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CHAPTER EIGHTEEN

WATER AND HEALTH

Timothy Ford

he existenee of life, whether human, animal, avia.n, ]i(!\pti].liltl, am(]l)lnlil::lci

plant, or microbe, depends on water. The search for hl.cb(a‘slwc .u‘no[-c:.:wr
it) on other planets is always predicated on the search [o c.v:‘c C_n.(‘t') . r:mrt;
Humans are approximately 60 percent water, anclh\.?fc cannol sux‘vwrj pr more
than a few days without it. It is therefore not surprising that lnI:lenl :,ulo )];mn.l
been defined by water over the centuries. One he.ls only to 100{ d‘[‘(. (.V(‘E‘ lnmum
along the major river systems of the world to realize how the water enviro
has dominated, and continues to deminale, human cubiures,

The Hydrologic Cycle
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Our planet would appear 10 have a surfeit of water, l)L.It most wnlcrl is u:]m,va::l:.:),l]i
for human use. Qver 97 percent of the world’s water s salty, fo‘un\({] I.ll ‘IL c? il,“ h
and {to a much lower extent} in inland seas and Sfl[lWEll(?I' Iakc.‘.?. V '1<lll 1}:\:1?‘;(. wc
[recshwater, but over two-thirds of this 1s locked in the /’.\ulaut'm dIlf ! l,(:(. .,m.d
caps. The freshwater that remains, in rivers and l\akcs, i ‘th:‘ df,m(,)?[-)-[\;il.-;S(thc
within the ground, makes up less thap 1 percent of the w<')1 lcllz, “ldlu-.:. o $ :
supply potentially available for drinking, irvigating c.|(>p?, ‘“,1,( ot 1.(,1‘ u.’ ;;,_C.,]](.d
Waler is in continuous inolion among thc&jc various ]()LdlrllOHh, in .d L y ]‘UOL‘S
hydrologic cycle that dominates the health of the planet. Without contii

e ———
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FIGURE 18.1, THE HYDROLOGIC CYCLE.
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evaporation from the oceans, precipitation on land, and runeff back to the oceans,
no surface or groundwater rechar

gt can take place, and we would eventually
exhaust our available freshwater supplies. Figure 18.1 provides
overview of the hydrologic cycle-—the dominant (low
reservoirs, or pools.

a dragrammatic
s, or fluxes, and the critical

The hydrologic cyele teaches us to view water and health with a holistic
perspective. The comparunents of (he bydrologic cycle are e
indirectly connected, and perturbation of one compartment is likely 10 affect all
other compartments and therefore both human and ecological health. These
mterconnections are diagranmatically ilustrated in Figure [8.2. This chapter
explores these mterconnections. It describes several proce
important to humans, including

ither divectly or

sses that are crucially
water censumption, waste production, waste treat-
ment and discharge, and treatment for reuse, and outlines the nwltitude of healih
concerns ad cach siep.
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FIGURE 18.2. SCHEMATIC OF THE INTERCONNECTIONS
BETWEEN WATER AND HEALTH.
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important Definitions

Available freshwater supplies arc often conccptu;lllly (hv‘ldtl:(l Ellt)x s;(:)l;;:)td\:y;itlil
and groundwater: The US. Environmental Protection Agency (EPA,
these terms as follows: |
*»  Surface water: all water naturally open o the almosj;[\)hf:r.fl: (m:lrc;,sl;lli(;?,t ’
rc:;crvoirs, ponds, streams, impoundmgns, seas, Lbllldllt_b:‘ “ h". o lonh
s Groundwater: the supply of [reshwater found l)cn_cath the earth’s surface,
usually in aquilers, which supplies wells and springs
Because surfaee water and groundwalcr‘arc not indcplund\em of each other,
an overlap category is also recognized. The EPA defines this as
*  Groundwaler under the direct influence of surface water: any water bu:t"::]h(:i;]c“
surface of the ground with (1) stgnilicant OCC\.lrl't:11Cl:: (2)[ Tfl:,?;:ﬁzm' anci
microorganisms, algae, or larg::‘dimnctctr [‘)alhogm')s., { )l.s.lsgl ! [;m and
relatively rapid shifts in water characteristics such ds‘ll.ur' )tl )loy{ic‘(.ll ([)r
ture, conductivity, or pH which closely corvelate 1o elimatolog

surface water conditions

[
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These distinetions are Important because they direetly affect how we view the
quality of a water resource and how we manage: that resource. Ideally, watey used
as & drinking-water source {ofien called soure water) should be of (he highest qual-
ity, reducing the cost of waser treatment and the risk of contamination Ground-
water has traclitionally heen considered a high-quality resource, because as rainfall
and other surface walers pereolate through soil inte groundwaier, they are cleaned
by physical, chemical, and ticrobiological processes in (he soil, However, the
tracitional confidence in groundwater may not always be well placed, as human
activities such as lane matagement practices can influence even relatively deep
aquifers. Surface water, or groundwater uncler the divect influence of surface water
{GWUDD, has traditionally been less favored as a source for drinking water. How-
ever, groundwater is not always available, and municipalities may have no choice
but to implement extensive and costly surface water treatment. Ag present, just
over half of Americans get their drinking water from surface S0LICEs,

Surface and GWUDI water may be considered suitable for agriculiural,
inclustrial, or recreational uses with no or limited treaument. Dillerent eriteria are
therefore developed and applied to source waters, depending on their alfimate
use. Surface waters that are used as drinking-water sources are regulated by far
stricter criteria, for example, than are waters used to irrigate crops. A fuller
diseussion of water regulations appears later in this chapter

Water Use and Water Scarcity

Water scarcity may e one of the most crjtical health threats to human socicty
today. In the long term, societies can survive only on renewable resources, When
arcsource is nonrenewable then it i available only in finite quantities, and when g
resource is extracted faster than it can be renewed then eventually supply will not
meet demand. Bither pattern of use is nonsustainable. The most familiar exam-
ples of Bnite resources are fossil fuels, As explained in Chapter Fifteen, fossit fuel
ust: 1s nonsustainable in the long teren, leading 1o considerable pressure to develop
alternative encrgy sources, Just as fossil fuels are mined, so is water, Technology
has allowed us 1o extract more and more of the water trapped within the carth’s
crust. "This has allowed human habitation, and agricultural and industrial devel-
opment, to spread w arid areas of the planct that are poorly suited to sustain
human life, Unfortunately, in arid regions aquifer recharge rates arc Jow, and the
dleep aguilers faid down by countless ice ages are being gradually depleted. (Several
bouks provide informative discussions of water use and wailer scarcity; see, for
example, Gleiek, 1993, 1598, 2000, 2002, Clarke, 1993; Postel, 1997

Figure 18.3 shows (he Ogallala Aquifer, a groundwater resource so well known
that it was highlighted in National Geographic magazine (Zwingle, 1993). This vast
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FIGURE 18.3. THE OGALLALA AQUIFER.
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acquifer underlies 174,000 square miles in parts of cight states from South Dakola
to ‘Texas, and provides an estimated 30 percent of all groundwaler used for
irvigation in the United States (US. Geological Survey [USGS), 2004) 1t was water
from the Ogallala that helped convert the cenural plains of North America from
a dust bowl to an agriculrally vich region, However, the Ogallala is o finite
resource. It consists of fossil water, water sequestered underground for thousands
of years, and the current rate of water extraciion far exceeds the rate at which it
is replenished. Tor some states, groundwater supplies are expected 10 be depleted
i the next twenty to thirty years. Alrcady, furmers in the region are having to drill
much deeper wells or rely on surface water instead, which has lowered Farny yield
ny the regon substandally, In addition to water scarcity, water qualily in parts of
the aquifer may have been compromised by agricultural praciices.

