Chapter 10
Investigating the Coastal Water Quality
of the Galapagos Islands, Ecuador
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Introduction

The Galapagos Archipelago is a UNESCO World Heritage Site and unique ecological
setting of species diversity. Internationally renowned for its link to Charles Darwin’s
research and seminal publication on biodiversity, “Origin of the Species,” a lesser
known fact is that the archipelago is home to more than 30,000 inhabitants, a rap-
idly growing population, and a burgeoning tourism industry (Epler 2007; Watkins
and Cruz 2007). Tourism has grown dramatically in recent years, increasing more
than threefold from 1990 to 2006 (Watkins and Cruz 2007), with more than 170,000
people visiting the islands in 2010 (GNPS 2011). The increase in tourism (and eco-
nomic growth) has resulted in increased immigration (Kerr et al. 2004). This inter-
connected growth in tourism and population has created a commensurate if not
greater strain on the limited infrastructure and ecological resource of the islands
(Walsh et al. 2010). Unsustainable growth threatens the islands’ resources, the
tourism-driven economy, and human health through inadequate infrastructure,
especially pertaining to water resources.

Water resources are critically important to the Galapagos Islands (Hennessy
and McCleary 2011; Lopez and Rueda 2010; Kerr et al. 2004). Management of
marine and fresh water is paramount to the success and balance of the Galapagos
Island economy and ecology; however, the human impact on groundwater and
marine water resources is apparent in bacterially contaminated aquifers on Santa
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Cruz Island, contaminated household water on San Cristobal Island, and
contamination of nearshore marine waters on Isabela Island (d’Ozouville 2008;
Lopez and Rueda 2010; Walsh et al. 2010). Wastewater management is one of the
greatest challenges, as most population centers depend on septic (onsite waste-
water treatment systems usually consisting of a collection area and subsequent
leaching into the ground) or poorly constructed sewage systems (Walsh and
McCleary 2009), which are not well suited for the lava-like bedrock which con-
tains little soil and primarily fractured basalt (d’Ozouville 2008). This lack of
sewage infrastructure and non-ideal subsurface create a high potential for water
resource contamination.

Internationally, fecal contamination of coastal waters used for recreation and sea-
food production is of serious concern given the potential public health risk associated
with contact and/or ingestion of fecal pathogens. In developing countries with
increasing populations and insufficient infrastructure, fecal contamination can be of
concern to both inhabitants and visitors (Rose 2006). Health risks often include gas-
trointestinal and respiratory illness, skin and eye irritation and, if symptoms go
untreated, can result in more severe illness (Fleisher et al. 2010; Wade et al. 2010).
Water-related illnesses have been reported in the Galapagos Islands, though are often
anecdotal and poorly researched (Hennessy and McCleary 2011; Walsh et al. 2010).

The impact of fecal contamination, such as that from sewage discharge, also
extends to an array of animals and plants (Fernandez 2008; Werdeman 2006).
Sewage treatment plants often discharge waters that have high concentrations of
heavy metals, organic compounds, detergents, endocrine disruptors, and personnel
care products that can have myriad effects on wildlife (Brausch and Rand 2011;
Islam and Tanaka 2004; Atkinson et al. 2003). Even the most advanced sewage
treatment plants discharge highly labile organic and inorganic nutrients, often con-
tributing directly to the formation of surface algae and phytoplankton growth in the
water. These surface “blooms” can contribute to low dissolved oxygen in coastal
waters (Pearl 2009), endangering the survival of fish, turtles, amphibians, and ben-
thic organisms with consequences that are severe (Fernandez 2008).

Galapagos Islands Water Resources

Water Impairment

Fecal microbial contamination of water resources of the Galapagos Islands,
though anecdotally suspected, has been difficult to demonstrate scientifically.
Water quality studies have mainly focused on freshwater (groundwater and house-
hold drinking water) and have found elevated Escherichia coli (E. coli) and fecal
coliform concentrations (Lopez and Rueda 2010). A recent study at eight total
sites on three islands, conducted by the Galapagos National Park in combination
with the Japan International Cooperation Agency (JICA), found levels of fecal
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coliforms (of which E. coli is a major subset) in groundwater, lagoon water, and
household water at levels ranging from 102 to 10° fecal coliform bacteria per 100 ml,
for all sample types (Lopez and Rueda 2010). These levels are beyond limits estab-
lished by Ecuadorian national environmental legislation to protect public health
(TULAS 2003). Marine and brackish water fecal contamination has been previ-
ously determined around larger towns of the islands and their associated ports (Kerr
et al. 2004; Moir and Armijos 2007; d’Ozouville 2008; Lopez and Rueda 2010). For
instance, a study by Armijos et al. (2002) in the coastal waters surrounding Puerto
Ayora, Santa Cruz, found marine water degradation due to high E. coli concentra-
tions at sites where contaminated groundwater leachate was flowing into Academy
Bay during low tide, which is when water is being pulled from the land into the
coastal environment.

