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Abstract

An analysis of water quality data is presented for the Aguamilpa reservoir
located in a tropical region of the state of Nayarit, Mexico. The analysis includes
physicochemical and biological data including total chlorophyll and blue-green
algae concentrations obtained at different depths during the period of June 2008
to April 2009. The observed measurements show that the reservoir is stratified
during all the study period and has a relatively high primary productivity. The
relatively high blue-green algae concentration on the surface waters indicates
that eutrophication process occurs in this young reservoir which began
operations in 1994. This eutrophication process may be explained by the
nutrients enrichment in the system, relatively warm temperatures intrinsic to the
tropical region where the reservoir is located, low turbulence in lower layers and
stable circulation patterns due to the narrow morphology of the steep canyon
walls where the reservoir is located.

Keywords: Aguamilpa reservoir, water quality, blue-green algae, meromictic
circulation.

1 Introduction

Reservoir construction continues at a rapid pace, in particular in the developing
world, where demand of water and electricity is strongest as a consequence of
population growth [1]. The interventions in the natural hydrologic cycle by
damming of the rivers are usually undertaken with a beneficial socio-economic
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objective in mind. The experience has evidenced, however, that the long term
results of the environmental degradation frequently exceed those benefits. The
contamination and degradation of water quality interferes with the water uses at
any scale (local, regional or international) [2]. In fact, it has been demonstrated
that the restoration of the aquatic ecosystem and water quality of large reservoirs
can be considered irreversible [3].

The present-day knowledge on water quality of freshwaters at tropical regions
is based on the studies that have been developed in last decades especially in low
latitudes of the tropic [4, 5]; however, these studies are restricted since they
focus on tropical water bodies located at high altitudes which are shallower that
those located at low altitude zones [6, 7].

In Mexico, reservoirs have been built primarily to store large volumes of
water used for power generation. Therefore, little is known about the water
quality conditions of lakes and reservoirs despite the fact that they represent
almost 70% of the storage capability of surface waters [8]. In particular, studies
related to water quantity and quality for the Aguamilpa reservoir are recent [9—
13].

Basic features of the physical, chemical and biological limnology of
Aguamilpa reservoir, a large impoundment on the Santiago and Huaynamota
rivers, were studied during the period of June 2008 to April 2009. The main
objective of this paper is to provide baseline knowledge of the general water
quality features of Aguamilpa reservoir.

2 Materials and methods

2.1 Study area

Since the mid nineteenth century, four large hydroelectric power plants have
been constructed in the basin of the Santiago River, one of the most important
and largest rivers in Mexico, in which the Aguamilpa reservoir is included. The
poor water quality of Santiago River it has been recognized due to non-point
wastewaters discharges from Guadalajara city metropolitan area, the excessive
use of fertilizers, and land use changes [14].

The Aguamilpa reservoir is located between 21° 23" and 21° 56' N, and 104°
25" and 104° 49' W (fig. 1), 305 km downstream from Guadalajara city
metropolitan area, the second largest city in Mexico. The reservoir is part of the
Santiago-Aguamilpa and Huaynamota hydrologic systems and it occupies
approximately 60 km along the Santiago River and 25 km along the Huaynamota
River. Aguamilpa reservoir was built between 1989 and 1994, primarily to meet
growing demands for hydropower generation and flood control; irrigation and
fishery usage being secondary. Relevant morphometric and hydrological
characteristics of the reservoir are summarised in table 1.

The regional hydrological and climate features where the reservoir is located
are characterized by the existence of three seasons: a rainy season that lasts from
July to October, a cold dry season from November to February and a warm dry
season from March to June [13, 15].
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Table 1: Morphometric and hydrological features of Aguamilpa reservoir
[16, 50].

Catchment attributes
Catchment area (km?) 7,991
Mean annual runoff (Mm®) | 595

Reservoir attributes
Total storage volume (Mm”) | 5,540

Surface area (km®) 109
Maximum depth (m) 187
Mean depth (m) 50
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Figure 1: Geographic location of Aguamilpa reservoir.

The bottom of Aguamilpa concrete faced rock-fill dam is located at
48 m.a.s.l. with the crest elevation at 235 m.a.s.l., and a length of 660 m. [16,
17]. The reservoir has a maximum storage water level of 220 m.a.s.l. and the
water used for power generation is taken at 170 m.a.s.L.

