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Abstract

The water level in Lake Enriquillo in the Dominican Republic
(DR) has increased by an unprecedented amount over the last
decade, inundating thousands of acres of farmland and more
than a dozen villages and inflicting adverse social,
environmental, and economic impacts on the nation. The Lake
Enriquillo Basin (LEB), located near the towns of Independencia
and Bahoruco in the southwest region of the DR, is bordered to
the north by the Sierra de Neyba mountain range and to the
south by the Lake

Enriquillo is hypersaline and endorheic, with a water level that

Sierra de Bahoruco mountain range.
normally fluctuates between 40-50 m below sea level (BSL).
However, since 2000, both Lake Enriquillo and Lake Azuei
(Sumastre) in Haiti have experienced alarming water level
increases, with Lake Enriquillo’s water level rising to 17.2 m
BSL This article explores the changes in some of the important
physicochemical parameters—such as salinity, dissolved oxygen,
temperature, and pH—that have occurred in the period from
1977 to 2012. The highest salinity value occurred in 2012, at a
value 103.1%o0, with an average increase of 27.06%o, coinciding
with the lake level of 17.2 m BSL. Changes in these parameters
have caused damage to the ecosystem and the lives of people
and species that inhabit the region.
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Introduction

Lake Enriquillo is a hypersaline and endorheic lake in the Dominican
Republic (DR) that has a normal water level of about 40 m below sea level
(BSL). However, since 2000, both Lake Enriquillo and the nearby Lake Azuei
(Sumastre) in Haiti have experienced alarming increases in their water levels. In
the case of the Lake Enriquillo, the water level has increased to 17.2 m BSL. This
increase has had adverse effects on humans, vegetation, and fauna in the region
(Méndez-Tejeda et al. 2016 and Comarazamy et al. 2015).

Lake Enriquillo is located between the provinces of Independencia and
Bahoruco in the southwest of the country. It is bordered by the Sierra de Neyba
mountain range to the north and by the Sierra de Bahoruco mountain range to
the south. Both mountain ranges produce substantial amounts of water daily,
feeding reservoirs, rivers, and streams. The time interval between the initial
deposition of water in the mountains and when it reaches Lake Enriquillo is
between one and three years. Lake Enriquillo is also bounded by the nation’s
border to the west, and it lies east of the Laguna de Cabral and the Yaque del
Sur river (YSR) delta. A national park, Lake Enriquillo, and Cabritos Island are
the main fixtures of the Enriquillo Region and form the important Jaragua-
Bahoruco-Enriquillo Biosphere Reserve (Greer et al. 2006, Medley et al. 2007,
Duquela and Gonzalez 1983). The Lake Enriquillo Basin (LEB) is a closed basin
that converges in a tectonic depression of 35 x 12 km. Surface runoff collects to
form the major water sources for Lake Enriquillo. Approximately 80 spring water
sources also feed the lake, with the most important being the Marias, Guayabal,
Las Zufradas, Las Barias, Canal Cristobal, Rio Amada, La Cuesta, Boca Cachon,
and Laguna Limén (Buck et al. 2005).

The Caribbean climate depends on several factors, including the so-called
Caribbean Regulator Climate Centers (CRCCs), the North Atlantic Oscillation
(NAO), the El Nifio Southern Oscillation (ENSO), trade winds, and the North
Atlantic Warm Water Pool, the Multidecadal Oscillation, and the behavior of the
Azores anticyclone. The presence of ENSO, specifically in the 3.4 phase, is
associated with drought in the central Caribbean (Cuba, Hispaniola, Puerto Rico,
and Jamaica) and an increase in the intensity of hurricanes in the region (Chen
and Taylor 2002). The positive phase of the NAO generates a drier atmosphere in
North Africa, thereby creating better atmospheric conditions for the formation of
cyclonic systems, which reach the Caribbean region more frequently (Jury and
Enfield 2010, Giannini et al. 2001) due to the trade winds. All these things have
had a great effect on increasing the level of Lake Enriquillo and consequently
affecting the physical and chemical parameters of the lake water.

