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Summary
Water supply and quality is a concern of many Pacific
island nations, where pure and clean drinking water
is not always available. One critical factor affecting
water quality is contamination from pig-raising
operations on these islands. An assessment of pig
operations and a series of studies of freshwater rivers
and streams on the island of Pohnpei, Federated
States of Micronesia, were conducted to document
the impacts of waste discharge from small piggery
operations on Escherichia coli as an indicator of water
contamination. The assessment characterized the pig
operations as small, but they utilized high volumes of
water for multiple daily pen washing, and they had
no waste management system. Discharge of effluent
was generally onto the ground or directly into fresh
or marine water resources. The island-wide survey
of 40 freshwater rivers and streams showed that 68.3
percent of the water bodies were not safe for recreation
and none were safe to drink. Profile sampling of eight
rivers and streams systems showed an increased
contamination levels along the flow gradient, from the
top to the bottom of the stream system. Water quality
indicators (E. coli) were 13 times higher in samples
from the bottom part of the stream than from the upper
part. Water contamination levels for seven of the eight
streams were not safe for swimming or bathing. All
samples, in both upper and lower parts of the stream,
were not safe to drink. Timed sampling of a tributary
of the Awak River, with a known biomass of pigs,
showed a spike in E. coli concentration four hours

after flushing, which remained high throughout the
12-hour sampling period. Results of the study indicate
that current piggery waste-management practices have
direct negative impacts on stream water quality.
Introduction
For Pacific island communities, water is a precious
resource deeply rooted in their culture, traditions, and
value systems. Without fresh water, life would not exist.
Safe and clean water is necessary for sustenance and
daily life but is oftentimes taken for granted in our
modern society. In many developing countries, lack of
access to safe drinking water is one of the leading causes
of death among children under 5 years old (UNICEF/
WHO 2009).
Access to safe drinking water and clean recreational
water resources is so important that most communities
and their respective public health and safety
government agencies have established regulations
and laws to protect these resources. In Pohnpei, the
Pohnpei Environmental Protection Agency (PEPA),
under State Law No. 3L-26-92, is authorized to
monitor and enforce water-quality standards related to
the protection of ground, surface, and marine waters
(PEPA, 1995). The PEPA Environmental Surveillance
Laboratory is certified (US EPA, 2013) to conduct
specific microbial analytical methods to determine the
safety of fresh and marine water resources for Pohnpei
State. The Pohnpei EPA Environmental Surveillance
Laboratory’s facility and technicians are certified by
the U.S. Environmental Protection Agency biennially.
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The fresh water quality standard for the E. coli bacteria
is 0 mpn/100 ml for drinking water and less than 576
mpn/100 ml for recreation or bathing.
Pigs are central in Pohnpei’s cultural heritage and
food system; they are not only an important source
of dietary protein, but they also play a central role in
Pohnpeian traditional ceremonies. However, current
waste-management practices, consisting primarily of
wash-down, result in the discharge of large quantities
of contaminated water onto ground surfaces and into
surface water resources, all of which pose serious
threats to water quality and human health.
According to the 2010 FSM-wide Census of
Population and Housing, there are a total 6,289
households (SBOC, 2013) and 3,944 pigpens in
Pohnpei State (DRD-FSM, 2012). In a survey of pigpens
(n= 743) conducted by PEPA in 2011, 79.8% of the
facilities were non-compliant to existing environmental
protection laws (unpublished data, 2011). The effect
of washing waste from one small piggery into freshwater resources may be negligible, but the combined
impact of polluted discharge from multiple operations
into one river valley or stream system can lead to significant levels of contamination and increase the risk
to human health. Discharge of fecal contamination
from multiple piggery operations is concentrated into
streams and, upon contact with humans, may lead to
many water-borne illnesses, including gastrointestinal
illness, infections of the eye and skin, and more serious infections such as leptospirosis or cholera (Yoder
et al. 2008, Lee et al. 2002).
Purpose
To meet the overall goal of gaining a better understanding of the effect of piggery operations on water
quality, this study addressed the following objectives:
1. To determine the characteristics of the size,
management practices, and location of piggeries
on Pohnpei,
2. To determine concentration of E. coli in Pohnpei
streams,
3. To determine the effect of piggery wash-down
practices on E. coli on Pohnpei streams.
Methods
Study #1. Piggery Characterization: In 2011, a total
of 15 pig operations, ranging from relatively small
2
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(<1 animal unit1) to large piggeries (>3 animal units)
were selected for data collection (Fig. 1). Information
collected from each site included number and class
of pigs, number of daily wash-down event(s), time
spent for each wash-down event, and hose-end waterflow rate. This information was used to calculate total
volume of water used per day and potential nutrient
loading into water bodies.
Study #2. Island-wide River and Stream Survey: To
determine the level of pathogen contamination of
freshwater resources on the island of Pohnpei, 40
perennial rivers and streams were sampled and
analyzed for E. coli levels in 2013 and 2014. The
sampling sites were typically at bridge crossings along
the main highway, which represented the lower end
of the watershed (Fig. 1). Duplicate samples were
collected in 120-ml sterile screw-cap collection vessels,
stored on ice (< 50ºF) and transported to the PEPA
Environmental Surveillance Laboratory for processing.
Water-borne E. coli levels in freshwater samples were
quantified using the IDEXX Colilert®-18/Quanti-Tray
2000 system (IDEXX Laboratories, Inc., Westbrook,
ME).
Study #3. Profile Sampling: To determine the effect of
piggery location on water quality, a profile sampling
method was implemented comparing three sampling
sites along an elevation gradient of the Mand, Awak,
Kipar, Soukirouhn, Dauen Neu, Nintu, Nanpil, and
Palikir stream systems. Sample sites included (A) the
upper watershed (headwaters) above piggeries, (B) the
contamination zone where there was the presence of
active piggeries, and (C) the lower watershed below
the zone of contamination (Fig. 2). A GPS record
and duplicate water samples were taken at each
sampling site. Sampling the headwaters of the Dauen
Neu, Nintu, and Palikir streams was not possible
due to inaccessibility. Identical sample-handling
protocols and testing methods to those used in Study
#2 were followed. To assess location effect on E. coli
concentration, data were analyzed by one-way ANOVA
(StatsPlus Mac, Analyst Soft, Inc. 2010).
The term “animal unit” is traditionally used as a base unit to
describe livestock density and is equivalent to 1,000 pounds
of live weight.
1
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Figure 1. Map of the island of Pohnpei, Federated States of Micronesia, showing 50
piggery assessment sites (pink dots), seven stream profile sampling sites (labeled
with names), and 41 bridge crossings (blue dots) used as sample collection sites
for the island-wide river and stream survey.