Overall, long-term microbial water quality monitoring reports and robust data
sets are not available for the Galapagos Islands (Walsh et al. 2010), especially for
nearshore marine waters. When microbial water quality data does exist, it does not
indicate sources of contamination, routes of transport, or seasonality. These are all
more difficult pieces of information to derive. In addition, all previous reported
monitoring has been conducted using non-molecular methods (e.g., multiple tube
fermentation or most probable number methods such as direct culture plating or
utilization of chromogenic substrate tests). Though these studies of microbial water
quality are useful, they are generally insufficient for identifying the source(s) of
contamination, which are likely to be variable and multiple. Using a sanitary survey
style to visually identify potential sources of contamination, and based in previous
research, the following are suspected sources of fecal contamination to marine
waters: contaminated groundwater (Lopez and Rueda 2010), submarine sewage dis-
charges, overland pipe discharges (Walsh and McCleary 2009), boat discharges
(Werdeman 2006), and surface runoff during wet weather. Source-specific monitor-
ing is needed to understand the complete picture of potential water impairment in
the Galapagos Islands.

Elevated nutrient levels and decreased dissolved oxygen concentrations have
also been reported within Academy, Wreck, and Turtle Bay waters proximate to
some of the largest towns in the Galapagos Islands and are suspected to be related
to sewage contamination (Fernandez 2008; Werdeman 2006). A study by Werdeman
(2006) examined the marine waters around Puerto Ayora, Puerto Baquerizo Moreno,
and Puerto Villamil and compared nutrient levels (phosphate, nitrate, and ammo-
nium) to a non-populated reference bay (Cartago Bay). Generally, levels of nutri-
ents were higher in all populated bays than the reference bay and showed increased
eutrophication and decreased dissolved oxygen. A second study conducted by
Fernandez (2008) also found increased nutrient levels in Academy Bay, the bay sur-
rounding Puerto Ayora, Santa Cruz. This study determined a net flux of nutrients
from the terrestrial to the marine environment, leading to potential increases in both
eutrophication and microbial contamination. In both studies, it was concluded
that these elevated nutrient concentrations were partially due to sewage inputs
(Fernandez 2008; Werdeman 2006).
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Water Infrastructure

Throughout the Galapagos Islands, expanding population and community sprawl
are challenging an already stressed and inadequate water and sanitation infrastruc-
ture. In a domino effect scenario, increased population and sprawl leads to increased
sewage waste, which increases unregulated discharge and overwhelms an already
overburdened wastewater system. Without proper infrastructure, “straight piping”
into fissures (Moir and Armijos 2007), septic systems in subsurfaces not ideal for
this method of disposal (d’Ozouville 2008), and cesspools (latrines) are often uti-
lized (Walsh and McCleary 2009). Fecal contamination is occuring in coastal waters
near growing population centers like Puerto Ayora, where brackish lagoons have
been contaminated (Kerr et al. 2004; Moir and Armijos 2007), as well as Isabela,
where previous untreated waste was directly piped to lagoons and mangroves
(Walsh and McCleary 2009), and even on San Cristobal (where greater than 85% of
households are connected to a public sewage disposal system) where untreated sew-
age is pumped through town to a submarine discharge, resulting in increased eutro-
phication and microbial contamination of waters proximate to Punta Carola, a
popular swimming and surfing area. In essence, tourism and population growth in
the Galapagos Islands are out of balance with the development and demand for
water and wastewater infrastructure (Hennessy and McCleary 2011).