One of these parameters, namely the salinity gradient of Lake Enriquillo,
increases eastward due to the behavior of the trade winds in the area. This
suggests that rainfall conditions in the past were very similar to those of the
present and confirms that the connection to the sea on the east side of Lake

Open Science Journal - November 2016 2



Open Science Journal

Research Article

Enriquillo formed later (Buck et al. 2005 and De la Fuente 1976). A historical
review shows a gap in information in the fifteenth through eighteenth centuries.
Observations are available from the 1900s onwards, when the lake levels reached
30 m BSL. This suggests that during the interval of the information gap, an
accelerated erosion process dragged vast deposits of material, causing the river to
lose its channel, and hauled immense amounts of sediment that contributed to
the increase in the level of the Laguna de Cabral and therefore Lake Enriquillo.
Subsequent evaporation processes then reduced the lake water level to
approximately 40 m BSL. A decrease in precipitation in the LEB area promoted
accelerated evaporation in the watershed, where the water balance is in deficit
throughout the year (Diaz et al. 2001). Currently, freshwater springs discharge
water from the surrounding rocks into the lake at various locations along its
periphery. The salinity of Lake Enriquillo varies according to annual and seasonal
cycles of aridity and humidity that affect the weather. In recent years,
measurements of more than 100% salinity were recorded during periods of low
water levels, with lower salinities of 35% recorded during periods of high water
levels at the lake (Buck et al. 2005).

Apart from the effects of these normal climate cycles, Lake Enriquillo has
also been affected by a large number of natural disasters in recent years. The
region is an important social and environmental area of the DR, but despite this
being one of the richest natural environments in the Caribbean, many of the
people living in the region around Lake Enriquillo face severe social and economic
inequalities. This population is directly affected by the flooding of Lake Enriquillo
and Laguna de Cabral, with estimates of 27,046 citizens being impacted. This is
equivalent to 22%o of the total population of the municipalities surrounding the
Lake and indirectly 80%o of the total population. The most impacted
municipalities have been Jimani (5,855 people), Duvergé (11,395 people), and
Cristobal (3,865 people), and to a lesser extent Neyba (375 people), Poster River
(1,015 people), Villa Jaragua (1,750 people), La Descubierta (526 people), and
Mella (750 people) (UNDP 2013).

The purpose of this article is to analyze how the increase in size of Lake
Enriquillo has economically and socially impacted more than 100,000 people along
the Dominican—Haitian border. In addition, changes in the physicochemical
parameters of the water have affected marine life, livestock, and agriculture in
general in the region.

Study Area

The LEB (18°31.7 N, 71°42.91 W) was isolated from the Caribbean Sea
between 5000 and 2800 BP (before present) by tectonic uplift and fluvial
damming by the YSR (Comarazamy et al. 2015). Today, the basin is a closed-
basin lake and home to unique flora and fauna. Its sediments also serve as an
excellent source of paleo-environmental information (Buck et al. 2005, Mann et
al. 1984 and Cuevas et al. 2005).

Lake Enriquillo encloses three islands that are BSL. Isla Cabritos is the most
important island in Lake Enriquillo, with an area of 27.6 km2 and an elongated
shape. The other two islands are Barbarita (known locally as “Chiquita”), and
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Islita. During long droughts, the water level of Lake Enriquillo drops, and the
islands, particularly Barbarita and Islita, become peninsulas that are accessible
by foot. Isla Cabritos has the only hyperxerophytic dry forest that exists BSL in
the Caribbean and in any area in Africa or the Americas (Winsor et al., 2012).

