifero a la contaminacién de acuerdo con los modelos GOD y DRASTIC y un peor escenario

para DRASTIC asumiendo el aumento del nivel fredtico por operaciones de presa. Cuencas de los rios Mboi Cae y Quiteria en

Paraguay.

pesar de la modelo DRASTIC se estd utilizando
en todo el mundo para determinar la vulnera-
bilidad intrinseca de acuiferos, una discusion
constante es la relacién del indice DRASTIC con
la contaminacién real que se encuentra en el
acuifero. Leona, Ripa, Uricchio, Deak, y Vargay
(2009) después de estudiar la evaluacién de la
vulnerabilidad y el riesgo de la contaminacién
por nitrégeno agricola para el acuifero principal
de Hungria usando los modelos DRASTIC y
GLEAMS concluyen que DRASTIC, como méto-
do paramétrico/ cualitativo, se comporta mejor
en la correspondencia general de las tendencias,
lo que significa una correspondencia entre un
mayor contenido de nitrato y puntuaciones
de DRASTIC superiores. Sin embargo, esto no

es necesariamente cierto para todas las dreas
donde estos y otros contaminantes han sido
vistos; por lo tanto, existe una gran necesidad
de entender la aplicacién de estos modelos y sus
capacidades de prediccién y resultados en los
articulos que abordan investigacién sobre dreas
que fueron evaluadas con dichas técnicas, asi
como cuando estas se aplican en las zonas que
ya estdn contaminadas.

Como una primera aproximacién, y sin opo-
nerse a la necesidad de un andlisis adecuado
adicional de la calidad del agua, proponemos
el uso de estos modelos, que también pueden
proporcionar ayuda para determinar brechas de
conocimiento de caracteristicas hidrogeolégicas
de las cuencas. También hay que sefialar que la
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aplicacién de estos modelos no busca evaluar las
amenazas especificas, lo que requiere estudiar
cada amenaza de forma independiente, sino que
en vez de eso tiene la intencién de determinar
la configuracion hidrogeoldgica intrinseca y su
vulnerabilidad, lo que podria conducir mejor a
la determinacién de las dreas que podrian ser
dirigidas hacia la conservacién o a la conside-
racién de administracién especial.

Seguin Rupert (1999), DRASTIC, a pesar
de ser utilizado para desarrollar los mapas de
vulnerabilidad de las aguas subterrdneas en los
Estados Unidos, tiene un éxito variado, ya que
por lo general no esté calibrado para medir las
concentraciones de contaminantes, lo que sugie-
re mejoras necesarias en mapeo de la vulnera-
bilidad de las aguas subterrdaneas de DRASTIC
calibrando el esquema de calificacién. Sin em-
bargo, DRASTIC todavia puede considerarse un
primer enfoque de GVDP, especialmente cuando
la informacién es limitada o cuando el concepto
de vulnerabilidad no incluye solo una amenaza
o riesgo contaminante particular, pero tal como
lo describen Lobo-Ferreira y Oliveira (1997)
“la vulnerabilidad es lo tinico que se refiere a
las caracteristicas intrinsecas de los acuiferos,
que son relativamente estdticos y mds alld del
control humano”. A pesar de nuestro estudio
concuerda con este concepto general, conside-
ramos que las actividades humanas, tales como
los efectos de las operaciones de grandes presas
que influyen en el nivel fredtico, podrian afectar
la vulnerabilidad a la contaminacién.

A nivel local, Laino (2005) encontré valores
distintos en la proximidad de la cuenca del rio
Capiibary. Después de la comparacién de clases,
36% mostré una categoria de vulnerabilidad
“baja”, y 64%, categorias “medio bajo”, “alta”
“medio-alta”. La categorizacién utilizada por
Laino fue diferente a la utilizada en el presente
estudio, por lo que la comparacién de ambos
estudios solo fue posible a este nivel. Esta situa-
cién lleva a sugerir una estandarizacién de los
resultados para facilitar la comparacién entre
los estudios.

Nuestra experiencia en la aplicacién de am-
bos modelos concuerda con las observaciones

de Gogu y Dassargues (2000) que consideran
el concepto de vulnerabilidad de las aguas
subterrdaneas como una herramienta util para la
planificacién ambiental y la toma de decisiones;
también encontramos que los modelos sencillos
proporcionan resultados similares a los modelos
complejos. Para nuestra experiencia, un modelo
mds simple (tales como GOD) es mds probable
que cumpla con la entrada de datos disponibles
en la actualidad para Paraguay, aunque pierde
sutiliza respecto al resultado final. Dado que
DRASTIC y GOD son un primer paso para eva-
luar la vulnerabilidad de las aguas subterrdneas
y considerando que la revisién de la literatura
sugiere volver a confirmar los datos con los
contaminantes y riesgos especificos, se sugiere
una validacién adicional del modelo a nivel
local para la investigacion futura, incluyendo el
andlisis de la calidad de las aguas subterrdneas
y el monitoreo.

Conclusiones

Se encontré que la vulnerabilidad del acuifero
a la contaminacion result6 ser intermedia-alta
utilizando de manera similar los modelos GOD
Y DRASTIC y se obtuvieron resultados mads
detallados al utilizar DRASTIC que también
requiere datos que no estaban disponibles para
el drea de estudio o en la escala apropiada. Se
encontraron valores de mayor vulnerabilidad
hacia las partes mds bajas de la zona de estudio
con ambos modelos mostrando descriptores y
valores similares en las respectivas escalas. Una
vulnerabilidad “media-alta” demuestra que la
preocupacién por la contaminacién del acuifero
en el mediano plazo se debe considerar para
instrumentar programas posibles dedicados a la
minimizacién contaminantes en la agricultura;
asimismo, dado que las zonas mds altas de
vulnerabilidad se encuentran en las partes mds
bajas de las cuencas, donde se asientan zonas
urbanas, nuestros resultados sugieren la necesi-
dad de identificar las fuentes de contaminacién
en las zonas urbanas como posiblemente la
mayor amenaza para acuiferos poco profundos.
También fue inesperado que los escenarios de
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cambio climédtico no mostraron cambios en las
clases de vulnerabilidad. Esto pone de relieve
la importancia de la proteccién de las aguas
subterrdneas, el estudio y la conservacién como
una estrategia de mitigacién al cambio climético
y justifica la necesidad de comprender mejor las
précticas de gestiéon y su impacto en las aguas
subterraneas.

Proponemos el uso del cédigo de color
nacional como marco de referencia para apli-
caciones DRASTIC futuras que permitan una
comparacién simple de resultados. Cabe sefialar
que la evaluacién de la vulnerabilidad implica
incertidumbres asociadas con los célculos y las
limitaciones de los datos utilizados (National
Research Council, 1993; Kumar et al, 2015); por
lo tanto, también esta incertidumbre es reco-
nocida para este estudio, y se recomienda mads
trabajo y mds datos para avanzar hacia mejores
aproximaciones.
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Resumen

Ofiate-Valdivieso, F., & Ponce, V. M. (noviembre-diciembre,
2015). Investigacion ecohidroclimatolégica en el transecto
Catacocha-Zamora, Loja y Zamora Chinchipe, Ecuador.
Tecnologin y Ciencias del Agua, 6(6), 63-73.

sobre

Este estudio trata sobre una

ecohidroclimatologia a lo largo del transecto Catacocha-

investigacion

Zamora en las provincias de Loja y Zamora-Chinchipe,
Ecuador. La media de precipitacién anual varia entre
400 mm en Catamayo, a lo largo del transecto de estudio,
hasta 2 200 mm en Zamora, hasta el limite oriental. Las
variaciones altitudinales también son marcadas, entre 1
230 m en Catamayo, 2 930 m en el Cerro del Consuelo y
900 m en Zamora. Se examinan datos ecohidrolégicos e
hidroclimatolégicos para desarrollar las relaciones que
apoyen el naciente campo de la ecohidroclimatologia. Se
prevén aplicaciones en la gestién sostenible de ecosistemas
tropicales de montafia.

Palabras clave: ecohidrologia, hidroclimatologia, ecologia,
bioclimatologfa, climatologfa, vegetacién tropical, Ecuador.

Introduccion

Ecuador estd dotado por la naturaleza de una
diversidad ecoldgica sin igual. Esto se debe a: (1)
su ubicacién geogrdfica a lo largo del Ecuador, (2)
su posicion relativa continental al lado del océano
Pacifico, y (3) la presencia de la Cordillera de los
Andes, que cruza la mitad del pafs de norte a sur
(figura 1). Esta combinacién inusual de latitud casi
cero, la proximidad a una fuente de humedad muy
grande, y el rango altitudinal amplio son las causas

Abstract

Oniate-Valdivieso, F., & Ponce, V. M. (November-December, 2015).
Ecohydroclimatological Research Along the Catacocha-Zamora
Transect, Loja and Zamora-Chinchipe, Ecuador. Water Technology
and Sciences (in Spanish), 6(6), 63-73.

This study reports on ecohydroclimatological research along the
Catacocha-Zamora transect in the provinces of Loja and Zamora-
Chinchipe, Ecuador. Mean annual precipitation varies between
400 mm in Catamayo, along the study transect, to 2 200 mm in
Zamora, to the eastern limit. Altitudinal variations are also marked,
between 1 230 m in Catamayo, to 2 930 m in Cerro del Consuelo,
to 900 m in Zamora. Ecohydrological and hydroclimatological data
are examined with the aim of developing relations to underpin the
nascent field of ecohydroclimatology. Applications are envisioned in
the management of tropical montane ecosystems.

Keywords: Ecohydrology,
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de una diversidad ecolégica y biolégica sustancial.
Por lo tanto, la region constituye un laboratorio de
campo verdadero para el estudio de las relaciones
tropicales ecoldgicas, hidroldgicas y climatolégicas.

Los objetivos generales incluyen la descrip-
cién de la singularidad de la regién de estudio
elegida y sus caracteristicas climatolégicas y
geomorfoldgicas, con el objetivo de establecer las
bases adecuadas para el naciente campo de la eco-
hidroclimatologia, interpretado como el enfoque
continuo a la ecologia, hidrologia y climatologia.
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Figura 1. Mapa de Ecuador en el que se muestra que la Cordillera de los Andes pasa por el medio.

Los objetivos especificos incluyen la descripcién
de la precipitacién anual media, la geologia y la
geomorfologia del terreno, la relaciéon de la flora
con la distancia a las aguas subterrdneas, y los
indicadores climéticos adecuados, tales como
los diversos indices bioclimaticos.

Este estudio se centra en las provincias del
sur de Loja y Zamora-Chinchipe (figura 1). Estas
regiones cuentan con gradientes marcados en
la precipitacién media anual dentro de una dis-
tancia relativamente corta. La figura 2 muestra
la precipitacién anual media en Loja y Zamora-
Chinchipe, que varia entre 200 a 400 mm en Loja
y de 3200-6400 mm en Zamora-Chinchipe. Por
lo tanto, un transecto de longitud relativamente
limitada atravesando estas dos provincias es
apropiado para el estudio de las relaciones
ecohidroclimatolégicas.