Impacts

Water quality impairment has human health implications for users of marine waters
for swimming. As described earlier, fecal contamination of water resources can
have major repercussions for the public health of residents and tourists alike in the
Galapagos Islands. Though a paucity of data exists to link water quality contamina-
tion directly with public illness (Walsh et al. 2010), anecdotal evidence from tour-
ists and residents of the islands points to direct connections between water
contamination and illness (Hennessy and McCleary 2011). For instance, Hennessy
and McCleary (2011) reported that, based on information from a physician of Puerto
Villamil, Isabela, as many as 70% of local illnesses were related to contact (either
through consumption or exposure) to contaminated water. These illnesses reported
are typical of fecal microbial water quality contamination, such as gastroenteritis
and skin diseases, and commonly affect younger children (Wade et al. 2010; Colford
et al. 2007). Generally, waterborne illnesses are underreported, indicating that this
correlation between water contact and illness may be even greater than estimated.
Nearshore marine water quality degradation not only threatens the public health
of tourists and residents but also impacts the wildlife of the archipelago. Previous
research has shown impacts of sewage contamination to mollusk and crabs assem-
blages (Cannicci et al. 2009), large mammals such as sea lions (Sturm et al. 2011),
general fish species through impacts to food sources such as phytoplankton (Pearl
2009), and chemicals associated with altered breeding and reproduction (Al-Bahry
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et al. 2009; Penha-Lopes et al. 2009). Additional impacts to wildlife have also been
reported from increased heavy metals and endocrine-disrupting compounds
(Brausch and Rand 2011). Within the Galapagos Islands, marine wildlife includes
sally lightfoot crabs, sea lions, marine iguanas, and myriad fish species. Numerous
birds, including the blue-footed boobies, the wingless cormorant, and the magnificent
frigate bird, are also potentially affected through their dependence on marine-based
food sources. These species are likely affected by decreased nearshore water qual-
ity, which results in fish kills and effects reproduction and recruitment of many
lower trophic food species.

One example of potential sewage impacts on wildlife of the Galapagos Islands is
the sea lion. An integral part of the Galapagos Islands marine landscape and a
tourism icon, sea lions may be affected by sewage-related marine water impair-
ment. Previous studies have shown that these pinnipeds are particularly susceptible
to illness when inbreeding increases and pathogens are common (Sturm et al. 2011;
Acevedo-Whitehouse et al. 2003), which is likely the case for sea lions in the
Galapagos Islands’ marine environment. Even though sea lion populations have
recovered (following a massive reduction in recruitment during the 1997-1998 EIl
Nifo), current offspring are experiencing a high degree of illness (Jiménez-
Uzcidtegui et al. 2007). These high rates of illness may have some links to stressors
associated with human-caused marine water impairment. For instance, recent
research by Sturm et al. (2011) found increased illness in sea lions on the Chilean
coast due to Salmonella enterica infection and identified exposure to sewage as one
of the likely causes. For a place which ecologically thrives on a tourism industry
driven by the image of a pristine and healthy ecological landscape, determining
whether water contamination is leading to wildlife health impacts and ameliorating
such impacts is critical.

Characterizing Fecal Contamination in the Coastal Waters
of Santa Cruz and San Cristobal Using Molecular Methods

Study Area and Sample Analysis

A small-scale study was conducted on two islands using molecular techniques to
determine the quantities of Enterococcus spp. and Bacteroides spp. specific mark-
ers. Samples were collected within the cities of Puerto Baquerizo Moreno,
San Cristobal, and Puerto Ayora, Santa Cruz (Fig. 10.1). These population centers
were proximal to coastal waters that were considered impaired by visual observa-
tion. Other relatively non-impaired sites adjacent to these populated areas were also
sampled as reference sites. Samples were filtered and stored frozen for later analysis
at the University of North Carolina at Chapel Hill’s Institute of Marine Science, a
laboratory with access to advanced tools for analysis.



178 C.H. Stumpf et al.

Playa de
GaElapagos, la Estacion ¥ e
cuaaor
Laguna de
las Ninfas @ e J Ferry Dock
* Santa
Cruz Island
Liaya 0 500 1,000 Meters
e Tortuga : : 9
San
Cristobal
Punta Carola g = | | d
Outfa: e Tijeretas sian
< .g Playa Carola
° u Playa Mann
Playa de Bl i
Legend los Marinos aya de los
g = . Marinos Berm i
|| Fecal Bacteroides E:;ﬁ;";ff:ﬂﬂ;_}spp- jL
BacH e 0-50
I oectum @ 51-104
- Human Specific . >104 0 500 1,000 Meters
 ——

Fig. 10.1 Study sites sampled on San Cristobal and Santa Cruz Islands, Galapagos Islands