2.2 Sampling

Aguamilpa reservoir was sampled every two months between June 2008 and
April 2009. Sampling was always undertaken between 12:00 and 14:00 hours at
one station located at 21° 50' 23" N and 104° 47' 58" W, next to the dam wall,
which is the deepest part of the reservoir. Vertical profiles of temperature,
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dissolved oxygen, pH, oxidation-reduction potential (Eh), conductivity, total
chlorophyll and blue-green algaec were measured twice using a water quality
probe (YSI Model 6600D). For dissolved oxygen and pH the probe was always
calibrated in situ before sampling. Regular control measurements of dissolved
oxygen concentration were made by Winkler’s method [18].

The YSI chlorophyll system consists of a probe with a similar principle of
operation to the sonde-type fluorometers which induce chlorophyll to fluoresce
by shining a beam of light of the proper wavelength (470 nm) into the sample,
and then measuring the higher wavelength light (between 650 and 700 nm)
which is emitted as a result of the fluorescence process. The ability of
phycocyanin only to fluoresce between the 600 and 700 nm region of the
spectrum while present in whole blue-green algae cells is the basis for blue-green
algae determinations in this study [19].

A real time weather station, located at 21° 50' 32" N and 104° 46' 29" W,
operated by Federal Commission of Electricity (CFE) was used to monitor the
daily precipitation, air temperature and water level of the reservoir [20].

3 Results

The hydrological and climatic characteristics of the study area are described in
fig. 2. The rainy season goes from July to October, reaching a maximum
monthly average of 531.4 mm in July 2008. Air temperature of Aguamilpa
reservoir showed a monthly variation interval from 23.1°C £ 0.1 in December
2008 to 28.6°C + 0.5 in May 2008 with a mean annual temperature of 26.1 +
0.1°C. The highest volume stored in Aguamilpa reservoir (5,786.19 + 36.26
Mm®) was recorded in September 2008, whereas the lowest volume (3,197.38 +
2.97 Mm®) was recorded at the beginning of July 2008.

7000 35 - 50D
e A/&\g\ir_ﬁ_%;:gilﬁ.\.\ ” [ o
5000 - 2% ~ T
- D N
= E
= 4000 1_1.\11 I/) o0 & =
g ™ g |om 3
S 3000 15 2 g
2 — § low3
2000 ik o«
1000 5 r1oo
0 Lo ﬂ —— 0 Ly
AM J J A S O N D J F M A
I Precipitation —#-%uolume —A—Temperature
Figure 2: Monthly average of precipitation, air temperature and volume

stored in Aguamilpa reservoir from April 2008 to April 2009.

The thermal profiles of Aguamilpa reservoir during the study period are
shown in fig. 3. The reservoir showed a thermal stratification from June to
October 2008. The surface water temperature, depending on the season, varied
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from 29.5°C in August to 23.9°C in February 2009. During the cold dry season,
temperature was practically homogenous in the water column due to the decrease
of surface temperature. Thermal conditions in deeper waters of Aguamilpa
reservoir changed slightly within the study period, from 23.2°C to 23.5°C.

Figure 3:
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Vertical distribution of dissolved oxygen recorded in the Aguamilpa reservoir
between June 2008 and April 2009 is shown in fig. 4. In surface waters,
dissolved oxygen concentration reached a maximum of 9.53 mg/l in October
2008 and a minimum of 5.69 mg/l in February 2009. The water column was
characterised by the presence of an oxycline at 10 m depth from June to October,
therefore suboxic and anoxic waters (less than 2 mg/l) were present below the
oxycline. The dissolved oxygen concentration was evenly distributed along the
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water column down to 45 m in December 2008 and February 2009 and below
this depth, an oxycline was formed in both months. Suboxic and anoxic
conditions were always found below 60 m during the study period. Eh profiles
(fig. 5) verified the existence of an anoxic layer below 20 m in June and August
2008, below 45 m in December 2008 and below 60 m in February and April
2009.
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Figure 5: Oxidation reduction potential vertical profiles during the study
period.
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Figure 6: pH values measured in Aguamilpa reservoir from June 2008 to
April 2009.

The water column was stratified with respect to pH during the months of
June, August and October 2008 (fig. 6). In those months, surface pH values were
alkaline and varied from 8.12 to 8.85. An abruptly decrease, around 7.3, from
surface down to 10-15 m was recorded for that period, and below 20 m the pH
remains almost constant around 7.2. The behaviour for pH during December
2008 and February 2009 was similar to that observed for dissolved oxygen. In
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those months, the pH was almost constant, 7.64, down to 50 m, and decreasing to
7.32 in the anoxic zone. The pH slightly increased at surface layers during April

2009.