Este estudio forma parte de un programa de
investigacién en ecohidroclimatologia realizado
conjuntamente por la Universidad Estatal de
San Diego (San Diego, California, EUA) y la
Universidad Técnica Particular de Loja (Loja,
Ecuador).

Configuracion geografica

Las provincias de Loja y Zamora se encuentran
en el sur de Ecuador. Wolf (1892) ha descrito la
geologia, geomorfologia, e hidrografia de Ecua-
dor, incluyendo Loja y Zamora. La Cordillera
de los Andes atraviesa la regién de estudio,
desde el nudo de Sabanilla, al sur de Loja, a los
paramos de Saraguro, hacia el norte.

Desde el Nudo de Sabanilla, la cordillera
de Santa Rosa despega hacia el noroeste y la




Onate-Valdivieso y Ponce, Investigacion ecohidroclimatolgica en el transecto Catacocha-Zamora, Loja y Zamora Chinchipe, Ecuador

500 000 600 000 700 000 800 000 900000 1000000 1100000
<

2 2

4 . ©
o] g
= 2

=

g g
=1 4 =l
s s
— —
< <
3 " 3

1 3=
3 3
o o
g g8 .
= S Precipitacion anual media (mm)
g{+ E
= x [] o020
_ . [ 20
= j=3
=g = [ 400800
=
- = [ 8001600
2 2 B 16003200
2 S Bl 52006400
je=d L -
sl g
BN o Bl 54007500
S g y
=3 B 30 0 30 60 Kilometros
= S ===
L L
o o

500 000 600 000 700 000 800 000 900000 1000000 1100000

Figura 2. Precipitacién media anual en Ecuador.

Cordillera del Céndor, al sureste. La de Santa
Rosa es estrecha, baja y relativamente pequeria.
A partir de la Cordillera del Céndor, varias
ramas grandes despegan hacia el noreste.

De 4° 8 de latitud S, al sur de la ciudad de
Loja, la cordillera Occidental corre paralela a la
cordillera Oriental en direccién norte general.
La cordillera Occidental es estrecha, con ramas
cortas en ambos lados, ascendiendo hasta 3000
m en la mayor parte de su longitud. Por el
contrario, la cordillera Oriental se eleva hasta
4000 m. Estas dos ramas de los Andes estan
unidos por dos nudos transversales, el nudo de
Cajanuma al sur de Loja, y el nudo Guagra-uma
al norte. La regiéon comprendida entre los nudos
constituye el valle de Loja.

El valle de Loja, orientado de norte a sur, se
divide en dos secciones diferentes. La parte norte
es estrecha, parecida a un canén. La seccién sur,
propiamente el valle de Loja, es de forma ovalada,

con una longitud total que comprende unos 6 km
y una anchura méxima de unos 3 kilémetros.

El rio Malacatos tiene su cabecera en el nudo
de Cajanuma, que fluye hacia el norte para en-
contrarse con el rio Zamora en Loja, donde toma
el nombre de este dltimo. Al seguir fluyendo
hacia el norte a través del nudo de Guagra-uma,
el rfo Zamora retine varias afluentes a lo largo
de su curso, que con el tiempo se vierten en el
rio Santiago, en las tierras bajas del este de la
provincia de Zamora-Chinchipe.

El valle interandino de Loja es pequefio
y bajo, a 2150 m de altitud, con la ciudad de
Loja ocupando todo el valle. El punto mds bajo
en la carretera (paso) desde Loja a través del
nudo Cajanuma hacia el sur estd en 2525 m de
altitud. El punto mds bajo en la carretera de Loja
a Catamayo a al oeste estd a 2786 m. Este paso
estd al lado de la cima de Villonaco, que se eleva
a cerca de 3000 (Wolf, 1892).
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Marco conceptual

Este estudio sienta las bases para describir las
caracteristicas de las comunidades vegetales,
utilizando la perspectiva interdisciplinaria de
ecohidroclimatoldgica. Hay varios factores que
condicionan el tipo y densidad de comunidades
vegetales a través del paisaje. Los mds impor-
tantes son:

Precipitacion media anual

La precipitacién media anual determina las
provincias de humedad (4ridas, semidridas,
subhimedas o humedas) (Holdridge, 1947). Las
plantas responden rdpidamente a la presencia
de humedad ambiental, incluida la de que en
el aire, la superficie del terreno, la zona vadosa
(suelo no saturado), y la subterrdnea que fluye.
La baja humedad relativa en el aire se asocia
generalmente con bajos niveles de humedad en
la superficie y el suelo del terreno, junto con la
presencia de corrientes effmeras y agua subte-
rranea relativamente profunda. Por el contrario,
la alta humedad relativa suele asociarse con
altos niveles de humedad en la superficie y el
suelo del terreno, junto con arroyos perennes y
las aguas subterraneas poco profundas. En la
préctica, estos elementos del paisaje estdn todos
relacionados, y cuentan con un denominador
comun: la alta humedad ambiental significa
htimedo, mientras que la baja, drido.

Terreno Geologia y geomorfologia

Junto al tipo de clima, la geologia del terreno
y la geomorfologia son generalmente un buen
indicador del tipo de vegetacién (Cole, 1960;
Ponce y Da Cunha, 1993). Sin perjuicio de otros
factores, la geologia y la geomorfologia del
terreno determinan la relacién entre las aguas
superficiales y las aguas subterrdneas. Las
plantas pueden transpirar ya sea agua vadosa,
aguas subterrdneas, o ambas (Ponce, 2006). La
pendiente de la tierra y el tipo de roca/suelo
determinan la cantidad de flujo superficial, la
detencién y retencién de la superficie, la tasa
de infiltracién, la profundidad del nivel freatico,

y la reposicién de las aguas subterraneas. En
adicién, condiciones de drenaje, ya sean exo-
rreicas, endorreicas, o exorreicas-endorreicas
mixtas, mediante la interaccién con el suelo y la
salinidad de las aguas subterrdneas, determinan
el tipo y densidad de comunidades vegetales
que predominan en el paisaje.

La proximidad a las aguas subterrdneas

Comunidades vegetales conocidas como
freatofitas cubren sus necesidades de agua
directamente del agua subterrdnea subyacente.
En esencia, el agua subterrdnea poco profunda
apoya el crecimiento de plantas que habitual-
mente se alimentan de las aguas subterrdneas
(Meinzer, 1927). Por lo tanto, la presencia de
freatofitas es un buen indicador de las aguas
subterrdneas poco profundas en la vecindad.

Velocidad de drenaje superficial

Laderas de tierras varfan ampliamente, desde
mayores que 30% en ciertos paisajes montafiosos
(Ponce, 2008), a cerca de cero en algunos paisajes
deposicionales geoldgicamente controlados o
valles amplios de rios sometidos a la subsiden-
cia geoldgica (Ponce, 1995). Las pendientes muy
suaves terreno conducen a pantanos y hume-
dales y a sus caracteristicas estructuras comu-
nitarias vegetativas, incluyendo las dindmicas
impuestas por las variaciones estacionales,
inundaciones y sequias, y mds recientemente,
el cambio climético antropogénico.

La temperatura media anual

Las plantas se adaptan naturalmente varia-
ciones de temperatura amplias (desierto) o
estrechas (selva tropical). La temperatura media
condiciona la capacidad de vida y supervivencia
de las diversas comunidades vegetales a través
del paisaje, desde drido a himedo.

Las variaciones estacionales en la
temperatura

Las plantas estdn adaptadas naturalmente a las
variaciones estacionales en la temperatura, que
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estdn condicionadas por la latitud, la altitud y
la ubicacién continental relativa a la fuente de
humedad mads cercana. Las plantas del desierto
se adaptan facilmente a las amplias variaciones
en la temperatura estacional, mientras que las
plantas de la selva tropical no.

Precipitacién anual

El transecto elegido para este estudio compren-
de el tramo entre Catacocha, en la provincia de
Loja central, y Zamora, en el oeste de Zamora-
Chinchipe (figura 3).

La figura 4 muestra un mapa de precipita-
cién media anual para el transecto de estudio.
Se utilizaron datos de diez (10) estaciones clima-
tolégicas para desarrollar este mapa. Las esta-
ciones son, de oeste a este: (1) Chaguarpamba,
(2) Catacocha, (3) Nambacola, (4) El Cisne, (5)
Catamayo, (6) El Tambo, (7) La Argelia (en Loja),
(8) Cajanuma, (9) San Francisco y (10) Zamora.

Las ubicaciones de las estaciones se muestran
en la figura 4.

La media de precipitacién anual varia de 400
mm en Catamayo a 2200 mm en San Francisco,
que representa a un gradiente de precipitacion
marcada. La distancia de Catamayo y San
Francisco es de 40 km, mientras que la distancia
de Catacocha a Zamora corresponde a 80 km.
Cabe destacar que la ciudad de Loja, capital de
la provincia de Loja, se encuentra a la mitad del
subtransecto Catamayo-San Francisco.

La figura 5 muestra una imagen del transecto
Catacocha- Zamora, revelando las marcadas
diferencias en la vegetacién a lo largo del tran-
secto. Albedo, un indicador confiable de la pre-
sencia o ausencia de vegetacion se estima que
varfan entre un valor tan alto como 0.30, cerca de
Catamayo, hasta uno minimo de 0.05, cerca de
San Francisco (Ponce, Lohani, y Huston, 1997).
La figura 6 muestra un perfil longitudinal del
transecto Catacocha-Zamora, correspondiente
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Figura 3. Ubicacién general del transecto de estudio en las provincias de Loja y Zamora—Chinchipe.
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a la figura 5. Los valles Catacocha, Catamayo,
Loja y Zamora se indican en el perfil.

La figura 7 muestra una imagen del transecto
Catamayo- Zamora, a escala algo mayor que la
imagen anterior, revelando una vez mads las
marcadas diferencias en el tipo de vegetacién y
la densidad a lo largo del transecto. Pulgar, Izco
y Jadan (2010) sefialaron que la precipitacién

media anual en un lugar aislado en el Cerro El
Consuelo, cerca de San Francisco, se ha medido
en 6 259 mm. Ademads, han documentado el
nimero de meses de lluvia que varia de 1 a 2
para Catamayo (un clima hiperdrido) y de 11 a
12 para San Francisco (un clima hiperhimedo)
(Ponce, Pandey y Ercan, 2000). Por lo tanto, el
subtransecto Catamayo-San Francisco parece
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ser 6ptimo para el estudio de las relaciones
ecohidroclimatolégicas tropicales.