Population and Water Scarcity

The adequacy of the water supply rellects a balance among water availability,
population, and the ways in which people use water. In many parts of \he world,
as desertbed i Chapter “Fen, populanion pressure places a severe strain on water
resources. According o the US.-based Population Action International, by 2025
27 percent of nations will face wader siress (defined as a water supply at or below
1,700 m¥ per person per year), and an additional 11 percent of nations will face
water scaretly (defined as a water supply at or below 1,000 m? per person per year)
{Engelman and others, 2004). These numbers reflect all domestic, inclustrial, and
agricultural water use for a region. They are hased on conservative projections of
population growthy; if population growth is higher than anticipated, then water
will be relatively more searce. Although some eountries have enormous supplies
ol water (Greentand, the world’s teader, has more than 10 million m# per capita
per year), others ave arid. At the extreme limit of water availability, the West Bank
and the Seychelles have zero per capita water availabitity and are entirvely
dependent on other countries for their water supply.

Water use varies not only with population but with leve! of development and
affluence. At one extremne, people in wealthy countries with ample water supplics
are refatively profligate wsers of water. In the United States, for example, where
the supply of rencwable freshwater is estimated to be 10,800 m3 per peeson per
year (not including Alaska or Hawail) {United Nations Educational, Cualtural and
Scientific Organzation |UNESCO), 2003}, the estimated annual per capita with-
drawal is 1,688 m® Of this, 12 perecut is used in homes, 46 percent in industry,
and 42 pereent in agriculture (Pacific Institate, 2003). The 12 percem used in
homes represents 5535 liters per person per diy, of which less than 0.2 pereent is
vequired for drinking (hased on EPA estimated caily water consurnption of 927 mi
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per person per day (EPA, 2000}, Advanced sanitation (including Dush oilets) s the
nortn in the United States and requires large amounts of domestic water use.

Ln contrast, Somalia’s supply of renewable freshwater is far lower, an estimalted
1,538 m? per person per year. The per capita withdrawal is also far lower than
that in the United States, an estimated 70 m® per year, ol which 3 percent is
used in homes, a negligible amount s used i mdustry, and 97 percent is used
{or agriculure. In this case, domestic water use vepresents 5.75 liters per person
per day, of which close to 20 percent is required for consumption. There s litile
margin of safety in this situation, and a temporary disruption of the water supply,

such as a drought, can be devastating

Agriculture and Water Scarcity

The division of water use in Somalia is typical for many of the less developed
countries and reflects the enormous amount of water that is needed o grow food.
In fact, on a global scale, agriculture accounts for almost 70 pereent of water with-
drawal (UNLSGO, 2003). Many Web sites list water-related lacts, and one much-
quoted figure, taken from the Web site of Brita {2003), a major manufacturer of
houschold drinking water [ilters, is that approximately 6,800 gallons of water
are required to grow a day’s [ood for a family of {our. Another ofi-quoted figure
is that 1,000 tons of waler ave required o produce | ton of wheat (Postel, 1999).
Nonedible crops such as cotlon also require large amounts of water; the
decimarion of the Aral Sea s atributed to cotton irrigation (Ellis, 1990} As a
result, it is not surprising that agricultural uses of water are the preatest global
contributors to water scarcity and to depletion of aquilers. Considerable efforts
have been made over the past decade to replace conventional irrigation with meth-
ods that minimize water wastage, such as dvip or other micro-irrigation technicues.
(The irrigation “crisis” is deseribed n detail in Postel, 1999}

Political Implications

The dependence of [vod production on irrigation links freshwater use with [ood
security and therclore with human nutrition and well-being, Acem dingly, the
political implications ol waler scarcity are enormous. Most of the major vivers
andl aquifers of the world cross international or at least state borders. Any use of
water by one nation or stale atfects all downstream users. Impoundiments (dams)
are particularly damaging 10 downstream users, as they dramaltically veduce water
flow for these eommunities, particularly during dry seasons. There are numer-
ous exampies of national and international crises emerging from shared water
resources {as shown in Table 18.1), I the exireme, these erises may erapl ino
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TABLE 18.1. HOT SPOTS: PAST AND PO

WATER RESOURCE CONFLICTS,
—_—

River Basin Length (km)

Nile 6,693
Tigris/Euphrates 1,840/2,700
Indus/8eas/ 2

Sutlej/Ravi /876 (indug
Ganges/Brahmaputra 2,414/2 896
Jordan 93
Parana/Paraguay 3,998 (Parana)
Rio Grande 3,057
Colorado 2,336

Countries

Tanzania, Kenya, Zaire,
Burundi, Rwanda,
Ethiopia, Uganda,
Sudan, and Egypt
Turkey, Syria, Irag,

and [ran

India, Pakistan, and Tibet

India, Bangladesh, Nepal,

and 8hutan

Israel, jordan, Lebanon,
and Syria

Brazil, Paraguay, Bolivia,
Argentina, and Uruguay

United States and Mexico

United States and Mexico

TENTIAL FUTURE

Source of
Conflict

Irrigation

Hyc!roelectric
projects, irrigation
Diversions; Sikh
versus Hindu
Deforestation and
siltation;
diversions
Diversions
(arguably the
underlying cause
of Arab-Israeli
conflicts)

Dams
(hydroelectric)
Development;
irrigation
Development;

irrigation

v.vhal h.as been called resource wars (Klare, 2001), (More
found in Chapter Twelve of (his volume; Clarke, 199

Climate Change and Water

Glabal climate change is discussed in delail in Chapter Ele
the ellect of climare change on water, W [ o
increased evaporation fron the 0ced
sphere, and ereasing preci

(Basterling and others, 2000).

Cause more water vapor in the

detailed ciscussions can be
3; Gleick, 1993, 1998.)