Table 1. Locations of sampling stations

Stations Latitude (°N) Longitude (°W)
S1: Located opposite the park house,

18.56017 71.697
about 500 meters from “Las Zufradas”
So: On Neyba road, heading to La

18.4922 71.74493
Descubierta, on Cabritos Island
S3: Borbollones, facing the mine Lime

18.553 71.70266
La Descubierta
S4: Between Isla Cabritos and Sierra

18.467338 71.6779
Bahoruco
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Figure 1. Map showing the location of Lake Enriquillo on the Caribbean island
of Hispaniola. Bathymetric map of Lago Enriquillo showing 2-m depth contours
(modified from Araguas-Araguéas et al., 1993). Letters along the shoreline indicate
the approximate location of springs mentioned in the text: (A) La Azufrada, (B)
Borbollones, (C) Boca de Cachon, (D) Caoba, (E) La Zurza, and (F) El
Guayabal. Source: Buck et al. (2005).
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Methodology

The hydrochemical characteristics of wetlands are important in interpreting
the ecological dynamics of ecosystem components. Several parameters were
determined in the water column of Lake Enriquillo, including pH, dissolved
oxygen, conductivity, temperature, salinity, and atmospheric pressure. These
were registered with the equipment Hydrolab, model 156 ISY. The samples were
processed for nitrite, nitrate, phosphate, fecal coliforms, and total coliforms at
external laboratories. The results were compared with the permissible limits
established by international and national standards for bodies of water for direct
use. The measured place were described and physicochemical parameters were
determined. The hach water analysis method were used to determine nutrients,
using specific kits for water nutrients based on standard colorimetric methods.

Samples were taken from Lake Enriquillo at four stations (Table 1) to
analyze the hydrochemical behavior of the wetlands. This behavior is an
important component in interpreting the phenomenon of elevated levels in Lake
Enriquillo. Measurements of the discharge flow from the wetlands into Lake
Enriquillo were taken at different times between 2009 and 2011. Areas where
surface water discharged into the lake were also identified during the study. In
total, 38 discharge points were manually identified around the lake; however, only
11 were identified as contributing to the water level in Lake Enriquillo. Stream
discharge was measured using the wading method, and a reel or current meter
was used to determine direct capacities.

The hydrochemistry of the water was evaluated using three chemical
parameters: pH, dissolved oxygen, and salinity. Samples were taken in situ and
analyzed using the Hydrolab Model 156 ISY. Values for three physical parameters
(temperature, evaporation, and precipitation) were determined from historical
data (Figure 2) from the most accurate weather station in the LEB (Jimani). In
situ measurements were also taken on each field trip at the same time as samples
were taken to determine the values of chemical parameters (Figures 5 and 6).

Precipitation vs. Evaporation (mm) y =-0.896x + 3134.7
Jimani Station R? = 0.0004
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Figure 2. Precipitation versus evaporation at Jimani station (Lat: 18.29°N Lon:

71.51W Alt: 31.0 m). The complete series shows a slight tendency towards an
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increase in evaporation and a reduction in precipitation in the region; however,
from the year 2000, both precipitation (red) and evaporation (green) increase.
The rate of increase is much greater for evaporation than for precipitation.
Source: National Meteorological Office (ONAMET Spanish acronyms) and
Hydraulic Institute Dominican Republic (Spanish acronym INDRHI)
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Figure 3. The average monthly temperatures at four stations located in the
region of Lake Enriquillo. Data provided by ONAMET.

Hydrochemical Analysis Parameters

Salinity is an important parameter in aquatic ecosystems, affecting both the
biological community and the water density (Jordan and Cassidy 2011 and
Records et al. 2014). Salinity influences water circulation and the spatial
distribution of other chemical parameters in the water column. The salinity of
Lake Enriquillo ranged from 76.81-30.00 %o from 1977 to 1996 (Figure 4). In
2002 and 2003, the recorded salinity levels were higher, at 1001.3%0 and 101.1%o,
respectively. In the years 2010 and 2011, the salinity decreased dramatically to
26.1%0 and 27.1%q, respectively. The pH of Lake Enriquillo has been very stable
over the past 30 years, fluctuating between 7.8 and 8.4. On average, the water
temperature ranged between 27.9 °C and 31.72 °C. The lowest water temperature
was in 1977 at 27.9 °C (Figure 4).