Molecular analysis of samples to quantify Enterococcus spp. and source-specific
Bacteroides spp. markers followed existing published protocols (Noble et al. 2010;
Converse et al. 2009; Kildare et al. 2007; Seurinck et al. 2005). The trio of
Bacteroidales spp. marker assays, fecal Bacteroides spp., BacHum, and HF183
(human specific), cover a gradient of specificity and sensitivity. The fecal Bacteroides
spp. assay is the least specific and quantifies a cohort of anaerobic bacterial species
that are found most closely associated with human feces but can also be found in
some animal fecal material in lower concentrations. The BacHum and human-specific
assays are more specific to human fecal contamination, with the human-specific assay
having the greatest ability to discriminate between animal and human fecal con-
tamination (94-100% discriminatory ability, Ahmed et al. 2009). In real-world
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samples, quantification of both the human-specific and BacHum markers, along
with high concentrations of the fecal Bacteroides spp. is indicative of a strong
potential for the presence of human fecal contamination in a body of water.

Study Results and Implications

Enterococcus spp. concentrations were elevated (greater than 104 CE/100 ml) in
85.7% (6 of 7) of the samples in the coastal waters of Punta Carola Outfall and
Playa de los Marinos Berm, San Cristobal. Analysis of the samples using the trio
of Bacteroidales-based molecular methods demonstrated the presence of human
fecal contamination in 62.5% (4 of 7) of the samples in the coastal waters of Punta
Carola Outfall and Playa de los Marinos Berm, San Cristobal (two sites suspected
to be impaired during an initial visual assessment). Other sites, such as Laguna de
las Ninfas, showed more ephemeral signs of human fecal contamination (Fig. 10.2).
This result was not surprising given the location of a nearby submarine sewage
discharge pipe at Punta Carola and previous research which has determined fecal
contamination in lagoons within or close to population centers in the Galapagos
Islands (Lopez and Rueda 2010; Moir and Armijos 2007). The range of
Enterococcus spp. concentrations is presented as circles in Fig. 10.1, while average
concentrations for fecal Bacteroides spp., BacHum, and human-specific markers
are presented as bar graphs for each site. Concentrations for all assays and all
sites averaged 1.38x10%, 4.74x10°%, 1.97x10% and 1.54x10° cell equivalents
(CE)/100 ml for Enterococcus spp., fecal Bacteroides spp., BacHum, and human-
specific markers, respectively.

The results of this small-scale study demonstrate concentrations of Enterococcus
spp. that, according to current water quality standards used globally, could present
a risk to public health for those using certain contaminated waters for recreation
(World Health Organization 2003). Furthermore, the source-specific molecular
marker prevalence and concentrations indicate a strong likelihood that human fecal
contamination was present in the nearshore waters surrounding Puerto Baquerizo
Moreno and Puerto Ayora during the study period. Based on previous research
examining molecular analysis-based levels of Enterococcus spp. and Bacteroidales
in marine bathing waters (Wade et al. 2010), levels observed at these sites could
cause gastroenteritis and respiratory illness rates to exceed 10% for those swim-
ming in these waters. Interestingly, reference clean water beaches located outside
urban centers (e.g., Playa Tortuga and Las Tijeretas) showed concentrations that
were generally lower for Enterococcus spp. and exhibited no apparent signs of
human fecal contamination based on the trio of Bacteroides spp. markers.
Unfortunately, more tourists and locals swim and recreate in areas near towns (e.g.,
Playa de los Marinos, Playa Carola, and Laguna de las Ninfas), making the potential
incidence of disease from waterborne contact higher in these areas.

In 2011 (after this study was conducted), the Puerto Baquerizo Moreno waste-
water treatment plant was upgraded for both efficiency and improvements to envi-
ronmental standards for operation. Prior to this upgrade, the sewage was discharged
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Fig. 10.2 Despite possible human-associated fecal contamination, Laguna de las Ninfas is a
popular swimming area for residents of Puerto Ayora, Santa Cruz

into the coastal waters, untreated. The new treatment plant utilizes a chemical treat-
ment, an activated sludge plant with aerobic processing, an aeration system, a disin-
fection process, and controlled discharge volumes. The plant has the initial capacity
to serve 6,000 people, with a second phase of upgrades intended to permit service
to be extended to 9,000 people. Our study has not sampled after the sewage upgrade,
but future testing should be conducted to verify that there has been an improvement
in water quality of the coastal waters proximal to the sewage discharge.