: ven. Here, we consider
wnung global wmperatures will resalt in
occans, an Increase in water vapor in the alma-
pitation, mcluding more severe weather events
There is also a positive feedback
atmosphere will exacerbate e
Weather changes are expeeted w be complex, with pre
sore regions and decreasing in others. ‘T'he , Iy
For example, on the one hand, incre

loop involved, be-
greenhousc effeet,
CIpitation increasing in
burden of water scarcity may shili,
ases mramfall could benefit arid regions.
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1 pe rimarily on snowpack
On the other hand, mountainous regions that depend primarily ¢ t sIm)
’ . 0 . - o event s
1 Lages armer temperatures preve w
{ ir water may experience shortages it warmes :
for themr water may experie g : ‘ s provent snow
weumulation. Although climate models are filled with uncertas ly (l d}} e
" : . o 1 - AP e ’ Y IA 1: ) o~
:i s must be viewed with exireme caution, o appears Lkely lhat_ the hy -,(Bm
‘ ‘ l ‘ 1 N - e ey - ‘\ 1 » l‘t: g IS
le as we now know it wilt change in coming decades and that in some reg
cycle as {

water scarcity may substantially worsen,

Human Impacts on Aquatic Systems
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TABLE 18.2. EXAMPLES OF HEALTH CONSEQUENCES

OF ENGINEERING SCHEMES.

Engineering Environmental it Effects
heme C uences ea
les onseq
Scheme Examp .
i i Dramatic increases in
i Created habitat for snails ) Cre

e ?;vyf{' ?é?\ﬁé?zlgg'm that carry the schistosome  schistosomiasis
irri n 4 4 B
;;:32?105 Sudan; Akosombo Dam,  parasite

West Africa -

iti d for Levels of mercury

Hydroelectric James Bay Conditions create PO Ak

methylation of mercury in
sediments and subsequent
accumuiation through the
food chain

Exacerbated extreme
Midwest floading events

projects

Channelization Mississippi River

Channelization, Florida’s Kisgkmmt:e N aﬁz‘t{r;):lec:r:gazlstﬁt far
i i River, Lake Okeechobee, wl
grtaei:?rl:éi diking, and the Everglades nurseries; caused lake

eutrophication, algal
and developing blooms, and fish kills;

reduced groundwater
recharge, and dramatically
changed the Everglades
ecosystem

guidelines

Huge economic

consequences, loss af
property, and Ioss_ of
livestock; depression

Primarily ecological and
economic; long-term
effects on human health
of changes to Florida's
hydrological cycle as
yet unknown

Water and Health 463
changes such as these can direeqly

afleet health, completing a cyele of humans
to water to hwmans,

Water contaminants full ing Iwo gencral calegories, chemical ane bialogi-
cal. Chemieal contaminants, such as arsenic, may occur natwrally or may he
discharged into water through ndlustrial, agricultural, municipal, and recreational
activity. Biological contaminants include bacte
originate from mny sources, including
two sections of this chapte
COntaminants.

ria, viruses, and protozoans; these
human and animal wastes. The next
T present information on tese two categories of

——————
Chemical Contaminants

A wide variety of chemicals can contaminate
contaminants may originate from e
are defined as follows (EDA, 2004),

water, as shown in Table 18,3, These
ither point sources or nonpoint sources, which

* Dot source: a stationary location or fixed lacility from which pollutants are

discharged; any single identifiable source of pollution; for example,
ship, ore pit, factory smokestack,

* Nonpoint sources: difTyse pollution sowrces (tha is, the pollutants do not have 1
single point of origin or are not introduced into o receiving stream from a spe-
cilie outlel; for example, they are pollutants carried of the land by storm-
water). Common nonpoint sources are agriculture, forestry, urban, mining,
construction, dams, channels, lane disposal, saltwarer intrusion, and city
streets,

a pipe, ditch,

Examples of point sourec chemical releases inelude

discharges of mercury,
solvettts, or polyehlorinated bapl

senyls (PCBs) from inclustrial drainpipes, anel leak-
age of MTBE and petrochemicals from corroding undergrouud gasoline tanks, A
magor example of a nRonpoint source is agricultural runofl’ containing pesticides
and murients. City streets and parking lots are important noupoint sources; these
seures can result in massive contamination of surface and groundwaters, as the
inpermeable surfaces accunulate high concenwations of street conlaminants such
as oils and household wastes that then ran ofl’ during heavy rainfall. Some con-
taminants, such as loxie metals and acidity in mine drainage, can arise from
both point and nonpaint sources. Other sources of authropogenic contamimants
tnclude deep injection of wastes into groundwaler, fead leaching from older
vdistribution pipes, ane the vagt quantities of pharmaceuticals that
are released in human sewage and from agriculture and aquaculture,

drinking-wate
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Radionuclides

Disinfection
by-products

Industrial wastes

Municipal and
agricultural
wastes (not
including
pathogens}

stiver, zinc, COPPET, _
chromium, nickel, arsenic
Transuranics

Fission products
Activation products

Natural

Chiorination,
chloramination, and
ozonation by-products

Pracess by-products, from
mining, dredging, and
other resource extraction
processes

Nutrients, range of
household and agricultural
chemicals, including those
suspected to cause
endocrine disruption
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TASLE 18.3. CLASSES OF CHEMICAL CONTAMINANTS IN WATER.
Classes Examples
i Alkanes, heterocyclics,
Petro‘ljeum| Crude oil gl L
Prdroca i i Gasoline, diesel, heating fu
hydrocarbons e i Polycyclic aromatic hydrocarbort
Co';?g;:;lgn or conversion (PAHs), synfuels, by-products
i polychlorinated biphenyls (PCBs),
Synthetic Halogenated hydrocarbons cyh e s {CFCS)
orgenies pesticides, solvents
Plasticizers, phthalic acid Polyvinyl chloride (PVC), DEHP
esters e
Surfactants, organophospha
Others pesticides, synthetic
pyrethrinoids, fuel additives
{MBTE)
Metals Cadmium, mercury, lead,

Plutonium, americium, curiurm

Cesium-137, strontium-90

Cobalt-60, manganese-54,
zinc-65, chromium-51

U-Th decay series

Chloroform, trichloroacetic acids,
chiorinated furanones, bromate

Many of the chemicals already
named, plus acids, ash,
desahnation brines, heat (from
cooling water), anticorrosion
chemicals, cyanide, and 50 forth

Phosphorus, nitrogen, _calnrbon,
silicon, antibiotics, disinfectants,
pesticides, fluoride,
nonylphenol ethoxylates,?
and so forth

20f recent concern are the nonylpheno! ethoxylates,

ifi i ts an
detergents, emulsifiers, wetting agen _ ¢
and c?msur;'ner products’. These comnpounds and theu_degradatlan pro
properties with profound consequences for agquatic biota

also be a human health concern.
Source: Adapted in part from Capone and Bauer, 1992.

d dispersing agent

(disrupling or preventing repr

chericals that have been used extensively-—as
s—n a wide range of industrial processes
ducts are thought to have estrogenic
oduction) and may

e A
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Naturally Occurring Chemical Contaminants

Many naturally occurring chemicals are toxic to hurnans. In most cases these result
from nonpoint sources, Chemicals that naturally occur in the carth’s soils and
rocks, for exampie, can readily diffise into ground or surface waters. As a result,
water may be naturally enriched with fluoride, selenium, arsenic, and a variety of
other chemicals. Nitrogen contarnination of ground and surface waters is often
atributed 10 wastewater discharge or excessive addition of fertilizers. However,
leguminous plants, such as soybeans and alfalfa, which have a symbioue
relationship with bacteria that fix atmospheric nitrogen, may also conuribute to
nitrate enrichment of ground and surface waters (Cox and Kahle, 1999),