La figura 7 muestra una imagen centrada
en valle de Loja, que muestra las marcadas
diferencias en la densidad de la vegetacién de
las montafias del oeste al este de Loja, a una
distancia de menos de 20 km. La precipitacion
anual media (figura 8) varia de 800-1000 mm al
oeste y de 1600 -1800 mm al este.

Paisajes vegetativos
Las figuras 8 y 9 muestran el contraste entre los

paisajes tipicos y las comunidades vegetales
asociadas en Catamayo y Zamora, respectiva-

Figura 8. Paisaje montafioso semidrido en las proximidades
de Catamayo, provincia de Loja.

Figura 9. Comunidades vegetativas a lo largo de la

carretera a Zamora, provincia de Zamora—Chinchipe.

mente. La Figura 8 muestra un paisaje monta-
fioso cubierto de arbustos y pastos semidridos
cortos, mientras que la figura 9 muestra un
bosque hiimedo de una densa montafia tropical,
con drboles relativamente altos. La investigacion
de campo en curso estd dirigida a la identifica-
cién de la distribucién espacial, la densidad, el
tamafio y otras caracteristicas relevantes de las
especies y comunidades vegetales a lo largo del
transecto de estudio.

Indices bioclimatolégicos

Se utilizan tres indices para estudiar las rela-
ciones bioclimatoldgicas (Rivas-Martinez, 2007):

Indice de continentalidad

Este indice es igual a la temperatura promedio
del mes mds caluroso T__. , menos la tempera-
caliente”
tura promedio del mes mds frio T .
Ic = T;aliem‘e - Tfrz’o (1)

El siguiente procedimiento se utiliza para

calcular T_, -
caliente

La temperatura maxima diaria, para cada
mes y afio de registro se identifica, y se calcula
la temperatura media maxima mensual.

La media de la temperatura media maxima
mensual se calcula para todo el registro.

El mes con mayor media de la temperatura
media maxima mensual se selecciona como el
mes mds caluroso.

Un procedimiento similar se aplica para
calcular T .
10

El indice de continentalidad varia entre I =0
para una influencia ocednica extrema e I = 65
para una influencia continental extrema.

Indice de termicidad

Este indice es igual a la temperatura anual

media T, mads la media de las temperaturas

di
minimas mensuales T__ mds la media de las
temperaturas mdximas mensuales T . La suma

se multiplica por 10.
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IL=10(,, +T, +T ) ()

La temperatura media anual es la media de
las temperaturas promedio mensuales medias
(12). La media de las temperaturas minimas
mensuales es la media de la temperaturas mi-
nimas mensuales medias (12). La media de las
temperaturas maximas mensuales es la media

de las temperaturas médximas mensuales medias
(12).

Indice de temperatura positivo

Este indice es igual a la suma de todas las
temperaturas mensuales medias positivas (no
negativas). La suma se multiplica por 10.

T,=10(XT,) 3)

La Tabla 1 muestra la clasificacion de los
climas como una funcién del indice de conti-
nentalidad. La tabla 2 presenta la clasificacién
de los climas como una funcién de los indices de
termicidad y temperatura positiva. La Tabla 3
muestra los indices calculados para las siguien-
tes estaciones: (1) Catacocha, (2) Catamayo, (3)
La Argelia, y (4) Zamora. La tabla 4 muestra la

clasificacién climadtica de las estaciones conside-
radas en este estudio.

El indice de baja continentalidad de las esta-
ciones a lo largo del transecto estudio justifica
su clasificacién como hiperocednica (Tabla 1).
Esto se atribuye principalmente a su ubicacién
geografica cerca del ecuador, y en segundo lugar
a su cercanfa al océano Pacifico.

Resumen

Se reporta la investigacion ecohidraclima-
tolégica en marcha a lo largo del transecto
Catacocha-Zamora en las provincias de Loja y
Zamora-Chinchipe, Ecuador. La precipitacién
media anual oscila entre 400 mm en Catamayo,
a lo largo del transecto de estudio, y 2200 mm
en Zamora, hacia el limite oriental. Los datos
de la precipitacién indican que la precipitacion
media anual puede llegar a 6259 mm en un
punto aislado en el Cerro del Consuelo, en el
Parque Nacional Podocarpus, cerca de Loja.
Variaciones altitudinales también son muy
marcadas, entre 1230 m en Catamayo y 2930 m
en el Cerro del Consuelo, a 900 m de Zamora.
Los datos ecohidrolégicos y ecohidroclimato-
l6gicos se examinaron con el objeto de apoyar

Tabla 1. Clasificacién de los climas basada en el indice de continentalidad.

Tipos Indice de continentalidad I,
Hiperocednica 0-11
Ocednica 11-21
Continental >21

Tabla 2. Clasificacion de los climas basada en termicidad y los indices de temperatura positivos.

Tipo de clima Thermicity index I, Indice de temperatura positivo T,
Infratropical 710-890 2900-3 700
Termotropical 490-710 2 300-2 900
Mesotropical 320-490 1700-2 300
Supratropical 160-320 950-1 700
Orotropical 120-160 450-950
Criorotropical 225-450

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 63-73
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Tabla 3. Indices bioclimatolégicos para estaciones en la regién de estudio.

Descripcidn/estacion Catacocha Catamayo La Argelia Zamora
Elevacién (m) 1840 1230 2160 970
Latitud (Sur) 4° 03 07” 3°59 34”7 4°02" 11”7 4°05" 377
Longitud (Oeste) 79° 38" 29” 79°22" 15" 79° 12" 04” 78° 57" 00”
Longitud de registro (afio) 17 16 37 28
Periodo de registro 1965-1981 1965-1980 1965-2001 1965-1992
Mes mds caliente Octubre Septiembre Noviembre Noviembre
Ter.nperatura media del mes més 18.81 24.05 16.12 .85
caliente (°C)

Mes mas frio Marzo Julio Julio Julio
"I;emperat'ura media del mes mads frio 1752 2358 1476 2045
4O
Indice de continentalidad I 1.29 0.47 1.36 2.40
La tenolperatura media anual 18.23 23.79 15.71 21.80
Tmedm ( C)
La media de las temperaturas minimas
mensuales 11.06 13.86 7.44 13.24
me’n (OC)
La media de las temperaturas maxima
mensuales 26.06 33.33 24.68 31.85
Tmu’x (OC)
Indice de termicidad I \ 553 710 478 669
Indice de temperatura positiva T, 2187 2 855 1885 2616
Tabla 4. Clasificacion de las estaciones con base en indices bioclimatolégicos.
indice Catacocha Catamayo La Argelia Zamora
Continentalidad Hiperocednico Hiperocednico Hiperocednico Hiperocednico
Termicidad Thermotropical Termotropical Mesotropical Termotropical
T tu
emp?rfi ra Mesotropical Termotropical Mesotropical Termotropical
positiva

la investigacion en el campo emergente de la
ecohidroclimatologia.
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Abstract

Gabriel-Luciano, M. V., & Uribe-Cortez, J. (November-
December, 2015). Helminthological Characterization of Kind
Cyprinid Algansea lacustris in Three Different Areas of Lake
Pétzcuaro, Michoacan, Mexico. Water Technology and Sciences
(in Spanish), 6(6), 75-87.

In the different waters bodies of the country are endemic
fish species. The treatment has given them for the care,
maintenance and production, either for consumption or for
sale at various scales, has been branded variations in many
cases produced parasitic symptoms, the lake of Patzcuaro
is no exception. Because of the importance posed to human
and fish species own health, this study aimed at determining
the helminthfauna in three study areas of Lake Patzcuaro
arises. San Andres Tzirondaro, Oponguio and Pudcuaro:
methodologically, an analysis of parasites in actimara
Algansea lacustris was performed. This method allowed
to quantify and identify the various helminths. A total of
five species more an ectoparasite, belonging to six groups
were recorded: Nematodes (Capillaria patzcuarensis) Flukes
(Posthodiplostomum minimum), cestodes (Bothriocephalus
acheilognathi) Acantocephalo (Arritmorrynchos brevis),
monogenean (Octomacrum mexicanum) and the ectoparasite
Arthropod (Lernea cyprinacea). So it is concluded that due
to the life cycle, fish parasites contract because of the feces
of birds that are formed in the host, in addition, the lack of
maintenance of lake areas, among other factors.

Keywords: Helminths, lifecycle, Algansea lacustris species,
parasites.

Resumen

Gabriel-Luciano, M. V., & Uribe-Cortez, ]. (noviembre-diciembre,
2015). Caracterizacion helmintoldgica del ciprinido Algansea
lacustris en tres diferentes dreas del lago de Pdtzcuaro, Michoacdn,
Meéxico. Tecnologfa y Ciencias del Agua, 6(6), 75-87.

En los diferentes cuerpos de agua del pais existen especies de peces
endémicas. El tratamiento que se les ha brindado para el cuidado,
mantenimiento y produccién, ya sea para el consumo o venta en
diversas escalas ha estado tildado de variaciones que en muchos de los
casos ha producido sintomatologia parasitaria y el lago de Pdtzcuaro
1o es la excepcion. Debido a la importancia que entraria para la salud
humana y de las propias especies de peces, este trabajo se plantea el
objetivo de determinar la helmintofauna en tres dreas de estudio del
lago de Pdtzcuaro. Metodolégicamente, se realizé un andlisis de los
pardsitos del actimara Algansea lacustris en San Andrés Tzirondaro,
Oponguio y Pudcuaro. Este método permitié cuantificar e identificar
los helmintos distintos. Se registraron un total de cinco especies,
mds un ectopardsito, pertenecientes a seis grupos: nematodos
(Capillaria  patzcuarensis),  tremdtodos — (Posthodiplostomum
minimum), cestodos (Bothriocephalus acheilognathi), acantocephalo
(Arritmorrynchos brevis), mondgeneo (Octomacrum mexicanum) y
el ectopardsito artrépodo (Lernea cyprinacea), por lo que se concluye
que debido al ciclo de vida, los peces contraen pardsitos por causa de
las heces de las aves que se forman en los hospederos, ademds de la

falta de mantenimiento de los espacios lacustres, entre otros factores.

Palabras clave: helmintos, ciclo de vida, especie Algansea lacustris,
pardsitos.

Received: 17/10/2014
Accepted: 15/07 /2015

Water Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp. 75-87




Gabriel-Luciano y Uribe-Cortez, Helminthological Characterization of Kind Cyprinid Algansea lacustris in Three Different...

Introduction

Pedraza (1994) demonstrated that popula-
tions of Algansea lacustriss are threatened by
overfishing, a lack of knowledge about its bio-
logical conditions and environmental degra-
dation related to eutrophication, loss of water
and a large amount of wasted organic matter.
All of this is partly caused by the transport
of sediments from the deforestation of forests
and by agricultural waste discharges. Such
environmental factors considerably affect the
health of these fish, threatening their popula-
tions. Nevertheless, few investigations have
been conducted about the biology, ecology
and health of this endemic fish.