Dissolved oxygen is an important regulator of metabolic processes in
organisms and in the community as a whole. Its concentrations in natural water
depend on the physical, chemical, and biological activities in the water body
(Naik et al. 2015, Touhami et al. 2015, Sangeeta and Neha 2015, and Nachshon
et al. 2014. During the present study, the highest dissolved oxygen level was
observed at sites (Duquela and Gonzalez 1983 and Herndndez and Gewenka 1985)
where the oxygen concentration was 0.46-1.7 mg/l. Oxygen concentration levels
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in the water column were at their lowest in the 1970s before they increased to an
acceptable amount, ecologically speaking. The lowest values for dissolved oxygen
were reported in 2010 and 2011; measurements are lacking for 1979 and 1996. In
2001 and 2002, the value decreased, whereas it increased in 2003 and 2009. Our
data show that the dissolved oxygen in the water decreased in 2010 and 2011,
with the lowest value of 3.90 mg/l occurring in 2011. The measurements in the
four seasons (Figure 6) showed an average of 8.46 mg/l; however, station S3
showed the highest value at 12.1 mg/1.

Physicochemical Properties of Lake Enriquillo

1977-2001
90
80
70
60
50
10
30
20
s FR "R R IR *
1977 1978 1979 1996 2001
BT(%) 27.9 29.2 31.72 31 30.4
W Salinity (%) 76.81 80 35 30 81
Oxygen (mg/1) 1.19 1.7 1.41
LI 8.4 7.9 8.2 8 78

BT(°) MSalinity (%) Oxygen (mg/1) WpH

Figure 4. Physicochemical parameters of Lake Enriquillo between 1977 and
1979, 1996, and 2001 (Duquela and Gonzéilez 1983). National Institute of
Hydraulic Resources (INDRHI). The 1979 salinity data were taken from Buck et
al. (2005).

Physical - Chemical Properties Lake Enriquillo
2002-2011

120

100
80
60
40
? .—- .—-
- -
2003 2009

0 2002 2010 2011
|BT(°) 28.2 29 3.08 294 30.9
M Salinity (%o) 103.1 100.1 101.5 26.1 27.1
Oxygen (mg/l) 46 11.6 93 44 39
W pH 8 8.1 8 83 8.2
ET(°) mSalinity (%o) Oxygen (mg/l) HpH

Figure 5. Physicochemical parameters of Lake Enriquillo between 2002 and
2011. Data provided by the Center for Research in Marine Biology (Spanish
acronym CIBIMA).
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Physicochemical Properties of Lake Enriquillo

2012
35
30
25
20
15 P
10 P
5
0
Stationl Station2 Station3 Station4
BT 3147 31.45 31.72 32.1
B Salinity (%) 28.7 28.27 29 22.2
Oxygen (mg/1) 6.28 6.56 12.1 8.9
upH 8.11 8.17 8.3 8.03
WT(°) MSalinity (%) Oxygen (mg/1) WpH

Figure 6. Physicochemical parameters of Lake Enriquillo between 2002 and
2011. Data provided by the Center for Research in Marine Biology (Spanish
acronym CIBIMA).

Nutrient concentrations were within the limits permitted by the
environmental standards, at 0.5 mg/l for nitrites and 10 mg/1 for nitrates. The
Lake Enriquillo samples ranged from 0.059-0.095 mg/1 for nitrates and 1.275-
1.324 mg/1 for nitrites. Note that nitrate levels are normally higher than nitrite
levels, but the Lake Enriquillo samples show an opposite relationship.

Chemical Parameters (mg/1)

Concentrations (mg/1)

A -.!