Avsenie is an important example of a naturally occurring toxic contaminant
ol waler. Very high levels of arsenic exist in groundwater in Bangladesh and West
Bengal. To reduce risks of epidemic cholera and other diarrheal diseases, the
United Nations Children’s Fund (UNICEF) began a program in the 1970s to
install tube wells throughout these regions. The consequent exposure to arsenic
in drinking water {described in greater detail in Chapter Thirteen, Box 13.3), s
considered one of the greatest environmental disasters in history. However, even
lower levels of arsenic contamination, as occur in many parts of the United States,
arc cause for concern, as there is strong evidence linking these exposures to skin
disease and cancer. Stricter regulations have met political barriers due to the
fact that arsenic is a naturally occurring compound that is expensive to remove
from drinking watcr. Many medium, small, and very small water systems {defined
as serving 3,301 to 10,000, 501 to 3,300, and 25 w 500 peaple, respectively) use
source water contaminated with arsenic, at concenerations that barely met the old
standard of 50 pg/L To meet the new recommended stancdard of 10 pg/1, many
of these systems requive technologies far beyond their limited operating budgets
{(Ford and others, 2005). TFor some water systems, meeting these standards may
result in generation of large volurnes of arsenic-contaminated wastes. This in trself
could present an environmental health risk, as disposal practices have not yet been
fully established or their safety tested.

An inereasingly recognized natural source of chemical contaminants is toxing
procduced primarily by algac and cyanobacteria. Human activity can promote the
production ol these toxins through nutricnt loading and resulting eutrophication.
From the perspective of drinking water and recreational use of freshwaters,
cyanobaeterial blovms are of particular concern,

Cyanobacteria, sometimes imprecisely called blue-green algae, are simple
photosynthetic onganisms clostly selated to bacteria, found m water bodies through-
out the world. Water bodies that ave rich in nutrients, sucly as ewtvophic lakes, agri-
culwral ponds, or catch basing, may support proliferation of cyanobacieria. In some
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cases a bocly of clear water can become turbid, discolored (grccn, bh.w.-grcnn, or
reddish-brown) and covered with a film, or seum, in just a lew days. Several gen-
era of cyanobacteria, inclucing Microepsils, Anabaena, and Ap/rruuzumeufm, release a
widle range of low motecular weight chemnicals that include neurotoxins, hepato-
toxins, skin and gasiromtestinal irritants, enzyme mhubitors, an.(l (:omptfl.m.cls that
create taste and oclor problems, such as geosmin, People who drink or swin in con-
tarminated waters may be at risk, as are livestock and wildlife, Numcrous lfatalities
have been reported (Bartram and Chorus, 1999; Metcalf amc.l Clodd, 200,

In addition 1o the cyanobacteria, many species of planktonic algae procuce tox-
ins that accurnulate in shellfish or finfish, resulting in poisonings., Thc:sf‘. 'm(:lu.dc par-
atytic shellfish poisoning (PSF, caused by saxiloxing), (I.izu‘r]u:l.(: shellfish polsoning
{DSP, caused by okadaic acid), anmesic shelifish poisoning (A.bl’, cuusc(.l by d(]]Il(‘)lC
acid), neurotoxic sheltfish poisoning (NSE, caused by brevetoxing), ;‘m(l (:1guu.t(:1‘a_hs]1
powsoning (CFE caused by ciguatoxin or maitotoxin). A number of lh.cse poisonings
are life: threatening and constitute major public health threats worldwide, w1t|’1 enor-
mous ceonomic implications due to fisheries closures. Many resources on this topie
are available through the Woods Hole QOccanographic Institution, 2005.)

Anthropogenic Chemical Contaminants

Industrialization has left an enormous legacy of contarination. Exploimtinn(nl
the earth’s resources has resulted in ground and surface waters contaminated with
heavy metals and hydrocarbons, Uncontrolled industrial cllisch:lrgcs, m.il%l'fu‘y
activities, landfills, leaking underground storage tanks, agrlm':lluml activilics,
and many other human activities have and continue to contaminate ground and
surface waters, .

Anthropogenic chemicals can be divided into a number of classes, as de-
seribed in Table 18.3. However, in terms of brouad categories, they can be thought
of as organic, inorganic, or a combination of the two, as in the case 0.[' m.(:lhyh'm:l‘-
cury. The environmental fate and transport of a contarninant chenueal is » clu‘c%‘.l
funetion of its chemisiry {diseussed later in this section). For example, t_hc organic
contaminants popularly known as persistent organic pollutants (l)()l)fi) arc 50
named because their chemistry dictates that they are degraded at nvgllgll-)lu or
only very slow rates by naturally oceurring microbes, are ra!)idly parli\uonc(l
into soils or sediments, and consequently are present in the enviroommend for very
leng periods of time. PCBs, the classic example of a PO persist for decaces at
multiple hazardous waste sites thiroughout the United States and giobally (see the
section on environmenlal reservoirs later n this chapter).

Ivis sobering to think about the number of chemicals (lisp{‘.rsc.(l illl’(J‘th
environment. The USGS (2000) estimates that about 1 hillion pounds of pesticides
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are used in the United States every year, with abyout 80 pereent used in agriculiure,
As part ol its National Warter Quality Assessment Program {NAWOQA), the USGS
15 conducting the Pesticide Nutional Synthesis Project to obtam an assessinent of
pesticicles W the streams, vivers, ancd groundwater of the United States. For a weallh
of information on pesticide contamination, sce USGS, 2000; tor discussion of a
variety of additional water quality issues in the United States, see NAWOA, 2005 )
(An interesting example of tus information is a report on the pesticides used on
golf’ courses and detected in groundwater beneath those sites (USGS, 1998), which
lists no fewer than thirty-nine herbicides, thirty inscetieides, thirty-two fungi-
cides, four nemadicicles, three acljuvants {chemicals added to pesticide formulatious
to increase cfliciency), and seven growth hormones, Golf courses in New Jersey
alone are credited with twenty-eight herbicides, fificen insecticides, twenty-[ive
fungicides, one nemalicide, and seven growth hormones. Very few of tiese chem-
icals have heen rigovously tested for aquatic Loxicity bt may be considered POPs
that will remain in sediments and soils for many years, decacles, or even centuries
(see the seetion on sterage later in this chaprer),

Transformations

Onee contaminants are released into the aguatic environment, they have con-
siderable potential for both chemical and biotogical transformation to mare or less
toxic: forms, analogous to the human biotransformation described in Chapter ' Two,
As aresult, although water may contain parent molecules such as pesticides and
herbicides, a range of degradation products may also be present. Remediation,
whether chemical or biological, attempts to replicate seme of these changes,
rechucing toxic chemicals to nontoxic dlegradation products such as CO,y, GH,,
H,O, or, in the case of tetals, insoluble or otherwise nonbigavailable forms. Un-
[ortumately, transformations in the natural enviromment frecuently vesult in more
toxic or increasingly bivavailable forms. Vor example, i the presence of oxygen
{aerobic conditions), many groups of organisms are capable of hreaking down
trichlorocthylenc, a commonly used sotvent tha frequently ends up in ground-
water, One end product is vinyl chloride, a knowir carcinogen that cannot be
further degraded under acrobie condilions.