Thirteen helminth infections were found in
Algansea lacustris by Ruiz (1998) and Mendo-
za- Garfias, Garcia and Pérez-Ponce-de-Ledén
(1996), who developed a helminthological
registry consisting of 10 species. Meanwhile,
Lamothe (1980) described a platyhelminto
parasite (the monogenea Octomacrum mexica-
numy) and the parasitic patterns contained in
this species.

Another study which was equally impor-
tant, by Marcos-Antonio et al. (2009), explains
the incidence of helminth infection in Goodea
Atripinnis fish populations in the same lake,
Lake Patzcuaro. This study, as well as Ber-

This knowledge is of utmost important to
fishermen in the region. It is also important
that they learn to identify certain factors that
produce helminthiasis in the fish and the pos-
sible consequences to humans.

To put the objective of the study in context,
it is necessary to know some of the charac-
teristics of the lake and the fish. Therefore,
Figure 1 presents the location of Lake Patzcu-
aro and Table 1, at the end of the document,
shows the variety of fish species in the lake,
including pike silverside Algansea Lacustris
and Israel carp, to mention a few.

Figure 1 shows the location of Lake Patzc-
uaro in the west-central part of Mexico, in
Michoacan, at coordinates 19° 30’ 59” latitude
north and 101° 36’ 35" longitude west and an
elevation of 2 035 meters above sea level. It is
1096 km in size, of which 90 km corresponds
to the shores of the lake (Ceballos, 1994).

Algansea lacustris is one of the fish spe-
cies found in the lake. It has very specific
characteristics and is endemic to the lake. It
has a thin and long body, a dark dorsal and
dark gray ventral, a small mouth, and cycloid
and pre-dorsal scales with a row between the
beginning of the pelvic fin and the lateral line.
A total of 79 to 90% of the scales are cycloid.
Figure 2 shows the overall characteristics.

The taxonomy is classified as follows:

-87

langa (1993), mentions that this lake harbors

Kingdom: Animalia (Linnaeus, 1758).
an important ichthyofauna consisting of 12

Phylum: Chordata (Bateson, 1885).

pp-75
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species, 8 of which are endemic and 4 were
introduced. Rosas (1976) reported that Cy-
prinidae is found among the endemic species
in this lake, which is better known in the
region as “acumara” (Patzcuaro chub), the
“omnivorous fish.”

Studies by Rivera and Orbe (1990) indicate
that the species in the lake are important to
the local economy, given the amount caught
and because market demand is very impor-
tant to the lakeside residents. They are also
a natural resource and source of protein for
the Purepechas, who consume it during the
period of Lent.

Class: Osteichthyes (Huxley, 1880).

Order: Cypriniformes (Berg, 1940).
Family:  Cyprinidae (Bonaparte, 1832).
Genus: Algansea (Girard, 1856).
Species:  Algansea lacustris (Steindachner,
1895).

Girard (1856) and Steindachner (1895), cit-
ed in Rivera and Orbe (1990), briefly describe
the native Patzcuaro chub (Algansea lacustris)
in Lake Patzcuaro, an organism which has not
been widely studied even though it is eco-
nomically important to the region and there is
a high possibility for controlled exploitation.
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Table 1. Endemic ichthyofauna and introduced species in Patzcuaro Lake (Berlanga, 1993).

Species Common Name Origin
Cyprinidae
Algansea lacustris Patzcuaro chub Endemic
Cyprinus carpio specularis Israel carp Introduced
Goodeidae
Allophoros robustus Bulldog Goodeid Endemic
Goodea artripinnis robustus Blackfin Goodea Endemic
Neophorus diazi Choromu Endemic
Antherinidae
Chirostoma estor Pike Silverside Endemic
Chirostoma grandocule Bigeye Silverside Endemic
Chirostoma attenuatum Slender Silverside Endemic
Chirostoma patzcuaro Patzcuaro Silverside Endemic
Centrarchidae
Micropterus salmoides Largemouth Bass Introduced
Cichlidae
Oreochromis niloticus Nile Tilapia Introduced
Tilapia rendalli Redbreast Tilapia Introduced

Fuente: elaboracién propia a partir de los datos que proporciona Berlanga (1993).

Figure 1. Location of Patzcuaro Lake.

Mexico

Source: authors based on information from Marcos-Antonio et al., 2009.

Water

/

75-8

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp.




75-87

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp.

4210

Gabriel-Luciano y Uribe-Cortez, Helminthological Characterization of Kind Cyprinid Algansea lacustris in Three Different...

Figure 2. Adult Algansea lacustris fish species.

Source: edited photo

In the work Ontogenic Phases of Patzcu-
aro Chub fish (Algansea Lacustris) in the Lake
Patzcuaro, De Buen (1944) mentions that this
species, which reproduces from November
to April, loses a large amount of fertilized
eggs in spawning areas. Some incubation,
embryonic and taxonomic data are presented.
Samples of Algansea lacustris were collected
for this work in some of the same areas. A
photograph of the areas and the locations on
the shore of the lake is presented in Figure 3.

Given the need to contextualize the spe-
cies, the literature references that best support
the development of the helminth fauna and
the ichthyology of the lake are noted through-
out the text, while the most current reports
are those already mentioned, by Ruiz (1998)
and Mendoza-Garfias et al. (1996). Since the
1990s, the very few investigations about
helminth fauna in fish species have required
a simple and brief analysis such as the one
proposed herein, which identifies the aspects
involved in the topic under study, as well as
the specialized literature that has been writ-
ten, and which has been proposed as a basis,
a reference, to be consulted currently.

A young Purepecha named Armando, who
studies biology at the Michoacan University
of San Nicolas de Hidalgo (UMSNH, Span-

ish acronym), described the need for current
research that can provide guides for under-
standing the importance of aquaculture to
human health, in terms of both consumption
and commerce. For him, these questions are
important (testimony from Armando, resident
of Quiroga, interviewed 2010).

Thus, the present study is aimed at char-
acterizing the helminth fauna in Algansea
Lacustris. The main objective was to charac-
terize the spatial distribution of the parasite
hosts and the abundance of helminth in each
of the sampling areas, as well as to determine
particular measures to prevent disease.

The main hypothesis of this work is that
the pollution of the medium inhabited by the
Algansea Lacustris contributes to this species
becoming a host for these parasites. The de-
pendent variable was the medium inhabited
by the species since we presumed that it is a
factor in the quality of life of the organism as
well as its quality for human consumption.
The independent variable was the different
areas studied, to demonstrate whether the
medium in which it lives affects the establish-
ment of helminth and, thus, the existence of
helminth fauna.

Lastly, this work provides knowledge
about the conditions which favor the ad-
equate reproduction of the species endemic
to Lake Patzcuaro, that is, without the pres-
ence of large amounts of helminth fauna, to
contribute to human health and the survival
of aquaculture.

Methodology

Samples were collected during the Lent
season of 2010. As briefly described in the
beginning of the document, collections of
Patzcuaro chub were taken from the localities
of San Andrés Tzirondaro (Area 1), Oponguio
(Area 2) and Pudcuaro (Area 3). A handmade
net was used, with a 2.5-inch mesh opening,
which according to Barrera-Bassols (1986) is
selective for this type of fish.
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to Morelia

mmm Highway
s Road

*** Dirt Road
==+ Train tracks
A\ Main pier

48 San Pedrito
Pier

to Santa Clara

Figure 3. Algansea lacustris sampling areas.

Source: authors.

Twenty samples from each station were
collected, for a total of 60 fish. They were
transported in a Koblenz Ultrafreeze™ re-
frigerator to the Parasitology and Nutrition
Laboratory of the UMSNH for analysis.

The following data were recorded for each
sample: weight, total length, pattern length
and maximum height. Each host was given
a general helminthological exam (external
and internal). The external exam consisted of
inspecting the surface of the body, the base
of the fins, the gills, anal opening, mouth and
operculum.

The internal exam included extracting the
intestines, liver, spleen, brain, eyes and mes-
entery, which were placed in separate Petri
boxes with a 0.6% saline solution. They were
examined by tearing them apart with 2 mm
bent dissecting needles with a grooved metal
handle, of different lengths. Observations
were performed with a SZX7 zoom Olympus
stereoscopic microscope. Cutting utensils
risks dissecting the parasites (Lamothe, 1997).

Dissecting forceps and needles were used
to analyze and conserve the adult helminth,
which were placed in Petri boxes with saline
solution for taxonomic evaluation and deter-
mination (Yamaguti, 1961; Olson, Lewis, &
Urawa, 1983). They were conserved in 70%
ethyl alcohol, in Alcohol Lourdes medium at
96% (not denatured). They were then labeled
by date, locality, common name and scien-
tific name of the host, number and group of
parasites, and name of the collector. All the
helminths found in the fish were counted and
fixed for later categorization into the group
in which they belonged. Lastly, they were
deposited in the Parasitological Collection of
the Parasitology Laboratory at the Michoacan
University of San Nicolas de Hidalgo.

Study Analysis
The infection was characterized using four

parameters, or ecological equations, as de-
fined by Mendoza-Garfias et al. (1996):
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Prevalence (prev): percentage of hosts with
helminth parasites:

Host fish
Prev =——— =

= 100
Total fish

Abundance (Abun): number of individuals of
a parasite species found per host.

_ Number of helminths

Abun = %100
Total fish

Intensity intervals (II): the highest and lowest
number of individuals recorded out of the
total parasite hosts for a particular helminth
species.

Average intensity (AI): number of individuals
of a particular parasite species per infected
host.

_ Number of helminths
Host fish

Al

Results

As a result of the parasitological analysis of
the Algansea lacustris species collected —in
three sampling areas (San Andrés Tzirondaro,
Oponguio and Pudcuaro) with 20 samples
from each area, and sizes ranging from 19
to 25 cm— three species were identified in
the area of Puacuaro and five in San Andres
and Oponguio. These included, among oth-
ers (one of each); monogenous (Carus, 1863);
trematoda (Rudolphi, 1808); cestoda (Carus,
1885); nematode (Rudolphi, 1808); acantocephala
(Kohlreuther, 1771); arthropod ectoparasite
(Latreille, 1829) (Table 2).

Alist is presented below of the taxonomi-
cal groups of the parasites mentioned:

Phylum: Platyhelminthe (Gagenbaur, 1859).
Class:  Trematoda (Rudolphi, 1808).
Order:  Polyopisthocotylea (Odhner, 1912).

Family: Dicocotylidae (Precios, 1936).
Genus: Octomacrum (Mueller, 1934).
Species: O. mexicanum (Lamothe, 1982).

Phylum: Platyhelminthes (Gagenbaur, 1859).

Class:  Trematoda (Rudolphi, 1808).

Order:  Strigeatoidea (La Rue, 1957).