Figure 7:

Figure 8:
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Conductivity showed high fluctuations during the study period (fig. 7). At the
water surface, the lowest values occurred in the cold dry season (December 2008
and February 2009) with a minimum of 0.229 mS/cm at the beginning of
December 2008. Highest values were recorded in the rainy season, where the
maximum value (0.340 mS/cm) was observed at 30 m depth. On the other hand,
vertical distribution of conductivity, down to 50 m, was homogeneous during the
cold dry season, with a value of 0.231 mS/cm. At higher depth a slight decrease
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was recorded in December 2008, and a slight increase (below 60 m) in February
and April 2009 reaching values of 0.279 mS/cm and 0.273 mS/cm, respectively.

The highest concentrations of total chlorophyll (7.9 pg/l) were measured at
the surface in June and August 2008 (fig. 8). Total chlorophyll concentration in
deeper waters progressively declined in both months to values of 1.8 and 3.1 pg/l
at 60 m depth. The lowest concentrations of total chlorophyll at the surface,
around 4.3 pg/l, were measured in December 2008 and February and April 2009.
The water column concentrations of total chlorophyll during those months were
in the range between 3.6 pg/l and 5.3 pg/l.
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Figure 9: Vertical distribution of blue-green algae density measured from
June 2008 to April 2009.

The presence of blue-green algae was always detected in the surface waters of
Aguamilpa reservoir during the sampling period. The highest abundance (11,200
cells/ml) was found at surface in October 2008 (fig. 9). During the rainy season,
vertical distributions of blue-green algae densities showed an abrupt decrease
below the depth of 5 m, with less abundance variation from 15 to 60 m depth. On
the other hand during the cold dry season, the cell densities of blue-green algae
ranged between 125 and 508 cells/ml, with a homogeneous distribution through
the water column.

4 Discussion

The uptake of heat from solar radiation by reservoir water and the gain of heat
from air temperature by convection result in structural changes in the water
column in tropical water bodies [7, 21]. According to the aforementioned
studies, the increase of temperature of Aguamilpa surface waters from 25.9°C in
June 2008 to 29.1°C in October 2008, generates a termocline in the dry warm
and rainy seasons in the upper 60 m of the water column, below this depth
temperature remains almost constant for each season down to 120 m. During the
cold dry season surface water temperatures diminish, being lower in February
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2009 than in December 2008 and April 2009. Due to the cooling of surface
waters in those months, the termocline breaks leading to a thermal
homogenization of the water column. Similar results were found in other tropical
water bodies like Arenal reservoir in Costa Rica [22] and Oyun reservoir in
Nigeria [23].

The formation of the picnocline, mainly due to temperature, is reinforced by
the increase of conductivity levels in bottom waters, as can be observed during
February and April 2009. This increase is due to the incoming of salts and
sediment particles coming from shoreline erosion during the rainy season. This
situation agrees with the observations in other tropical water bodies, such as
Agua Fria Reservoir in Venezuela [24] and Lake Tanganyika in East Africa [25],
and temperate lakes such as Lake Pavin in France [26] and Lake Iseo in Italy
[27], where a chemocline was identified due to the high conductivity levels
recorded at lower layers. The accumulation of the alloctonous organic materials
in Aguamilpa bottom waters changed the redox conditions (fig. 10) due to the
decomposition of the organic matter [3, 28, 29], a process that generates the
anoxic conditions in bottom waters. In addition, the oxygen deficit in bottom
waters can also be related to water body depth [30-32].
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Figure 10:  Correlation between oxidation reduction potential and conductivity
from June 2008 to April 2009 at 45 m depth.

Owing to the great depth of the sample site, the slight variation in air
temperature through the year, distinctive to the tropical region where the
reservoir is located, and the physico-chemical properties of the water column
observed in this study, the lenthic zone of Aguamilpa reservoir is proposed as
biogenic meromictic according to Hutchinson’s [33] classification.

Since oxycline was identified at 60 m, morphometric variations on the
reservoir may also change circulation patterns and probably may develop warm
monomictic patterns as usually occurs in tropical reservoirs [7, 34]. This
situation is very important in Aguamilpa reservoir because the water used for
power generation is taken at 170 m.a.s.l. (around 60 m depth), therefore passing
anaerobic waters through turbines or other machinery may cause severe damage
to the equipment.