Biological Transformations. For almost every organic contaminant releascd 1o
the aquatic environment, there appears 1o be a microbe that can employ the com-
pound as an coergy or carbon sowce, or simply assist in its degracation through
the process of cometabolism, where crzymes that evolved lor another substrate
forwitously degrade the contaminant with no benel to the microbe. As with or-
gankc contamimants, reduced forms ol certain metals can he used as energy sources
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{eleciron donors) and oxidized forms can be used as energy sinks {electron
acceptors). (Many textbooks discuss microbial metabotisi and pollutant interac-
tions, for example, Mitchell, 1992; Madigan, Martinko, and Parker, 2004.)

} |FIGURE 18.4.  PESTICIDE MOVEMENT IN THE HYDROLOGIC CYCLE
NCLUDING PESTICIDE MOVEMENT TO AND FROM SEDIMENT ANd
AQUATIC BIOTA WITHIN THE STREAM.

One other major interaction between microbes and contaminants results rom

!
i
detoxification mechanisins, The methylavion of mercury may be one such mech- |
anisin, although the specific benefits of this process to-the microbe are currently
unknown. The case of the James Bay poisonings mentioned i Table 18.2 pro-
vides a good example of the process. Impoundments buiit for hydroelectricity in ‘
the James Bay region of Quebec resulted in extensive flooding of forested lands, |
Organic matter degradation by microbes resulted in consumption of oxygen,

anoxic conditions at the sedirment water interface, and ideal conditions for growth DRY \ \:f\ W, \_\".\\“\‘ RN .
of anacrobic sulfate-reducing bacteria (SRB). SRI3 are known to convert inorganic i DEPOSITION l‘i‘l.u‘:'\g‘:‘lI'r-l-\l‘-'}“l“l-s)\i\-l::;:\ EVAFORATION
mercury, either naturally oceurring in soils or from atmospheric deposition, 1w Y ‘.‘\\ '\\‘.‘:. AR ':’PF‘MT DR.[H'
methylmercury, which is highly lipid soluble and rapidly accumulates through the i l NN s rh WIND EROSION
food chain. Contaminated fish were then eaten by Inuit communitics, resulting in e 2ol WASTT ¢
concentrations of mercury in people that exceeded World Health Organization alhol  RUNOFF WATER 7 -
(WHO) guidclines (Calow and Pets, 1992), | _
. . : RO | D)= ~— RUNOIT: ﬁ%}% P
Chemical Transformations. A leading example of chemical translformations is the ':’ ale] [y F ‘@3
formation of disinfection by-products (DBPs). When chlorine s added 10 diinking “"7‘-' ﬂ%‘ﬂ 5>
water as part of the disinfection process, it reacts with naturally occurring organic i ; R inam
compounds present in source and distributed waters. The result is potentially toxic i ¥
chlorinated-by-products. Examples of these compounds include halomethanes such SELPAGE, (}R()UNIJ“VV." R SEEPAGE
as chloroform, bromoform, dichloromethane, and dibromomethane. Similarly, ozone  DISCHARGF, REM ,
reacts with natnrally oceurring bromine to form toxie bromates, DBPs are discussed TO STREAMS [)pi'(l)ifﬁ ‘EOXI\:H
in more detatl later in this chapter. . DOWNSTREAM TRANSPORT WILDLIFE
‘ SORPTION 10 BIOTA “ DESORPTION
Deposition, Storage, and Bioconcentration 7 HITUSION DIFFUSION g
For many years it was thought that chemicals discharged into receiving waters /‘ff T s Rf';‘[’li()I;UC'[‘I()N q
would simply be diluted to the point that they could be ignored, In recent years it ( p INGESTION . —— . \\\\lx /
has become abundantly clear that dilution is no longer suflicient. Ghapter Two (r SORMIION TO . S =+ ELIMINATION \\
d(fscril.)cci how chemical.:s move ‘Llu'ough .lhc hlocly in pl‘(:dl(‘.lalblc ways, kcystoqc vy RED SEDIMENT ’ 3 50 RPI'I(())I\IJ‘"‘;}(’()\S}I.ES ; \‘\\ I
of Loxicology; the same is tl}m for chemicals in ecosystems, including hydrologic ((K DESORPTION- o, SUSPENDED PARTICLE
cyeles, as demonstrated in Figure 18.4. AR g DIFFUSION '..":; — DESORPTION | \).5’%
The fate of a given chemical in receiving waters is a function of botlt its phys- R LT SETTLING o A\ ) )
ical and chemieal nature. The degree to which a chemical may partition into . g MIXING i RESUSPLNSION (7
sediments or meo llfc biot‘a .dcp‘cncls o some: degree on its partition coaﬂif'i‘mlu,la DH"I"US](’)!‘\.’ é /( T : BU‘[‘l W LA
measure of 1ts relative alfinity for an organic selvent (octanol) and water. "This in ‘ (DURING TISSUE o 1 ( [ f ! \j IS I {IAL
turn depends to some degree on measures of solubility and hydrophobicity. i DBECOMPOSITION) Nedo L L ( g
Source: USGS, 2000, as modified from Majewski and Capel, 1995,
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In turn, each of these parameters affects the bioavailability and subsequent toxi-
city of a given chemical,

Bioavailability. An insoluble metal salt such as cadmiwm, lead, or copper sulfide,
or an organic contaminant that is tightly adsorbed to sediment particles, 15 unlikely
to be taken up by an organism. Conversely, other substances are physically and
chemically available to be taken up, and they are known as bivevailable. This
concept requires carcful definition. Although contaminanes resting in undisturbed
sediments may not pose an immediate healdy threat, then chemical characteris-
tics may predispose them to accumalate in biological tissucs. Such orgamc or
organomelallic compounds are generalty nonpolar {(fydrophobic, or water fearing)
as oppaosed 1o polar (hydrophilie, or water-loving). They are relatively insoluble
in water, but onee ingested-—lor example, by benthic invertebrates that burrow in
the sediments—they may accumualate through the food chain, as they are readily
soluble m lipids. (Excellent texibooks are available 1o further an understanding of
the complexities of chemical partitioning in sediments, waler, and the biota, for
example, Schwarzenbach, Gschwend, and Imboden, 1993%; Morel and Hering,
1993; Sturnm and Morgan, 1996}