Family: Diplostomatidae (Poirier, 1888).

Genus: Posthodiplostomum (MacCallum,
1921; Dubois, 1936).

Species: P. minimum (Hughes, 1927).

Phylum: Platyhelminthes (Gegenbaur, 1859).

Class:  Cestoda (Rudolphi, 1808; Carus,
1885).

Orden: Pseudophyllidae (Carus, 1863).

Familia: Bothriocephalidae (Blanchard,
1849).

Género: B. othriocephalus (Rudolphi, 1808).

Especie: B. acheilognathi (Yamaguti, 1961).

Phylum: Acanthocephala (Rudolphi, 1801).

Class:  Palaeacanthocephala (Meyer, 1931).

Order: Polymorphida (Meyer, 1931).

Family: Polymorphidae (Meyer, 1931).

Genus:  Arhythmorhynchus (Luhe, 1911).

Species: Arhythmorhynchus brevis (Van
Cleave, 1916).

Phylum: Nematoda (Cobb, 1819).
Class:  Adenophorea (Aphasmidia)
(Chitwood, 1958).
Trichocephalida (Skrjabin &
Schul’ts, 1938).

Order:

Family: Capillariidae (Neveu-Lemaire,

1936).

Capillaria (Zeder, 1800).

Species: C. patzcuarensis (Osorio, Pérez,
& Salgado, 1986).

Genus:

Phylum: Arthropods (Latreille, 1829).
Suborder: Crustacea (Briinnich, 1772).
Class:  Maxillopoda (Dahl, 1956).
Order: Cyclopoida (Burmeister, 1834).
Family: Lernaeidae (Dana, 1846).
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Table 2. Record of heminths in Algansea lacustris for each sampling area in Patzcuaro Lake.

Helminth Species Area 1, Area 2. A‘r €as
(San Andrés T.) (Oponguio) (Pudcuaro)

Monogenous
Octomacrum mexicanum X X X
Trematoda
Posthodiplostomum minimum X X X
Cestoda
Bothriocephalus acheilognathi X X -
Acantocephala
Arhythmorhynchus brevis X X -
Nematoda
Capillaria patzcuarensis X X X
Arthropod
Lernaea cyprinacea X X =

- = absence; X = presence.

Source: authors basin on systematization of the information collected.

Genus: Lernaea (Linnaeus, 1758).

Species: Lernea cyprinacea (Linnaeus, 1758).
Especie:
naeus, 1758).

Lernea cyprinacea (Lin-

Table 2 presents the helminth in the Al-
gansea lacustris recorded for each sampling
area. The helminths that were found to be
very common were were octomacrum, trema-
tode and Capillaria patzcuarensis. Therefore,
Algansea has a high probability of contract-
ing helminths, and not only this species but
the others located there, which are shown in
Table 1.

The areas with the largest number of
infected fish were Andrés Tzirondaro and
Oponguio, with 100%, whereas at the Puacu-
aro station this study found a prevalence of
60% of helminth fauna in Algansea lacustris.
In addition, three helminth parasite species
from the five helminthological registries
were found at the three stations: Octomacrum
mexicanum (Lamothe, 1980), Posthodiplosto-
mum minimun (Hughes, 1927) and Capillaria
patzcuarensis (Osorio, Pérez, & Salgado, 1986).
Meanwhile, Bothriocephalus acheilognathi (Ya-
maguti, 1934), Arhythmorhynchus brevis (Van

Cleave, 1916) and the ectoparasite Lernea
cyprinacea (Linnaeus, 1758) were only found
in two sampling areas (San Andrés and Opon-
guio).

Lastly, according to testimony by Alfredo
Lopez, the diseases contracted by the fish in
the San Andres area were due to the presence
of birds that drop feces there. According to
Lopez, the birds do this in the mornings and
afternoons as they sit in the aquaculture area
(interview with Alfredo Lopez, resident of
Santa Marfa-Rio Verde Hydrographic System
Fe de la Laguna, interviewed in 2010).

On the other hand, Margarita Lopez stated
that the helminthiasis in the fish was particu-
larly due to the introduction of other fish by
producers or farmers who do not understand
the endemic conditions of the species. This
causes other species to become ill or disap-
pear by being infected by others containing
different helminths (interview with Margarita
Lopez, resident of Santa Fe de la Laguna,
2010).

Isabel Lopez, a resident of San Andres,
indicated that the problem is that producers
and the general public do not know how to
control the production of the parasites. And
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therefore no prevention system exists to help
to resolve problems as they arise (interview
with Isabel Lopez, resident of San Andres
Tzirondaro, 2010).

San Andres had the largest abundance
of helminths and ectoparasites (84/153),
which represents 54.9% of the total parasites
isolated. The Patzcuaro chub species found in
Puacuaro had a lower abundance (15/153),
with 9.8% of helminths, including the ecto-
parasites (Table 3). Most of the parasites were
found in the adult phase and were contracted
indirectly, while Octomacrum mexicanum was
contracted directly.

According to Javier Perez, who is in agree-
ment with Alfredo Lopez, it is logical that a
large presence of helminths would be seen
in San Andres, especially considering the
large number of birds who leave their feces
in the area, which touch the lake (interview
with Javier Perez, resident of Santa Fe de la
Laguna, 2010).

The largest number of helminth infections
were found in the intestines, with an abun-
dance of 56 /153 (36.6%), followed by the gills,
with an abundance of 33/153 (21.5%), the
body cavity with 26/153 (16.9%) and lastly,
the eyes (1.3%) (Table 3).

Jose Mireles, another resident of San
Andres, said that the gills are the organs that
are most affected, particularly because this is
a vital spot for fish species, practically like
the heart, or at least it is the site from which
the heart receives its oxygen, its vital inflow
(interview with Jose Mireles, resident of San
Andres, 2010).

The Capilaria patzcuarensis parasite was
also found in the intestines of adults, which
were inflamed and retain a large amount of
water. The presence of P. mininum metacer-
cariae was found in the epithelial and muscles
of the intestine, which were reddened at the
places where they were found.

Comparison of Algansea lacustris
infected with helminths in the three
areas in Lake Patzcuaro

Table 4 presents the prevalence and abun-
dance of helminths in fish species by sam-
pling area. Most significant is the list of
species identified by sampling area, which is
presented in Table 2, and the abundance in
Table 3. Area 1 presented a greater diversity
of helminth species, 5/5 (100%), and an ecto-
parasites species with a total abundance of 84

Table 3. Abudance of helminths in Algansea lacustris in the three sampling areas in Patzcuaro Lake.

San André Lif
Helminths an Andres Oponguio Pudcuaro Total Phase e
T. cycle
Octomacrum mexicanum 4 3 1 8 D
P :
o/stﬁodlplostomum 25 23 ” 50 M I
minimum
Both?’locephu?us By 1 0 3 A I
acheilognathi
Cystacanth
Arhythmorhynchus brevis 1 1 0 2 ystacan I
larvae
Capillaria patzcuarensis 42 23 12 77 A D/I
Learnea cyprinacea 10 3 0 13 A I
Total 84 54 15 153

A = adult; M = metacercariae ; D = direct, I = indirect.

Source: authors based on systematization of the information collected for this study.
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parasites. Area 2 also had a prevalence of 5/5
(100%), where the abundance of parasites was
54. Area 3 had a 3/5 (60%) prevalence and
abundance of only 15 helminths.

Of the total 60 fish collected (20 in each
locality) 40 were females and 20 males. Both
had the same parasites, which could be found
in the hard roes. The males did not present
as many as the females, with a weight of 60%
in females versus 40% in males. Botriocephalo
acheilognathi was found in both cases, which
had the highest prevalence.

Figure 4 shows the trends in helminths
found in the hosts. Area 1 (San Andres) had
the highest prevalence rate and thus was the
region with the most helminths in the fish
hosts, with the greatest diversity of parasites
and, therefore, human health is at risk from
ingesting Algansea lacustris when proper hy-
giene measures are not used, which basically
consists of determining the water quality and
caring for the natural resources located there.

Oponguio and Pudcuaro were consid-
erably lower than the trend found in San
Andpres, the area with the largest number of
helminths per fish hosts. In numerical terms,
both were very similar (exactly 4.0 and 1.0
points), which is interpreted as the presence
of a similar number of parasites in the two
areas. This provides a reason for other stud-
ies to take into account the characteristics
related to this difference, and to compare the
particularities of the populations and regions
where the fish hosts are located in order to
understand the local context.

In terms of the prevalence of the helminth
species according to their respective ranges of
intensity and average intensity, an adjustment
can be seen in this datum with the datum for
helminths per host species shown in Figure 4,
and with Area 1 in Table 4. San Andres had
the highest rate, with 30%— higher than in
the other two areas— which says a lot about
the helminthiasis found in the hosts there.
Nevertheless, in terms of the average intensity
and the range, the rates are consistently the

same as in Oponguio and Pudcuaro, indicat-
ing a similar number of parasites in the hosts.

To reiterate, the site with the highest
prevalence values was Area 1 (San Andres),
with 7 (30%) hosts containing parasites and
an abundance of 0.7; followed by Area 2
(Oponguio) with a prevalence of 3.33 (15%)
and abundance of 0.45; and Area 3 (Pudcuaro)
with the lowest prevalence, 2.33 (15%), and an
abundance of 0.25 (Table 4).

Discussion

The hypothesis to be tested by this investi-
gation has been accepted, showing that the
pollution of the environment inhabited by
the Algansea lacustris is a factor that affects
the parasites that use this species as a host.
The presence of birds which generate feces,
the little or no care or maintenance of the
lacustrine resources and exploitation with-
out consideration of the species are elements
that contribute to the presence of helminths
in the fish hosts, considerably increasing the
prevalence levels.

The helminthological records of a host
is very important since their identification
contributes to analyzing their biology and
thereby understanding the relationship that
exists between the parasite and the host
(Nufez, 2006).

Lara (2007), in Extensive and Intensive Cul-
tivation of Pike Silverside in Patzcuaro shows
the problems faced by the systems related to
the lake that contains these fish, alluding to a
relationship between production systems and
helminthological processes which becomes
clear during the process, and the conse-
quences to the Chironomidae estor species.

In that study, helminthological processes
were also present during the production
cycles of the fish species, according to their
interpretation.

In Helminth Principles in Fish in Lake Patzcu-
aro, Chiman (2008) reports that various areas
on the shore have high concentrations of
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Helminths in Fish Species
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Study area: San Andres, Oponguio and Puacuaro

Figure 4. Helminths in fish hosts.

Source: authors with data obtained from the three study areas analyzed.

Table 4. Overall comparison of helminth fauna in Algansea lacustris in the three sampling areas.