Recommendations

Monitoring

Consistent monitoring of fecal indicator bacteria and source-specific molecular
markers is greatly needed in marine and brackish waters near residential and tourist
epicenters of the Galapagos Islands. These monitoring plans should be implemented
to include areas of suspected fecal contamination as well as reference (nonimpacted
nearshore water comparison) sites. Sampling should include monitoring of
Enterococcus spp. and more human-specific indicators such as the Bacteroidales
spp. group. Additional monitoring data such as nutrient analysis for nitrogen and
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phosphorus, and water quality parameters, such as chlorophyll a, dissolved oxygen,
turbidity, total dissolved solids, conductivity, and water temperature, should also be
collected.

Initial multi-year monitoring to determine “hot spots” of contamination should be
followed by targeted monitoring of contaminated sites. A combined multi-year and
“hot spot”-specific approach would permit small-scale variations in contamination,
such as weather patterns, and tourist and resident seasonal fluctuations to be detected.
Additional changes to the monitoring plan would revolve around alterations
(improvements) in wastewater infrastructure, changes in municipal boundaries
(sprawl), and epidemiology (e.g., high illness rates associated with a certain marine
recreational area). For instance, from January to June, heavy rain showers occasion-
ally occur on the islands, and amounts can quadruple in El Nifio years (Adelinet et al.
2008). Though the soils of the Galapagos Islands provide a low runoff potential
(Adelinet et al. 2008; d’Ozouville 2008), the presence of intermittent stream beds
within Puerto Baquerizo Moreno and Puerto Ayora indicate that runoff can be quite
substantial. These potential storms could lead to large overland fecal contaminant
flushing events and could be targeted for sampling.

Improved Infrastructure

Improved water infrastructure is essential to reducing contamination of nearshore
marine and brackish waters. Septic systems and unregulated discharges are likely
not permitting proper attenuation of fecal microbial pathogens before reaching
nearshore waters, due to the subsurface characteristics of the Galapagos Islands. As
a result, lagoons such as La Salina, Isabela (Hennessy and McCleary 2011), and
Laguna de las Ninfas, Santa Cruz (Lopez and Rueda 2010), or coastal waters such
as Playa de los Marinos, San Cristobal, become contaminated. Public wastewater
systems, which treat waste before release, similar to the one recently completed at
Puerto Baquerizo Moreno, San Cristobal, are needed for the Galapagos Islands
population centers.

Education and Benefits

Though the cost of long-term monitoring and improvements to infrastructure are
substantial, the overall benefits are invaluable. Many of the people of the Galapagos
acknowledge the importance of water resources and the need for their monitoring,
protection, and improvement (Hennessy and McCleary 2011). Continued education
and awareness is the key to an engaged citizenry; one which could encourage munic-
ipal leaders to invest in improved sanitary infrastructure and water monitoring. This
is especially true in developing countries, where the need for clean water and proper
sanitation is ultimately up to the residents of the small municipalities (Hagedorn
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et al. 2011). A portion of the conservation funds that are aimed at protection of the
islands and/or tourism income could be allocated for municipal sanitation improve-
ments. Educational institutions (both Ecuadorian and international) could be utilized
to assist and implement monitoring plans to reduce costs. International aid groups
could also be leveraged, similar to previous studies that were conducted in collabora-
tion between the Galapagos National Park Service and JICA on Santa Cruz Island.

Conclusions

Investment in water monitoring and infrastructure would benefit the Galapagos
Islands on three fronts: through improved quality of life for residents, improved
economic benefits (sustained and safe tourism), and improved ecological protection
of the rare species for which the Galapagos are famous. Robust microbial contami-
nant monitoring is needed in nearshore and brackish waters used for recreation
(beaches and lagoons) by locals and tourists to better understand the fate and trans-
port of fecal contamination. Additional studies during the “rainy” season should also
be conducted to determine inputs of runoff to these waters, and potential seasonally
related bacterial reservoir populations and rainfall-associated contamination events.
Wastewater infrastructure improvements (centralized wastewater treatment) could
dramatically improve water quality in population centers throughout the islands.
However, sewage infrastructure improvements must occur in concert with control of
human population growth and sprawl to reduce unregulated waste disposal. Education
and awareness of the need for clean water from the residents will ultimately influence
local government, and infrastructure improvements could be funded utilizing diverse
financial resources. Establishing the groundwork for better understanding of the
water quality of the Galapagos Islands will inform potential long-range management
strategies for improved water quality and marine water resource protection.
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