Environmental Reservoirs. Many cnvironments therefore represent potential
reservolrs of contaminants. The group of organic compounds that degrade slowly
in the environment, known as persistent organic poliutants (POPs}, includes many
of the synthetic organic chemicals mentioned in Table 18.3. Because they gen-
erally have low solubility, they tend o partition to sediments, parnculate material,
or the biota in aguatic systeins, where they have been considered no longer
biocavailable. One group of POPs that has received attention over the last two
decades has been the polychlorinated biphenyls (PCBs). Originally considered
inert, PCBs were used extensively in the electronics industry as dielectric mater-
inl in capacitors and transformers and as binding or insulating materials lor a wide
range of applications, including building materials. As a result of pasu disposat
practices, numerous sites now exist in the United States and globally where con-
centrations of PCBs reach levels in the ens of thousands ol parts per million. The
Hudsen River in New York and New Bedford Harbor in Massachusews are two
of the beuer-known PCH-contaminated Superfund sites in the United Suates.
Untortunately, evidence 1s now acerning that PCBs cause cancer and other
health effects i animals (Agency for Toxic Substances and Discase Regisury, 2000)
and are therefore potentally of contern to human healith, PCBs are broken down
at extremely slow rates by sediment bacteria. Anaerobic organisms can initally
remove chilorine atoms from highly chlorinated PCBs, but the resulting molecules
resist further degractation unless exposed 1o acrobic conditions where other groups
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of bacteria continue the degradation process. Although considerable sesearch has

been undertaken to find ways to aceelerate bioclegrad

Health Effects

A vast number ol potentially toxic chemicals have been discharge
in waterways and can potentially end up in surface
If‘,\‘fidcn(:c suggests multiple health effeets, ranging fran
{Table 18.4). However, the inks herween waterborne chemical ¢

! aton i situ, 10 date these bi-
ological processes are so stow that several decades to ot
demonstrate substandal jevels of dey
ments remain reserveirs of PCBs and sources of CXpOsuUre
for the foreseeable future.

nturies may be needed 1o
radation. Short of extensive dredging, secli-
through the food chain

d into or formed

waler and growndwater,

n birth deleets o cancer

xposures and

TABLE 18.4, EXAMPLES OF STUDIES LINKING EXPOSURE TO CHEMICALS
IN DRINKING WATER WITH INCREASED HEALTH RISK.

" Health Useful
ace Contaminant Source Effect Certainty?  Reference
Cape Cod, Perchloroethylene  Leachate from  Breast Small to Aschengrau
Massachusetts  (PCE) vinyl lining of cancer mederate Rogers andf
water pipes increased Ozonoff,
Churchil risk 2003
urchi Tungsten and Unknown Leukemia i
County Tungst eukemia Speculative  CDC, 2003
Nevada
Woburn Solvents Chemical Chi
, . ! ildhood Probable, Costas
Massachusetts including manufacturing  leukernia with Knorr, 'and
trichloroethytene  wastes caution Condfon
(TCE) 2002
lI\iﬂerggn, Escsiex, TCE and PCE Not specified Leukemia Link with Cohn and
Pacs);:isz an and non- expasure others,
i c Hodgkins suggested 1994
ounties, lymphoma
New Jersey
?as;i_m Region, Petroleum oils Refineries? Carcinoma  Speculative  Amer
audi Arabia of the EI-Yaz’igi,
esophagus Hannan,
and
Mohamed,
1990
Nprt{wwestern TCE, PCE, and Landfill? Bladder Speculative  Mallin
linois other solvents cancer 1990 '
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hcalth outcomes have been difficult to prove conclusively. Epidemiological seud-
1es face several challenges: exposures that are relatively low and dilficult 10 measure,
exposures to Lthe chemicals of concern through routes other than water, and
confounding by competing causes of diseases of interest. These challenges are
more fully explained in Chapter Three,

Microbiological Contaminants

After considering the sources of microbiological contaminants and how they may
be used to indicate water quality, this section describes some specific cavironmental
pathogens of concern and the transformation, deposition, storage, and biocon-
centration of microbiological contaminants in the water supply.

Sources

Since ancicnt times, people have recognized that human and animal wastes can
contaminate water and threaten health, A greal many pathogenic erganisms
can be found in water. Many of these are shown in Table 18.5, together with their
infections dose and the diseases they cause. Like chemical contaminants, biolog-
ical contaminants can come from point sources such as feaking septic systems or
nonpoint sources such as runoll {rom city streets.

Becausc most (but not all) biological contaminants result from human or
animal wastes, waste treatment practices play a major role in water contamina-
tion. Sewage 1s managed in many ways, from the primitive 1o the highly tech-
nical, as illustrated in Figure 18.5. Human waste can be discharged directly to
receiving waters through surface water runoff from open defecation sites, a
common occurrence in many developing countries, or processed in ways rang-
ing from a simple shallow pit to a larger community sewage system. These latter
systems require large volumes of water for efficient operation, so large amounts
of wastewater are generated, requiring subscequent treatment belore release to
receiving waters, Wastewater treatment and discharge can place a heavy burden
on receiving waters in terms of pathopens, nutrients, and toxic chemicals. For
soIme rver systems, wastewater makes up the primary flow during dry seasons.
Groundwater can also be contaminated with human pathogens lrom leaking
septic systems, contaminated runoff infiltrating wellheads, and seepage from
animal feedlots.

An idealized wastewater treatment process is shown in Figure 18.6, which is
loosely based on Boston'’s Deer Island treatment plant (Massachusetts Water

TABLE 18.5. PATHOGENS IN DRINKING WATER: INFECTIOUS DOSES
DISEASES, AND ADDITIONAL COMMENTS. ’

Infectious
Pathogen Dosea
Bacieria
Vibrio cholerae 108
Salmanelia spp. 1067
Shigella spp. 102
Toxigenic £. coli 102-9
For example,
£ coli 0157
Campylobacter spp. 10%
Leptospira spp, 3
Frondiselia tulgrensis 10
Yersinia enteracolitica 107
Aerornongs spp. 108
Relicobacter pylori ?

Legianella pneurnophilo >0

Mycobacterium avium ?
Protozoa
Giardio lamblia T~10
Cryptosporidium porvum — 1-30
Naegleria fowieri High?
Acanthamoeba spp. ?
Entamoeba histolico 10-100
Cyclosparo cayetanensis ?
Isaspora befii ?
Microsporidia ?
Bulantidium cafi 25-100
Taxoplasrng gondii ?
Virusesb 1-10

Disease(s)

Cholera

Salmonellosis
Shigellosis
Diarrheal diseases

Hemoiytic-uremic
syndrome

Campylobacteriosis
Leptospirosis
Tularemia
Yersiniosis
5kin and
respiratory
infections
Gastric uleers
or cancer
Legionellosis,
Ponliac fever
Disseminated
infections

Giardiasis
Cryptosporidiosis

Primary amoebic
meningoencep-
halitis

Encephalitis
and others

Dysentery

Cyclosporidiosis

Microsporidiosis

Toxoplasmosis

Diarcheal disease,
meningitis, heart
disease, liver
disease, and
sc forth

Comments
-

New toxigenic serogroups
with antibiotic resistance
Antibiotic resistance
Antibiolic resistance
Major identified cause
of diarrheal disease
Enteropathogenic, enterotoxigenic,
and enterohernorrhagic strains
identified including multiple
antibiotic resistant strains
Antibiotic resistance
Increases with flooding events
Significance in drinking water unknown
Significance in drinking water unknown
Gastritis?