A
l;fs::;: Host fish Number of Prevalence Abundance Intensity Average
N=20 (HF) Helminth (NH) (%) (%) ranges (IR) intensity (AI)
Station 1
San Andrés T. 7 14 30 0.7 1-3 1.53
Station 2
Oponguio 3.33 9 15 0.45 1-2 1.94
IO§ Station 3
i Pudcuaro 2,33 5 15 0.25 1-4 1.8

Technology and Sciences. Vol. VI, No. 6, November-December, 2015, pp.

Source: authors based on systematization of information collected for this study.

helminth. This coincides with our investiga-
tion and subsequent understanding of the
existence of a high prevalence of helminths
in the San Andres areas, with six different
parasites, and therefore is similar to the area
of Oponguio.

Miller, Wendell and Minckley (2005), along
with Chiman (2008), indicate high helminth
indices in nearly all the fish species in Lake
Patzcuaro, not only in San Andrés Tzirondaro,
Oponguio and Pudcuaro, but also in the rest

of the localities around the lake. Given these
references, the present study was optimisti-
cally considered to be a feasible approach to
investigating the reality of aquaculture, which
is clearly part of the lake’s waterfront.

In a study about helminths by Lira (2002),
the incidence of parasites in Old World sil-
verside species (Atherinidae) was evaluated.
Along with Chiman and Miller, this investi-
gation is a good reference for understanding
that the species in the lake are subject to
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helminthiasis in a manner that is virtually
irremediable.

After having referenced this literature, it is
important to mention that Area 2 has an ac-
tual depth of 7 m. Given that it is so deep, this
area should have a lower number of parasites,
according to Marcos-Antonio et al. (2009) who
report lower numbers of helminths at greater
depths. Oponguio has various parasites be-
cause of the currents in the lake or because of
the routes taken by the Patzcuaro chub fish
to arrive their spawning sites, where they
develop and sexually reproduce.

In addition, piscivorous birds such as ana-
tidae and herons are present, another factor
that causes helminthiasis in fish because of the
feces that fall in the water and contain infec-
tious forms of P. minimum, A. brevis, C. patzcu-
arensis and B.acheilognathi (Mendoza-Garfias
et al., 1996; Ruiz, 1998). In addition, the mud
found at the bottom of the lake provides a
habitat for shrimp, amphipods and copepods
which are intermediate hosts for the parasites
B. acheilognathi and A. brevis, which in turn are
consumed by the fish (Rosas, 1976).

In Oponguio, five helminth species as well
as the ectoparasite were present, but in terms
of abundance this area had the highest num-
ber of parasites. As in San Andres, the habitat
conditions were different. It was shallower
(2.92 m), with lentic waters which, combined
with the abundance of aquatic weeds provides
an ideal habitat for the fish (Marcos-Antonio
et al., 2009). A variety of aquatic vegetation
was also present where many vertebrate and
invertebrate organisms find shelter, such as
crustaceans and gastropods, which serve as
intermediate hosts for helminths, such as P.
minimum, A. brevis, C. patzcuarensis and B.
acheilognathi. In this case, a large variety of
birds was also present, which similar to the
previous area serve as intermediate hosts.

Puacuaro had three helminth species, and
a smaller number of helminths were collected
here than in the other areas.

Station 3 had the lowest presence of birds
and an intermediate water depth. Unlike the
other sampling stations, the aquatic weeds
were not proliferate and the parasites were
not as diverse or abundant because of the
small final and intermediate host popula-
tions (Marcos-Antonio et al. 2009), another
factor related to the prevalence of helminths
in hosts.

Of the 10 species described by Mendoza-
Garfias et al. (1996) and the 13 by Ruiz (1998),
the present study recorded and observed six:
Octomacrum mexicanum, Posthodiplostomum
minimum, Bothriocephalus acheilognathi, Arhyth-
morhynchus brevis, Capillaria patzcuarensis and
Learnea cyprinacea.

A contribution by the present study to
investigations of helminths in fish is having
returned to the structure of classical and
more recent texts to describe the objective of
the study presented. The authors cited were
able to find a large number and diversity
of helminth parasites in the samples used
in their studies, which they obtained from
local markets in Patzcuaro. Nevertheless, it
is worth mentioning that the fish captured
for their study were considered to be from
altered zones, that is, from areas with a high
degree of helminth, which is common in the
aquaculture area and in the endemic organ-
isms themselves and, therefore, of course in
the analysis.

Another contribution is the dual analysis
of helminths-fish hosts conducted at the better
maintained stations at the lake. A good deal
of complexity was involved in collecting the
samples used to find parasites and develop
the helminthological analysis.

Two species were notable for their high
helminth indices— C. patzcuarensis and P.
minimum. The former is a parasite with an
indirect life cycle (Ruiz, 1998). The A. brevis
and B. acheilognathi helminths are involved as
intermediate crustacean hosts, while the adult
phase develops in A. brevis. B. acheilognathi
was found in fish with incomplete develop-
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ment, in which the plerocercoid phase was
prevalent without the development of the
mature proglottid C. patzcuarensis, O. mexica-
num or the ectoparasite L. ciprynecea, observed
mostly in the adult stage.

Conclusions

The helminth species found were O. mexica-
num, P. minimum, B. acheilognathi, A. brevis and
C. patzcuarensis, in addition to the ectoparasite
L. ciprynacea which is also affecting the health
of Algansea lacuastris fish. The San Andres area
had the highest number of helminths (84),
followed by Oponguio (54) and Puacuaro
(15). In terms of the incidence of the number
of parasites, the factor that affected this was
the diversity of the organisms that interact,
some of which are part of the food chain,
especially since these organisms are carriers
of helminths in some phase of their life cycle.

Lastly, it is difficult to propose measures
to control helminth fauna. This is because
the fish as well as the organisms that inhabit
those micro-ecosystems contract the parasites
mostly from birds, and the majority of the
parasites are passed through their feces and
reach an intermediate host which is eaten by
the fish. In addition, the A. lacustris are in
their natural habitat.

In terms of human consumption, the fish
should be well cleaned and cooked. It is also
recommended that they be frozen for three
days, during which some of the helminths
lose their viability. Nevertheless, no illnesses
from the parasites in the fish in Lake Patzcu-
aro region have been found to have harmed
the health of any person.

Technical support recommended to con-
trol helminth fauna in the lake area would
be provided by groups of professionals who
would determine the guidelines to control
the production of the parasites. In addition,
in terms of controls over the consumption of
the fish and for human health, it is necessary
to rely on experts in health and biology who

are specialized in diagnosing and evaluating
the species.
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Abstract

Rocha, H., Cardona, A., Graniel, E., Alfaro, C., Castro, J.,
Riide, T., Herrera, E.,, & Heise, L. (November-December,
2015). Fresh/Brackish Water Interfaces in the Merida-
Progreso Region, Yucatan. Water Technology and Sciences (in
Spanish), 6(6), 89-112.

A coastal karstic aquifer highly exposed to anthropogenic
pollution and seawater intrusion is the main water supply
source for Merida-Progreso inhabitants (Yucatan, Mexico).
In this investigation fresh/brackish water interface changes
linked to precipitation events were identified and correlated
with the Ghyben-Herzberg principle. Water level elevations
and electrical conductivity values were manual and
automatic recorded in a 26 wells monitoring network. Results
indicate a fast water level increase (hours) to precipitation
events, for example a 19 cm water level increase and 570
umhos-cm™ decrease measured at the fresh/brackish water
interface were recorded in an observation well located west
of Merida city less than 24 hours after a 60 mm rainfall.
Predictions using the Ghyben-Herzberg principle do not
correlate with in-situ measurements. Actual thickness of
the freshwater lens change from rainy (33 m) to dry (31.5 m)
season below Merida city, minor thickness changes along the
year were identified north to Merida city (26 m freshwater
lens thickness).

Keywords: Groundwater, karst, Freshwater, Brackish water,
Ghyben-Herzberg principle, Electrical conductivity, Merida-
Progreso, Yucatan.

Resumen

Rocha, H., Cardona, A., Graniel, E., Alfaro, C., Castro, |., Riide, T.,
Herrera, E., & Heise, L. (noviembre-diciembre, 2015). Interfases de
agua dulce y agua salobre en la regién Mérida-Progreso, Yucatdn.
Tecnologia y Ciencias del Agua, 6(6), 89-112.

Lapoblacién en laregion Mérida-Progreso, Yucatdn, México, depende
totalmente del agua subterrdnea que es obtenida de un acuifero
kdrstico costero, vulnerable a la contaminacion antropogénica y
natural por los efectos de la intrusion salina. El objetivo de estudio
fue describir, espacial y temporalmente, el comportamiento de las
interfases de agua dulce y agua salobre ante eventos de precipitacion,
Yy proponer alternativas que ayuden a explicar la respuesta observada
y su relacién con el principio de Ghyben-Herzberg. Se utilizo una
red de 26 pozos de observacion para determinar elevaciones del nivel
del agua y cambios en la conductividad eléctrica en las interfases
mediante mediciones manuales y una red automatizada. Los
resultados indican que en general existe una respuesta rdpida (del
orden de horas) del nivel fredtico a la precipitacion, por ejemplo un
incremento de 19 cm en la elevacion del nivel del agua al occidente
de Mérida y un comportamiento irregular de las elevaciones de las
interfases de agua salina (decremento de 570 wmhos-cm™) y salobre
ante eventos de precipitacion (60 mm). De acuerdo con los resultados
obtenidos, el principio de Ghyben-Herzberg no es aplicable para la
determinacion de la posicién de la interfase de agua salina en la
regién. Finalmente, se definieron espesores de agua dulce bajo la
zona urbana de Mérida para las temporadas de lluvia (33 m) y estiaje
(31.5 m), y un espesor promedio de 26 m al norte de Mérida a 15 km
de la linea de costa donde no hay una variacion entre ambos periodos.

Palabras clave: agua subterrdnea, karst, agua dulce, agua salobre,
principio de Ghyben-Herzberg, conductividad eléctrica, Mérida-
Progreso, Yucatin.
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Introduction

Groundwater has been important to meeting
human water demands for a very long time
(Custodio & Llamas, 1976). While its intensive
use and pollution are common problems, the
interaction between freshwater and seawa-
ter —called saline intrusion (SI)— creates
a unique problem for the sustainability of
groundwater. This intrusion involves sea-
water entering freshwater aquifers, which
changes the amount and quality of the
groundwater that flows into coastal systems
(Barlow & Reichard, 2010). As a consequence,
the salinity of coastal aquifers varies over
space and time, a condition which merits a
special investigation of characteristics related
to flow, quality and management (Post &
Abarca, 2009). As in many countries, Mexico
has long coastlines. The engagement in a
variety of economic activities leads to the ex-
ploitation of groundwater, creating constant
changes in freshwater (FW)-saltwater (SW)

ratios (Custodio & Llamas, 1976). The analy-
sis of this ratio (Figure 1) in coastal regions
demonstrates an equilibrium state called the
brackish water interface (BW). The location
and dimensions of the interface are related
to the hydrogeological characteristics and
density of the SW. It is dynamic and depends
on variations in recharge and extraction (Cus-
todio & Llamas, 1976).