Figure 2. Sampling sites along the gradient of Soukirouhn stream showing a change in
elevation of 91 feet between the upper sampling site A and the lower sampling site C.
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Study #4. Timed Sampling
A timed sampling study was conducted to assess the
effects of wash-down events on water contamination
intensity, duration, and dynamics in a small tributary
of the Awak river system. Six piggery operators were
asked to simultaneously wash down their pigpens at
7:00 a.m. Sampling commenced at hourly intervals at
the lower end of the tributary, approximately 850 feet
from the last participating pigpen, and continued for
12 hours. GPS piggery site data and number and class
of pigs per operation were collected to estimate total
biomass for each operation. Sample-handling protocols
and testing methods were identical to Study #1 and 2.
Results
Study #1. Piggery Characterization
Results of the assessment showed that the average
number of pigs per farm was 15 head, with a range
from 3 to 31 head. On average, piggery operators took
35 minutes per pen wash-down event and washed two
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times per day, thus utilizing on average 233 gallons
of water per day per farm. Based on this data and
on manure output calculations, an average of 95,801
gallons of wastewater per farm were generated
annually (USDA, NRCS 2008). Table 1 shows the
breakdown by farm size, average number of pigs
housed, and annual wastewater generation. Annual
nutrients (as excreted) produced per piggery were
258 pounds of nitrogen, 88 pounds of phosphorus and
156 pounds of potassium. Table 2 shows the nutrient
generation by farm size. In most cases, nutrients were
not recovered but instead were lost through flushing
into water resources or onto the ground. This practice
can lead to environmental concerns and expose people
to potentially serious pathogens that can lead to illness
or even death. From a food-production perspective,
the flushing of the nutrient-laden waste into water
bodies represents the loss of essential plant nutrients
that could be used as a locally sourced fertilizer, if
processed correctly.

Table 1. Results of the Pohnpei piggery assessment study showing number of farms, average number of pigs, and
average annual wastewater generation by farm size category.
No.
of Farms

Ave.
No. Head

Ave. Water Use,
gal/farm/year

Ave. Manure,
gal/farm/year

Ave. Wastewater,
gal/farm/year

“Small” < 1.0 AU

4

8.0

34,250

1,061

35,311

“Medium” 1.1-3.0 AU

9

16.7

120,053

3,880

110,594

“Large” > 3.0 AU

2

23.0

97,441

6,862

104,302

92,308 + 17,561

3,526 + 601.3

95,801 + 17,879

Relative Farm Size

Average + S.E.