Exposure route unknown

Underestimated
cause of pneumonia
Increasing in healthy populations

Underdiagnosed

Underdiagnosed, extreme
chiorine resistance

Disease very rare, yet exposures
common

Transmission of bacteriat pathogens?

High rates of infection and

associated mortality
Most outbreaks associated

with contaminated produce
Significance in drinking water unknown
May be widespread
Significance in drinking water unknown
Significance in drinking water unknown
Incidence probably dramatically

underestimated; many viruses

may remain 1o be discovered

Nore: Dala compiled fram WHO, 1993; Hazen and Toranzos, 1990; Geldreich 1996,

“infectious dose is the number of infectious agents thal
of_leslcct vofunteers and is therefore not yselul for risk e
viruses inciucle caliciviruses (especially Norovirus),

Hepatitis £, Rolavirus, Aslrovirus, Coronavirus, and olhers to be identilied.

Source: Repraduced from Ford, 2004,

p.roduce infection (asymplomatic or iymptomatic) in 50 percent
slirnates lor clisease,

Poliovirus, Coxsachievirus, Echovirus, Reovirus, Adenovirus, Hepatitis A,
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FIGURE 18.6. AN IDEALIZED WASTEWATER TREATMENT SYSTEM,
BASED ON BOSTON’S DEER ISLAND SYSTEM.
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Note: Most municipal wastewater can be treated using this or a similar treatment train, However, if
industrial or other sources of toxic chemicals are present, wastes may need to undergo far more
technologically sophisticated and expensive tertiary treatment. Further discussion of wastewater

treatment is beyond the scope of this chapter and many excellent texts are available to the reader (for
example, Bitton, 1999).

“Manholes give access from the street to the main sewer for maintenance. However, there may also be di-
rect connections to streel drains in the case of a combined sewer system, This may dramatically increase
the volume of wastewater that the trealment plant has to process, often overwhelming the systern and
allowing untreated wastewater to be released to receiving waters.

bBiofogicol oxygen demand, or BOD, s a measure of the readily assimilable organic carbon present in waste-
water, BCGD is defined as the amount of oxygen used by microorganisms in the aerabic degradation of
organic wastes over a set time period and temperature (usually five days at 20°C).

<Secondary treatinent can range from an energy-intensive activaled sludge system, where oxygen is added
Lo accelerate microbial activily, to simple aeration ponds, which rely on the action of wind, algae, and
macrophytes to facilitate oxygen transfer.

dLand application of sewage sludge is facing increasingly stringent regulations due to concerns about

pathogens and toxic chemicals in the food chain and about potential contamination of ground and surface
waters.
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Resources Authority, n.c). Systetns such as this ave expensive to build and main-
tain, and in general only the wealthiest municipalitics can afford such extensive
systerms.

In recent years waterborne disease outlreaks in North America have been
linked to exeeptionally heavy rainlall and resultant Hooding "This 15 not surprising
given the increased emphasis on high-density farming practices and their proximity
Lo water supplies. Two outbreaks are illusurative: the culbicak of cryplosporidio-
sis i Milwaukee it 1993 and the outhreak of £ cofi 157 in Walkerton, Ontario,
in 2000. (These and other outbreaks are discussed in detail by Hrudey and
Hrudey, 2004.)

The Milwaukee outbreak was the largest docimented waterborne discase out-
break in the United States. An estimated 400,000 people became ill; and there
were more than 50 associated deaths, In this outbreak, water underwent complete
treatment {ceagulation, sedimentation, rapid sand filtration, and chlorination),
disinfecuon (1.5 mg/L chlorine) was not deficient or interrupted, and standards
[or coliforms {<(1 /100 ml) and tarbidity (<1 N'TU [nephelometric eurbidily unit])
were met. Qperational lapses weve identificd, including poor mixing duving
coagulation and restarting of dirty fillers without hackwashing. However, the root
cause was presumably massive numbers of €. parsm oocysts heing washed into
Milwaukee’s source water, Lake Michigan, close to the city’s water intakes. A
number of sources of contamination were suspected, including runofl from fanns,
sewage treatment, or other unidentified sources during the heavy rainfalls that
preceded the eutbreak (Mac Kenzie and others, 1994). Archiived stool samples
subsequently showed that the C. parvwm were all the human genotype {type 1),
strongly suggesting that human sewage was in fact the source (Sulaiman and
others, 1998).

The 2000 cutbreak of E. colt (3157 in Walkerton, Ontarie, sickened hun-
dreds of people and caused seven deaths. In this case the indicator organism,
E. colt, was measured in drinking water, but no action was immedialely taken.
The root cause was presumably E. coli O157 and other pathogens, such as
Campplsbacter, contaminating a shallow well that was sited inappropriately ciose
to an adjacent cattle farm. Retrospective studies established F, colt O157:H7
and Campplobacter as the primary agents of the outbreak, with strains matched
bretween stool samples, water samples, and manure samples hy molecular typ-
ing methods (cdiscussed in Hrudey and Hrudey, 2004). Box 181 provides a
chronology of the outbreak. However, the reader is also refurred to the Report
ol the Walkerton Commission ol [nquiry ((FCounnor, 2002) for lascinating
imsights into this tragic event, the lessons learned, and the political ramifica-

tions from walerborne disease deaths that few would think could happen in
developed countrics.
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Box 18.1. Chronology of Events Durin
Ontario, E. coli 0157 Outbreak in 20009 the Walkerton,

Preamb.le. The town of Walkerton, Ontario, was taking part of its source water from a
well adjacent to a local farming operation. Problems began around May 2000

* May 12: Heavy rains sustained for several days are thought to have caused

pathogens in cattle manure either to infiltrate the i

' wellhead

aquifer through seepage. orto contaminate the
May 117: Tests of the drinking water indicate the presence of coliforms and £. cofiin
samp es t.aken on May 15. However, the general manager of the Public Utilities
Comrmission fails to notify appropriate health officials.

May H?: Walkerton residents begin to report symptoms of gastrointestinal ilness;
two children with bloody diarrhea are hospitalized. ‘

M y It |a| C ta U
a 9 ”Ea O'C s contact the Public t teSCO SS401 alda!eassmedtlat

* May 20-21: The number of ilinesses continues to rise. The government health

officer ord sa "bo water” adviso Sp oitir Y
f cer ordel Y, de te c inued assurances fro e u
Ce. t tilit

* May 22: First person dies.

* May 23: Independent tests show that £, colt O157:H7 is present in the drinkin
water. Hundreds of people complain of symptoms, more than 150 people se 2
hospital treatment, and a two-year-old girt dies, P )

* May 24: Two more deaths.

* May 25: Fifth death, and four children listed as critical.

* May 29: Sixth death.

* May 30: Seventh death.

= May 31: Public inquiry ordered.