A karst medium covers 12% (KWI, 2008)
to 25% (Ford & Williams, 2007; LaMoreaux,
Powell, & LeGrand, 1997) of the total conti-
nental area of the planet, and 25% of the total
global population receives some or all of its
water from this type of aquifer (Darnault,
2008; Green, Painter, Sun, & Worthington,
2006), including the Yucatan. There is great
interest in the karst aquifers located on the
coast because their effluents support a large
variety of coastal ecosystems (marshes and
wetlands, among others) and are also collect-
ed to supply water to the population. In these
calcacerous mediums, geochemical processes
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Figure 1. Overall definition of the types of water in the coastal aquifers applicable to this publication.
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develop that can accelerate an increase in sec-
ondary permeability through the dissolution
of channels. The application of chemical ther-
modynamic principles has demonstrated that
simply mixing two waters in equilibrium or
even mixtures oversaturated with calcite can
result in a mixture with an undersaturation of
that mineral (Hanshaw & Back, 1979). Direct
observations corroborate that karstification
increases at the brackish water interface. Ad-
ditionally, in terms of the physio-chemistry of
the water /aquifer interaction, ionic exchange
(Ca/Na) processes play an important role, as
does the dolomitization or increase in the
magnesium fraction of limestone. These can
also vary over the course of the year due to
changes in the composition of freshwater
(Ferndndez, Baquero, Lorca, & Verdejo, 2003).

In Mexico, the greatest problems with
SI are found in the states of Baja California
and Baja California Sur, while less seri-
ous problems have been identified in the
Yucutan Peninsula, Veracruz, Sinaloa and
Nayarit (Barlow & Reichard, 2010). Reports
have been presented of salinization caused
by: the diagenetic effects of the interaction
with low-salinity groundwater; changes in
the flow regime from pumping; percolated
effluents produced by agricultural activities
in the Valle de Santo Domingo coastal aquifer,
Baja California Sur (Cardona, Carrillo-Rivera,
Huizar-Alvarez, & Graniel-Castro, 2004); SI
problems over 30 km inland in the Costa de
Hermosillo aquifer, Sonora (Rangel, Monreal,
Morales, & Castillo, 2002); and effects on the
quality of water at supply sites for the city of
Ensenada due to SI, as a result of the pump-
ing of the Maneadero aquifer, Baja California
(Daesslé et al., 2005). The location of the SW
interface was not identified by any of these
investigations. A large portion of the Yucatan
Peninsula presents effects from SI due to the
high hydraulic conductivities of the Plioceno
coastal plains (10-86 000 meday" depending
on the scale of analysis) (Worthington &
Ford, 2009), where the FW water table (WT)

elevations are under 2 masl (Bauer-Gottwein
et al., 2011). The Merida-Progreso area of the
state of Yucatan is a very important region
with agricultural, industrial and service
sectors. In addition to population growth
over recent decades, the need to extract more
groundwater has increased (Graniel, Morris,
& Carrillo-Rivera, 1999; Bauer-Gottwein et
al., 2011). Some of the problems in the region
are: a) lack of sewage systems and, therefore,
various ways of disposing of wastewater
in the subsoil (Marin, Steinich, Pacheco, &
Escolero, 2000); b) very shallow WT; ¢) soil is
practically non-existent; d) karst conditions
and e) interaction with SW. This combination
of factors has caused the groundwater to be
very vulnerable to anthropogenic and natural
sources of pollution.

Few efforts have been undertaken in the
state of Yucatan to spatially and temporally
characterize the thickness of the FW that un-
derlies a more saline water body. Direct
measurements (electrical conductivity and
temperature) as well as non-invasive geo-
physical techniques have been used to take
in situ measurements of the depth of the SW
interface in the Yucatan Peninsula in springs,
observation wells and wells and caves. Stud-
ies have reported variations according to the
electrical conductivity (EC) profiles of the
SW interface in the Merida-Progresso section
(Rodriguez, 2011) and the western coastal re-
gion of the state (Palomo, 2012). Isidro (2013)
performed a correlation of time-domain
geophysical electromagnetic sounding and
EC profiles for various sections of the Merida-
Progresso region to define the depth of the
BW interface. Schmidt (2012) performed a test
by pumping groundwater in an experimental
well field located at the Engineering School of
the Yucatan Autonomous University, demon-
strating that the EC changed as a result of an
increase in the elevation of the BW interface
at different times after the pumping began.

The study of the FW-SW interaction can be
divided into two main categories: a) those that
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consider both fluids to be immiscible (bipha-
sic representation of flow, Dupuit approxima-
tion, Ghyben-Herzberg (G-H), representation
of the interface using artificial elements) and
b) those that recognize their miscibility (flow
equation, solute transport equation, character
of the solute transport equation, dependency
of flow on density) (Jousma, Thorborg, &
Verruijt, 1988). The G-H principle suggests
that in a homogeneous and isotropic coastal
aquifer, the depth of the SW interface and
the FW is directly proportional to the water
table’s elevation above sea level (Ghyben,
1888; Herzberg, 1901; Hubbert, 1940). For a
free coastal aquifer, this is expressed as:

z= P h
P, =P,

(used with density values measured
in the laboratory) (1)

z=40h (assuming p =1 g - (cm?)’
and p,=1.025 g - (cm?)") )

where p represents the density of the FW;
p,, represents the density of SW; z the depth
of the SW interface below sea level and & the
hydraulic load of the FW above sea level. One
of the limitations of this principle is that it
assumes hydrostatic conditions (not flow) and
there is no FW-SW mixing zone. While some
investigators have used field measurements
to confirm the validity of this principle in
parts of the Yucutan Peninsula (Perry et al.,
1989; Gondwe et al., 2010; Steinich & Marin,
1996; Marin, Perry, Essaid, & Steinich, 2004),
others have found significant variations
(Moore, Stoessell, & Easley, 1992; Escolero,
Marin, Dominguez-Mariani, & Torres-Onofre,
2007).

Since no systematized records exist of the
thickness of the FW lens over space and time,
the objective of this study was to define its
thickness in the Merida-Progreso region of the
Yucatan from the 2012 rainy season through
the 2013 dry season (18-month period). This

included qualitatively identifying its response
to precipitation (P) events and proposing
alternatives that help to explain the causes
of the phenomena that occur. This investiga-
tion is aimed at understanding the spatial
and temporal behavior of the FW and BW
interfaces in terms of changes in thickness,
in addition to verifying whether these are
compatible with the G-H principle.

Location

The size of the Merida-Progreso study area
is 1 700 km?. It is located in the northwest
portion of the state of Yucatan, Mexico, in the
area known as the “ring of springs,” primarily
in the municipalities of Merida and Progreso
(Figure 2). The maximum altitude is between
12 and 15 masl in the southern region. Accord-
ing to INEGI (2009a, 2009b), the main climates
in the study area are: a) hot sub-humid with
summer rainfall, less humidity and semi-dry
(very warm and warm) in the southern region
(Merida), with an annual mean P of 1 100 mm
and mean annual temperature between 24°C
and 28°C; and b) dry and semi-dry (very hot
and warm) in the north (Progreso and the
coastal area), with an annual mean P of 700
mm and an average temperature of 25 °C.

Geology

The geology of the study area is composed
of carbonated marine rocks from the Tertiary
age as well as Quaternary marine rocks and
continental deposits (Butterlin & Bonet,
1963; Lopez, 1973; Brewerton, 1993; Herrera-
Rend6n, Cardona-Benavides, & Graniel-
Castro, 2). The Tertiary is represented by the
Carrillo Puerto Formation (Late Oligocene,
Miocene- Pliocene). Based on studies of
samples of rocks from wells at depths of 55
m (Rivera-Armendadriz, 2014), the study area
is composed of: a) restricted platform deposits
characterized by wackestone-grainstone pel-
lets and ostracod grainstone, associated with
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benthic foraminifera, pelecypods and green
and blue algae; b) oolitic banks behind reefs
made of oolite and oncoids grainstone associ-
ated with tubular coral fragments, bryozoa
and red algae, benthic foraminifera and iron
minerals; ¢) coral patch reef system composed
of red algae framestone and tubular corals,
with allelochemicals benthic foraminifera and
plankton, pelecypods, brachiopods, red algae,
pellets, oolite, dolomite and iron minerals; d)
open platform deposits composed of cyano-
bacteria wackestone, bivalvia, foraminifera
(Nummulites sp.) and gastropods, bivavia
packstone and Nummulites sp. grainstone
with bryozoa and some iron minerals. The
Quaternary in the area next to Puerto Pro-
greso is represented by alternating fossil
calcarea (grainstone-packstone), coquina
(boundstone), and clay limestone (mudstone-
wackestone) all with a white to yellowish
tone, and are porous and somewhat cemented
due to textural modifications from the FW-SW
mixing zones (Herrera-Rendén et al., 2014).

Hydrogeological Framework

Since the Yucutan Peninsula is virtually
flat and karst, no surface runoff exists. The
storage and flow of groundwater occurs
regionally in large cavernous systems with
turbulent regimes. The preferential flowpaths
are variable and present a range of different
scales classified as regional fractures (10 -100
km), large dissolution channels (1 — 10 km)
and small-scale fractures and dissolution
cavities (tens of meters) (Bauer-Gottwein et
al., 2011). In addition, the distribution of the
groundwater is characterized by a FW lens
with a thickness between 1 and 30 m, situ-
ated over a 2 to 20 m-thick BW zone which
overlies the SW. There is a constant interac-
tion with the coastal zone where the saltwater
penetrates over 40 km inland (Graniel et al.,
1999; Gonzalez-Herrera, Sanchez-y-Pinto,
& Gamboa-Vargas, 2002). With respect to
pumping, Escolero et al. (2002) indicate that

approximately 3.8 m*s™ of water is extracted
in Merida, and Conagua (2010) reports an ex-
traction in the entire aquifer zone of roughly
1.4% of the annual average precipitation. A
free karst aquifer is located in the study area.
Based on the information generated by the
present study, the depth of the water level
was determined to range from 6.50 to 9.50 m
in the south and from 2.50 to 4.00 m in the
north. The heights of the water table ranged
from 0.50 to 2.00 masl in the south in the area
of Merida and -0.10 to 1.50 masl in the north,
11 km from the coastline. The groundwater
generally flowed from south to north and the
average hydraulic gradient was 0.022 m-km.
The hydraulic conductivity values defined
and reported for the study area ranged from
9x10*to 1x 102 m-s™ in Merida well field I
(Andrade-Bricefio, 1984), 1.75 x 102 to 4.37 x
102 m-s? in the FIUADY well field (Schmidt,
2012), and 3x10* and 5x102 m-s™ in the coastal
zone west of Progreso (Reeve & Perry, 1990).