WIT Transactions on Ecology and the Environment, Vol 125, © 2009 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



178 Water Resources Management V

The highest abundance of blue-green algae was detected during the dry warm
and rainy season (June to October 2008). This fact may be related to the increase
of air and water surface temperature, nutrient enrichment in the reservoir
originated by the runoff from catchment area, and long periods of calm winds.
The narrow morphology of the reservoir featured by high steep canyon walls and
the low air temperature variation within the day, diminishes the advective wind
forces on the water surface during this period. This situation agrees with studies
in other countries such as New Zealand [35], North America [36], Italy [37] and
Poland [38]. When algal blooms occurred on the surface of Aguamilpa reservoir,
they were easily recognised by the resulting scum, which looks like blue-green
paint. The significance of these blooms is the fact that some blue-green algal
species are known to produce chemicals that can be toxic to animals and
humans, when present in hazardous densities in water bodies [39, 40]. On the
other hand, algal blooms also tend to be symptomatic of the later stages of
eutrophication [41, 42].

According to Wetzel [30], the blue-green algae are usually much more
tolerant to high temperatures than eukariont algae that inhabit the same system.
Temperatures above 20°C and increase of dissolved material contribute to the
maximum competitiveness and subsequent increase of blue-green algae
abundance in the system [43]. Therefore, the local climatic and hydrological
conditions during the rainy season and site specific characteristics favoured the
development of such algal blooms in Aguamilpa reservoir.
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Figure 11:  Correlation between blue-green algae and dissolved oxygen at 1 m
depth through the study period.

At present, there is insufficient information available for use concerning
maximum allowable concentrations for blue-green algae in a water body for the
different water uses. The Australian National Health and Medical Research
Council [44] suggests that blue-green algae levels below 20000 cells/ml can be
considered as low and it also recommends that in case of algal bloom occurrence,
an alternative source of irrigation and drinking water be used. Therefore under
this criterion, the upper layers of Aguamilpa reservoir, down to 15 m, is not
suitable for any of the aforementioned uses during warm dry seasons and rainy
seasons.
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Dissolved oxygen in the surface waters is the result of interaction between
atmospheric oxygen, algal photosynthetic activity and the chemical and
biochemical oxidation of organic matter [30]. Particular significance is attached
to the mixolimnion layer which was continuously mixed during the study period
and reached its best aeration precisely during the rainy season when blue-green
algae density was maximum (fig. 11). Oxygen production by photosynthesis of
blue-green algae in surface layers, and its diurnal oversaturation, has been well
recognized in some studies [45, 46].

According to Chapman [3], surface runoff within catchments area may
increase the water pH values during the rainy season. However in this study, the
increase of pH was only detected at surface layers during the rainy season.
Figure 12 shows that this situation is associated with the abundant presence of
blue-green algae. Meybeck [47] and Ghosh et al. [48] indicate that the dissolved
oxygen and pH increase in surface layers, caused by the photosynthetic
activities, may be associated with an eutrophication process in the reservoir.
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Figure 12:  Correlation between blue-green algae and pH through water
column in June 2008 and October 2008.

Measurement of chlorophyll pigments provides an approximate indication of
algal biomass. In general, the highest total chlorophyll concentration was located
at the surface (1 m depth). An abrupt decrease of total chlorophyll concentration
through the water column was observed in June 2008 when the supply of
nutrients from lower layers is suppressed due to thermal stratification.
Nevertheless, the partial vertical mixing observed in the water column during the
cold dry season showed an influence on the total chlorophyll concentration
profile which was homogeneous as a result of nutrients supply from deep waters,
observed at the end of the warm dry and during the rainy season. According to
OECD [49], water bodies with low levels of nutrients in temperate latitudes (e.g.
oligotrophic lakes) have low levels of mean chlorophyll a (<2.5 ug/l) whereas
waters with higher nutrient contents (especially those classed as mesotrophic)
reach levels of mean chlorophyll a of 2.5 to 8.0 pg/l and a maximum of 25 pg/l.
Since the highest levels of total chlorophyll measured at surface waters in
Aguamilpa reservoir was observed at the end of warm dry and during rainy
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season, reaching a maximum value of 7.9 pg/l, the trophic state of the reservoir
may be considered in the mesotrophic range.

5 Conclusions

Based upon the thermal characteristics of the water body, as a result of climatic
conditions distinctive of tropical latitudes and due to mixing features observed
through the water column of some water quality parameters, such as conductivity
and dissolved oxygen, the lenthic zone of Aguamilpa reservoir shows a
meromictic thermal pattern.

The analysis of physicochemical and primary productivity data including
blue-green algae density at different depths during the period of June 2008 to
April 2009 indicates an advanced eutrophication in Aguamilpa reservoir.

Noteworthy is the observed high density of blue-green algae present in
surface waters at the end of the warm dry season and during the rainy season.
This fact was found to be strongly associated with the increase of air temperature
in the region, the presence of nutrients in the water column, and was favored by
the particular morphologic features of the reservoir.
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