Table 2. Average annual amount of nitrogen, phosphorus, and potassium (as excreted)
generated from manure by farm-size category.
Relative Farm Size

Nitrogen, lbs.

Phosphorus, lbs.

Potassium, lbs.

77.8

26.0

49.1

“Medium” 1.1-3.0 AU

278.4

95.5

165.8

“Large” > 3.0 AU

529.8

176.4

324.4

Average + S. E.

258.4 + 45.7

87.8 + 15.4

155.8 + 27.8

“Small” < 1.0 AU
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Study #2. Island-wide River and Stream Survey
The results of the 2013 water-quality survey of the 40
rivers and streams on Pohnpei island showed that 27
rivers and streams (67.5%) had E. coli levels higher
than the recreational standard for fresh water and
thus were not safe for swimming, bathing, or other
activities involving human contact with water (Figure
3). No rivers or streams tested were safe as drinking
water sources. The lowest E. coli concentration was
115 mpn/100 ml, and the highest was 58,500 mpn/100
ml, or slightly greater than one hundred times the safe
recreation limits.
The results of the 2014 water-quality survey of
the same 40 rivers and streams found that 20 rivers
and streams (50%) had E. coli levels higher than the
recreational standard. Compared to the 2013 results,
nine streams and rivers remained safe for swimming
in terms of E. coli concentration, 16 remained unsafe,
four streams degraded from safe to unsafe recreational
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levels, but 11 streams improved from unsafe to safe
recreational levels. Concentrations of E. coli ranged
from a low of 65 mpn/100ml to greater than 24,000
mpn/100 ml. While there was an observed decline in
number of contaminated streams from 2013 to 2014,
the results of the two-year annual survey illustrate
the importance of continued monitoring, as stream
contamination status may change due to the dynamics
of stream flow, rainfall, time of sampling, and other
piggery-management factors.
Study #3. Profile Sampling
The results of the stream profile sampling are
summarized in Table 3. Water in the upper watershed
showed lower contamination levels and is considered
safe for swimming but not safe for drinking purposes.
The average E. coli value for the headwaters of the five
streams was 151.8 + 36.0 mpn/100 ml. Water quality
in the middle and lower parts of the watershed was

Figure 3. Map of the island of Pohnpei, showing river and stream sampling sites in 2013; red
dots refer to unsafe concentration of E. coli for recreation and bathing and green dots refer to
sites safe for these activities. None of the sampled sites met safe drinking water standards.
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Table 3. Profile sampling of 8 rivers and stream systems on Pohnpei Island, 2012.
River or Stream
System

Municipality

Upper Watershed (A)
E. coli (mpn/100 ml)

Mid Watershed (B)
E. coli (mpn/100 ml)

Lower Watershed (C)
E. coli (mpn/100 ml)

Awak

U

45

285

6,450

Kipar

Kitti

90

120

220

Soukirouhn

Kitti

187

1,141

1,819

Mand (Spring)

Madolenihmw

115

1,030

2,100

Mand (Fall)

Madolenihmw

180

250

270

Sokehs

NA

NA

820

Nett

294

NA

1,043

Dauen Neu

Kolonia

NA

>24,000

> 24,000

Nintu

Kolonia

NA

>24,000

> 24,000

151.8 + 36.0a

565.2 + 214.7b†

1,983.7 + 947.3b†

Palikir Crossing
Nanpil

Average + S.E.

Values with different superscript are significantly different, p< 0.10
Notes:
Recreation standard for freshwater is less than 576 mpn E. coli/100 ml.
mpn = most probable number of E. coli bacteria contained in 100 ml of water.
†
mean does not include Dauen Neu and Nintu streams.
a,b

severely compromised, averaging 1,983.7 + 947.3
mpn/100 ml for the six stream systems. Within the
contamination zone (B), contamination levels were
just around the limits for water considered safe for
recreational use (565+ 215 mpn/100 ml). E. coli levels
for two stream systems in Kolonia, the most populous
town and the capital of Pohnpei State, were above the
quantification range of the current analytical protocol,
indicating severe contamination, and were therefore
not calculated into the average value. The Kipar stream
system in Kitti did not have any piggery operations
within the 50-foot stream set-back regulations (PEPA
1995), resulting in the lowest E. coli level among all
lower watershed sampling sites. This suggests that
when EPA piggery regulations are followed, piggery
impacts on water quality are lessened. However, the
water was not safe for drinking. Based on the average
values for E. coli levels, the lower watershed was 13
times higher compared to the upper watershed and 3.3
times higher than the safe swimming threshold of 576
mpn/100ml. The likely source of water contamination
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was the discharge of wastes from the increasing number
of piggeries along the elevation gradient of the stream
system.
Study #4. Timed Sampling
Six piggeries were located within the study area
housing 70 pigs with a total biomass of 9.1 animal
units (or 9,100 pounds of biomass). The annual manure
production and components of nitrogen, phosphorus,
and potassium were calculated to be 76 tons, 1,542
pounds, 536 pounds, and 919 pounds, respectively.
Based on the average wastewater generation results
in Study #1, the six piggery operations generate an
estimated 554,280 gallons of polluted wastewater per
year.
Hourly-interval sampling revealed a sharp rise in
E. coli levels occurring four hours after flushing, and
levels remained high throughout the rest of the 12-hour
sampling period (Figure 4). It is important to note that
even at the onset of the interval sampling, E. coli levels
already exceeded safe recreational levels by nearly 300