Methodology

To carry out the study, the spatial-temporal
variations in water levels in the wells were
defined and changes in the thickness of FW
were identified based on EC profiles. Varia-
tions in the EC profiles were determined using
an automated network. Lastly, the behavior
of P was associated with effects on the water
level and the EC, along with the geology of
the subsoil. Information was obtained from
a network that monitored 26 observations
wells (OW) (Figure 2), in which 20 automated
meters were installed to record levels (WL)
and 19 to measure EC. The locations of the EC
meters were based on the depths at the begin-
ning of the BW interface. In order to identify
different response types, some were placed in
the FW lens, some in the BW and others at the
boundary between these two zones. All the
meters generated four records per day for the
period June 17, 2012 to November 12, 2013, at
00:00, 06:00, 12:00 and 18:00 hours. Four EC
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measuring campaigns were performed in all
the OW in August and November 2012, and
January and March 2013. These profiles were
performed slowly (1 m/2 minutes) for each
meter in each well water column. For each
measurement, the sensor was left in place
for two minutes before recording the value
in order to stabilize the reading. The batter-
ies of each device were changed before and
after each measurement and the EC sensors

were calibrated with standard solutions of 1
413 uS-cm™ and 5 000 uS-cm™. Atmospheric
pressure (AP) was obtained by installing
two automated meters which covered the
study region, making it possible to correct
the recorded pressures in order to define the
variations in the water level in the OW. The
daily mean P and temperatures correspond-
ing to the Progreso Observatory, Chicxulub
Puerto, Mocochd and Mérida Observatory

kel
=2
=
2
2 Gulf of
Mexico
Study
~ arca
TPacific
Ocean
=2
2
f=
f)
Ly
(3]
o~
O BW
PC-3 P-8
B P-2
2 BW .
=2
= B P-5 (o)
2
& 13.7 B‘ P-4 - P
o~ !
P-6 Mocochd
’ BW d
' . P-1 Q
= PC-6
BW F B *
§ g _¢_Fiuady ,
1 i3
IS BW
o~
A
P-9
/
BW
2 . +
=
= P-18
&
b *
‘¢-Mérida {Obs)
Coord.: (224 301.18, 2 318 495.75)
2 Acanceh
g Coord.: (245 314.11, 2 303 237.61)
= T T T
I
et 210 000 220000 230 000 240000
Legend Projection: UTM 16 N

OW equipment
M EWLPA
@® ECWL

A WL

0]

No equipment

EC Meter Position
FW-freshwater
BW-brackish water

B-boundary between FW and BR

EM
Urban area

B

Perennial water bodies

Intermittent water bodies

)

Marsh or wetland

Figure 2. Location of observation wells and weather stations in the study area.
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weather stations (WS) were obtained from
the National Water Commission (Conagua,
Spanish acronym). Information was also ob-
tained from the FIUADY WS. In all cases, the
total depths of the OW were between 30 and
60 m, which varied according to the distance
from the coast (shallower depths closer to the
coast). They had a diameter of 0.25 m with
a smooth 6-m strut and a concrete seal to
prevent direct seepage from the surface. All
the OW were located over 1 km from deep
wells which collected over 10 Ips of ground-
water, and thus, for practical effects, they
were considered not to have been affected
by extraction. A comparison was made of the
elevations of the saltwater interface (ESWI)
obtained through direct measurements of
EC profiles versus those calculated with the
G-H principle using equations (1) and (2). A
sampling of groundwater and a laboratory
analysis (gravimetric method) were used to
obtain water densities by differences of

masses, with 50 ml glass pycnometers, and
analytical balance at air temperature in the
FW, BR and SW interfaces.

Results and Discussion

Response of the Water Table Level to Precipitaiton.
Due to the presence of cavities and fractures
of various sizes, the water table level in karst
aquifers generally responds very quickly to
P. This investigation is the first to present
this relationship continuously over nearly 18
months. Figure 3 shows the response of the
water level to P at P-3 (northern portion of
the study region). Given the karst nature of
the free aquifer and a water table level of 3.73
m, its response to P is very notable and rapid.
The records also show that the increase in the
water level at P-3 is not only associated with
local rainfall but a notable increase in the level
is also observed at the Chicxulub Puerto WS
with no direct relationship to any recorded P
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Figure 3. Water table level / precipitation for P-3.
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event (box A). This effect occurred in the ma-
jority of the OW (information not shown) and
is due to the recharge of groundwater in the
southern portion of the OW site. Well P-3 is
located in the northern region near the natural
discharge area of the flow systems, and there-
fore the recharge in the southern area during
the 2012 rainy season (February to September
2013), by flowing toward the coastline, kept
the water level between 0.2 and 0.4 masl. The
2013 rainy season later increased the water
level to 0.8 masl.

Relationship with the G-H Principle. Accord-
ing to the G-H principle, the elevation of the
water table from the effect of natural recharge
from P should result in a deeper SW interface.
An indirect technique was used to identify
this effect, which consisted of recording the
EC at a point slightly below the FW lens, in
the BR zone. Conceptually, the “expected ef-
fect” is that the elevation of the water table
would move the FW/BR, FW /SW boundaries
to a lower depth and therefore EC would de-
crease. Figure 4 shows the results indicating
whether the following were identified based
on the G-H principle: a) the expected effect; b)
the opposite effect; c) both effects or d) none
of the previous effects. The heterogeneity of
the karst aquifer was a condition for identi-
fying the four scenarios expected, where the
spatial distribution shown in Figure 4 shows a
lack of any spatial pattern that would indicate
such behaviors.

In Figure 5, corresponding to P-18 located
west of the Merida metropolitan area, at a
distance of 33.31 km from the coast in the
north-south direction, the water table level/
EC behaves as expected (box A) according to
the G-H principle. Because of a precipitation
recorded on October 2, 2012, the water table
rose from 0.86 to 1.05 masl and the EC re-
corded by the automated meter immediately
decreased (from 3 620 to 3 050 umhos-cm™).
When the water level slowly began to de-
crease 0.04 m, the EC quickly increased (3 610
to 4 125 umhos-cm™), even more than before

the precipitation event, and stabilized (at 3
440 umhos-cm™) when the level reached 0.90
masl. Box B shows an abrupt increase in the
water level with no corresponding change
in EC. Even with the effect expected by the
G-H principle, the rebound effect and stabi-
lization of EC indicates a complex response.
The rapid variations (300 to 400 umhos-cm™)
identified over the course of the measuring
period, which do not correspond to changes
in the well’s water level, demonstrate a very
dynamic FW/BR mixing zone in terms of the
mixing proportions at the bottom of the wells.

Figure 6, corresponding to the EC profile
at P-18, shows the position of the automated
EC meter in the BR interface zone. The EC
profiles during the rainy season (August-No-
vember 2012) and dry season (January-March
2013) clearly indicate that the thickness of the
freshwater lens remained relatively constant
over the course of the year, that is, natural
recharge did not notably increase its thick-
ness. For example, on the dates when the EC
profiles were measured, the water table was
at 0.75 masl on August 9, 2012 and 0.56 masl
on March 13, 2013, while in the EC profile,
there were no significant changes in the FW
thickness in the well water column.

Figure 7 corresponds to P-6 located in the
northwest portion of Merida, at 16.77 km
from the coast in the north-south direction.
The water table/EC relationship behaved
opposite to the behavior established by the
G-H principle. The water level rose in boxes
A, B and C (from 0.37 to 0.63; from 0.23 to
0.78 and from 0.90 to 1.41 masl, respectively)
from the effect of natural recharge from P, and
EC increased (from 2 395 to 2 560; from 2 415
to 2 490 and from 2 450 to 2 535 wmhos-cm™,
respectively). In addition, in D, increases and
decreases are seen in the water level in the
well with no observed effects on EC. The
hydrogeological conditions of the karst me-
dium correspond to a different BR interface
in P-6 than in P-18. In P-6, with a thickness
of 5 m (elevation between -15 and -20 masl),
the EC increased roughly 20 000 umhos-cm™,
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Figure 4. Brackish water infterface/ precipitation and relationship with the Ghyben-Herzberg principle.

while it increased roughly 1 500 umhos-cm™
in P-18, with a thickness of 6 m (elevations
between -22 and -28 masl). And the EC values
remained within a small range, with the ex-
ception of the records corresponding to boxes
A, BandC.

Figure 8, corresponding to well P-6,
shows the position of the EC meter in the
zone defined as the boundary between FW

and Br. For the four periods in which EC was
characterized, no temporal changes in depth
occurred when the first abrupt change in EC
began. This indicates that natural recharge did
not notably change the thickness of the FW
lens. The EC at the BR interface on January
2013 was lower than the other months, while
there were no significant changes among the
other months.
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Figure 7. Water table level/ electrical conductivity for P-6.

In Figure 9, corresponding to P-5 located
northwest of Merida at a distance of 14.36 km
from the coast in the north-south direction,
two different behaviors are seen in how EC
responded to a rise in the water level in the
well. For event A, the water level increased
(0.16 to 0.60 masl) in response to rainfall on
October 6, 2012 and EC decreased (2 880
to 2 845 umhos-cm™). The water level then
began to decrease and the EC increased (2
845 to 2 960 umhos-cm™), a behavior which
is consistent with the G-H principle. For
event B, the water level increased (0.62 to
1.20 masl) and EC increased (2 885 to 3 160
umhos-cm™), then the water level decreased
(1.20 to 0.61 masl) and EC decreased (3 160
to 2 870 umhos-cm™), which is opposite to
the behavior predicted by the G-H principle.
Figure 20 shows the location of the automated
EC meter at the BR interface. During the four
periods in which EC was evaluated, no tem-
poral changes in depth were observed prior

to the abrupt change in EC, with the exception
of the month of August 2013 in which EC was
slightly higher than the other three months.
This indicates that natural recharge did not
notably change the thickness of the FW lens.
At the BR interface, an increase in EC was
observed in March 2013, under the -20 masl
of the other months, which did not present
significant differences among them.
Different causes could explain the ir-
regular behavior in the changes in the water
level elevations and the EC at the FW/BR
interfaces. First, given that the water level
in B is greater (0.62 masl) than A (0.16 masl),
it is possible that some fractures or cavities,
whose hydraulic behavior is fluctuating as
a canal under pressure (full tube), may be
activated and deactivated as the water level
varies. Schmidt (2012) characterized the wells
in the experimental FIUADY field using video
of the main dissolution channels (over 30 cm)
associated with faults and fractures (Figure
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Figure 9. Elevation of water table/electrical conductivity for P-5.
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Figure 8. Profile of electrical conductivity for P-6.
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Figure 10. Profile of electrical conductivity for P-5.

11). This provided an idea of the presence of
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