Nitrates (mg/1) Nitrites (mg/1) Phosphates (mg/1)

m 2009 0.095 1.275 0.291
m2010 0.066 1.275 0.17
1.324

2011 0.059 0.128

m2000 W2010 ¥2011

Figure 7. The behavior of chemical water parameters of Lake Enriquillo
between2009 and 2011.

Microbiological Analysis Parameters

The analysis techniques used in this study were those recommended by the
Evironmental Protection Agency (EPA) standard method (series 3 tubes) using
total coliforms. Escherichia coli and fecal Streptococcus were used as indicators of
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pollution, as described in the publication Volunteer Stream Monitoring: Methods
Manual, November 1997. Water samples were delivered to the Universidad
Autonoma de Santo Domingo (UASD) laboratories. Nutrients analyzed in this
study were nitrite, nitrate, phosphate, and phosphorus. These were determined
by spectrophotometry (Hach DR / 2000 software version).

Microbiology Parameters
®
g 30000
Bl
g
=
® . 25000
o=
& 8 20000
AL
88 15000
T
el
S 10000
=
©
E 5000
0
2009 2010 2011
BEnt. faecalis. (UFC/100ml) 10000 19175 21234
B Coliform (UFC/100ml) 21833 26900 28212
B Ent. faecalis. (UFC/100ml) B Coliform (UFC/100ml)

Figure 8. The behavior of the microbiological parameters of the water of Lake
Enriquillo between 2009 and 2011.

Nutrients, such as phosphorus, nitrite, and nitrate, allow the production of
trophic levels in aquatic ecosystems. The concentrations of nutrients in nitrites
and nitrates were within allowable ranges for the environmental standards of the
DR; the limit is 10 mg/l. Concentrations of nitrites and nitrates ranged from
0.095-0.066 mg/1. Phosphorus was recorded at 0.291-0.170 ml/g; this parameter
was found to be slightly higher than the DR environmental standard of 0.025 to
0.03 mg/1. The slight change in the concentration thereof is probably due to the
amount of organic matter in decomposed terrestrial vegetation that was covered
by the flooding of the lake and that released nutrients through oxide reduction
reactions. Other aspects that can contribute to the contamination levels are
dragging, runoff time, prolonged rainfall, and the flooding of cultivated land by
the lake, as fertilizers contain nutrients that dissolve in water and thus increase
the concentration of nitrites, nitrates, and phosphorus. If this increase is
continuous, eutrophication may occur, a process that adversely alters the water
quality and affects all aquatic life.

Piezometric Variations

Historical records are of great importance in understanding the lake’s expansion
(Bedmar and Araguas 2002, Murillo et al. 2014, Healy and Cook 2012,
Sreenivasan 1967 and Smith and Manoylov 2013). The analysis of the variations
in water level for Lake Enriquillo showed that the levels have risen in almost all
areas of Lake Enriquillo since 1997. This includes the eastern part of the town of
Angostura, according to information collected locally. Moreover, the levels have
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risen more than 2 m in the area of the captive aquifer between Tamayo and
Galvan.

Assumptions about the effects of the rains were made based on storm events.
The average values of the piezometric levels of hurricane seasons from 2007-2008
were evaluated (Romero-Luna and Palteau 2011 and Gonzalez et al. 2010). From
2008-2009. Some interpretations of the effects of the rains in 2005 were made by
taking into account the events related to storms. Analysis of the average values of
the piezometric levels during the hurricane seasons from 2007—-2008 indicated
that those levels have increased in the range of 15 m (maximum) in Puerto
Escondido, 11.0 m in Neyba, and 0.45 m in Jimani for the years 2008-2009. The
discharge of groundwater during a typical wet year is about 7 x 108 m3/year and
during a typical dry year is 2 x 108 m3/year. During the last two years, the
measured discharge has been higher than the average discharge during typical
wet seasons (Méndez et al. 2016).