E. coli, mpn/100 ml
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Figure 4. E. coli levels at hourly sampling intervals showing a significant rise to a peak concentration
four hours after piggery washing, which remained high throughout the 12-hour sampling period.

percent, and within 4 hours of sampling initiation, E.
coli levels exceeded the quantification range (>24,000
mpn/100 ml) of the current analytical protocol,
indicating severe contamination.
Implications
Results of our study indicate that current piggery wastemanagement practices have direct negative impacts on
stream water quality. Sixty-eight percent of the major
perennial rivers and streams contain levels of E. coli that
are not safe for swimming or bathing. The high levels of
E. coli contamination in the rivers and stream systems
distributed around the island indicate that the problem
is widespread in Pohnpei. The significant increase in
E. coli levels along the gradient of selected rivers and
streams shows a definite pattern of contamination due
to proximity of piggery facilities to streams and rivers.
The dramatic spike in E. coli associated with wash-down
events in the Awak River provides strong evidence that
fecal and urine discharge from piggery operations is a

point source of water contamination. High levels of E.
coli in river and stream water pose serious health risks
to the population, especially to young children and the
elderly. In addition, the constant flow of nutrient-rich
pig waste into rivers and streams may have possible
long-term negative consequences on the fragile coastal
ecosystem and the local fisheries.
River and stream systems are resilient and quick to
recover when the polluted discharge is stopped (Buchan
2006). Once waste disposal into a stream is halted, the
stream water can improve, bringing back safe water for
bathing, recreation, and, perhaps, ceremonial purposes.
As shown in a report on a similar situation in American
Samoa, for example, when enforcement actions stopped
piggery waste discharges into the streams, E. coli
concentrations declined more than 91 percent within
4 to 5 months, bringing tremendous improvement in
water quality and public health protection. The report
concluded that “public awareness of water quality
problems and the health threat from leptospirosis has
7
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driven community and political will to improve pig
waste management throughout the territory” (Buchan
2006). In addition to improvements in water quality
and public health, keeping pig waste out of water
bodies through collection and conversion into compost
represents an important potential source of fertilizer
to improve local soil fertility and food-production
capacity.
Next Steps
Improvements in water quality can only happen when
pollutants stop entering the streams. The most sensible
approach is education, followed by implementation
of improved piggery waste-management systems that
keep the waste out of rivers, streams, and mangrove
patches. Improved waste-management strategies, in
which wastes are properly collected, managed, treated,
and converted to a sustainable and beneficial byproduct, include dry litter systems, portable dry litter
pens, biogas systems, and/or improved septic tank
systems with solid and liquid collection components
that prevent discharges into the environment. Integrated
into all of these options would be a multiple-bin
composting system, which would take advantage of
the nutrients contained in the animal wastes, creating a
valuable fertilizer product for beneficial use in intensive
crop (vegetable, fruit) production or applications in the
traditional agro-forestry system. In addition to its value
as an effective and sustainable soil amendment, a wellmanaged thermophyllic composting system removes
dangerous bacterial pathogens, such as leptospirosis,
through the high temperatures generated during the
process (Walker 2011). The benefits of integrating
composting systems into piggery waste-management
systems include the reduction of nutrient and pathogen
discharges into the environment and the provision of
an important local source of fertilizer to improve soil
quality and food crop production.
In late 2011, a community-based multi-agency
group was convened and established to assist in the
development of an improved piggery-management
program for the island. The Pohnpei Piggery Advisory
Council has since brought increasing awareness of the
issues and concerns related to the piggery operations
on Pohnpei. Educational efforts in piggery waste
management and compost technology, solicitation
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of funds for deployment of improved piggery wastemanagement systems, and continued water-quality
testing are ongoing.
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