The hydrogeology of the LEB is associated with the geological origins of the
Sierra de Bahoruco and Sierra de Neyba mountain ranges and the discharge basin
of the YSR. These wells (aquifers) are located in the following areas:

i. Neyba-Galvan: The wells are mainly conical in shape and are found
in phreatic aquifers of high permeability, with source waters from the
mountainous areas of the Sierra de Neyba in the north.

ii. South of the town of Galvan: The wells are perforations extending for
2-3 kilometers.

iii. The west plain of the YSR (Tamayo-El Jobo): The aquifer is
confined and wells are all artesian. The wells are located in the thick
alluvial deposits of the YSR (east of the town of Tamayo). These
deposits play an important part in recharging the underground
system.

iv. Angostura Valley: Located on the eastern boundary of the study area
and 3—4 kilometers southeast of the town of Angostura, the wells are
all concentrated in a phreatic aquifer.

Average Flows of Surface Waters

Wetlands, springs, and streams are located along the major tectonic thrust
lines that border the Valley of Neyba. Contact is made between both
underground and surface bodies of water, which must be taken into account when
calculating flows rate region (Méndez-Tejeda et al. 2016 and Comarazamy et al.
2015). The three major streams discharging into Lake Enriquillo are Canal
Cristobal, with a flow rate of 0.17058 m3/s; the Naked, with a flow rate of 0.9010
m3/s; and Boca Cachon, with a flow rate of 0.6232 m3/s. These three streams
contribute greatly to the water level of Lake Enriquillo (Figure 9).
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Average flows Stations (m?)
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Rio Guayab
Boca de Cachon
Laguna Lim

La Habitacion
La Descubierta

Figure 9. Average flows of 12 major surface water sources that discharge into

Lake Enriquillo.

Analysis and Conclusion

The salinity of Lake Enriquillo was 25%0 in 1977 and 31%o in 2001 (Figure
4); however, between 2002 and 2012, the salinity level exceeded 100% (Figure 5).
The dissolved oxygen level was relatively consistent from 1977-2001, but fell to
6-12%0 in 2011 and 2012. This decrease coincided with a sharp increase in the
water level and a decrease in the salinity to 22%o and 30%o, respectively.
Temperature and pH did not vary significantly.

Salinity in the southern basin, at ~ 2%o, was consistently higher than in the
northern basin (Buck et al. 2005). From 1977-2001, salinity remained almost
constant at 80%o, except in 1979 (Figure 4). This is due to hurricanes David and
Frederick striking the island in August 1979. Measurements showed that
Hispaniola experienced 1000.60 mm of rain as a result, surpassing the annual
average of 600 mm.

The water level of Lake Enriquillo increased by 17.2 m from 2001-2012. This
can be largely attributed to the large amounts of rainfall in this period, as
recorded by the Caribbean Regulator Climate Center (CRCC) (Méndez-Tejeda et
al. 2016). The arrival of fresh water from various tributaries greatly reduced the
salinity of Lake Enriquillo. However, the increase in salinity cannot only be
attributed to the fresh water provided by the tributaries; instead, it is assumed
that the lake received some kind of underground injection.

Variations in oxygen levels greatly affect nutrients and have a consequential
effect on the amount of decomposing organic matter. If this amount of
decomposing organic matter continues to increase, the eutrophication process
might start in Lake Enriquillo. The concentrations of microbiological organisms
showed an increasing trend in the three years of data. In the case of fecal
Enterococcus, the numbers doubled during the analysis period (2009-2011), while
total coliforms increased by approximately 77% (Figure 8).

The Lake Enriquillo region is rich in underground waters. Hydrogeology is
associated with the geology of the Sierra de Bahoruco and Sierra de Neyba
mountain ranges and the discharge of the YSR basin. An increase in the level of
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the wells correlates with an increase in the level of the lake, contributing to its

expansion.
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