‘ Qutcome. The utility had been falsifying records for some time, and the chlori-
nation system had not been working properly. The utility operator :’did not like the
taste of chlorine.” Class action suits and criminal investigations have followed, but
the re.al outcome of this tragedy is the implementation of far stricter regulatior{s for
Ontario’s drinking water—and the realization that proper operator training is critical

Saurce: Adapted from Ford and others, 2005,

The Indicator Concept

To monitor the microbiological quality of waltcr, measurable indicators are needed
Althoug:h many microbial species could be chosen for this purpose (see Table 18 b)
the traditional indicator has been the coliform group. The premise has been that illl.:
concentration of coliform organisims reflects the overall microbial qun]ilyn of water.
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indicator

Coliforms

f. coli

Coliphage

Enterococci

Clostridium

Pseudamonas

Aeromonads

Human-
specific
Bacteraides
fragilis
bacteriophage

Turbidity

Residual
chlorine

Environmental Health

TABLE 18.6. THE INDICATOR APPROACH.

What Does It Indicate

Presence of the colform group
of bacteria, many of which are
present in human or animal fecal
material.

Presence of £, coli; strong
indication of fecal contamination.

indicative of the presence of viruses
specific to E. coli

May be indicative of presence of
animal wastes as well as human
waste.

Spore-forming bacteria; anaerobes;
protozoa.

Survives in drinking water biofilms;
may indicate presence of bacterial
pathogens that are mare persistent
than the coliforms.

Survives in drinking water biofilms;
may indicate presence of bactlerial
pathogens that are more persistent
than the coliforms.

Indicative of the presence of
vituses specific to 8. fragifis; may
be present when coliphage is
absent.

May indicate that the water
exceeds turbidity regulations.
some studies show increased risk
for waterborne disease at high
turbidity (pathogens adhere to
particles).

Measures the disinfectant
residual at the tap. Absence
of residual chlorine has been
shown in some studies 1o be
consistent with waterborne
disease.

Limitations

Certain coliforms grow naturally
in drinking water biofilms,
particularly at warmer
temperatures. Not indicative

of protozoa or viruses.
Inactivated more rapidly than other
pathogens. Not indicative of
protozoa or viruses.

May or may not be indicative of
viral pathogens. Not indicative of
protozoa or bactena.

Mot indicative of protozoa or
viruses.

Not indicative of viruses.

Not indicative of protozoa of
viruses.

Not indicative of protozoa or
yiruses.

May or may not be indicative of
viral pathogens. Not indicative of
protozoa or bacteria.

Only measures turbidity; cannot be
directly correlated to pathogen
loading.

Only measures residual chlorine;
cannot be directly correlated to
pathogen loading.

&
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Methods (o detect and quantify coliform counts have become increasingly sophisti-
catecl, In the cardy 1900s, growth of bacteria on a nutrient agar plate at ~37°C was
thought to be indicative ol possible contamination by enterie organisms (reviewed in
Payment, Sartory, and Reasoner, 2003). In more recent decades, colifor bacteria
were enumerated in selecetive liquid culture media, using a technique knowan as the
wmost probeble number mocthod. "Uhe membrane filtration technigue has now gained in pop-
ularity, and enrrently, enzpme-specific assays, which are accurate and can be easily con-
ducted by water uality personnel, have gained favor. {Geldreich, 1996, provides a good
discussion ol these tests.)

However, the indicator concept with its reliance on Lotal coliform counts
has recently been challenged. Onee human pathogens have contaminated ground
anel surlace waters, their fate is very much orgmusm specific. In facy, the coliform
group is inactvated retatively vapidly, whereas other human pathogens can survive
[or extended periods. This is particularly true for the pathogenic protozoa that
forn highly resistant cysts or cocysts and the viruses that appear to survive
adsorbed to particulate material, As a resuft, a reassuringly low coliform count
could helie a dangerous level of other organisms. Alternative approaches to mon-
itoring water quality might include measuring £. colf rather than total coliforms
as the primary indicator of {ecal contamination and using additional indicators
of viral and protozoan contamiration. (The advantages and shortcomings of the
indicator approach have heen discussed extensively in the literature; usefinl
relerences are available on the American Academy {or Microbiology Web site:
Lord and Colwell, 1995; Rose and Grimes, 200t.)

Environmental Pathogens

There is also a wide range ol environmental pathogens-—organisms that although
they may be discharged i human sewage are distinguished by their ability not
only 1o persist in the environment bat also to grow and proliferate. Two of the
betier-known examples of Lhis type of pathogen are Legiorelia preumophila and
the environmental mycobacteria.

As witlt exposure to chemicals, exposure 10 waterborne pathogens can occur
through multiple transmission routes, Some ave obvious, such as ingestion of
contaminated waler or exposure through vecreational use, either through
unintended ingestion or threugh skin abrasions or alternative portals of eniry (eye,
ear, anal, urogeaital). Other, perhaps less obvious, routes of exposure include
breathing contaminated aerosols {rom showers, todet flushing, dish washing,
garden hoses, fountains, waterlalls, and cooling wwers and [rom air conditioner,
hiumichfier, and refrigerator drip pans. Many infectious agents are also transmit-
ted through the use of kot wbs and whislpool spas (sce Box 18.2).
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Large quantities of antibiotics are discharged to receiving waters through

Box 18.2. The Hidden Hazards of Hot Tubs ;

When you next decide to bathe in a hot tub, indoor swirlnrning p09l, or even y9u:
shower, you will not be alone! Many bacteria find these enwror.'nments ideal for SL‘]NWZ
and proliferation. In particular the environmental mycobacteria have been |mpl!cate
in a number of outbreaks of the pulmonary disease known as kot tub fung. Legionella
preumophila has caused outbreaks of legionellosis and F.'(?ntlac fevt.-zr. and fseudo;n’onas
aeruginosa has been implicated in outbreaks of follicuI|F|s. In addition, lifeguar ung,l
a form of hypersensitivity pneumonitis, is associated with frequent exposure to_poo
aerosols containing endotoxin, a cell wall component of grfarn-negatwe bacteria. In
fact bacteria thrive in these environments, particularly in piping sy.stems v.vhere‘ w.ater
remains stagnant for much of the time, and are probably associated with biofilms
(discussed under storage).

Transformations

Like chemical contaminants, microbial contarninants can be transi:ormcd once
they are discharged into receiving waters. Often th.csc changes rcsultﬁnn less risk tc)
humans. Environmental stress can rapidly inactivate a number of pathogenic
organisms, or at least create a viable but nonculturable (Colwell and Oll](.fl.s;\‘ 1‘985??
or ingured (Singh and McFeters, 1990) state. However, .lhosc. same stress ‘1(,‘1(‘)15.
might also inerease an organisn’s virulence, One way in which this COUlfl ()(.(:l.li
is through adapration to intracelular snrvival and growth. Recent nltschrch.sug'gt.l.sts
that somie pathogens can survive, resist chlori:.u:, and cven gr(\)w within pnf)tc)f(mn
hosts, Examples include species of Escherichia, Citrobeacter, J!",.n!er()b‘ar:.fyn Klebsieila,
Salmonella, Yersinia, Shigelle, Legionella, and Campylobacter (King, Shc.ms, Wooley,
and Porter, 1988). Morc recently, some environmental mycobacteria have been
shown to survive in protozoan hosts (reviewed in Pedley and others, 2004). At least
in the case of Legionelle and the mycobacteria, adaptation w the protozoan host‘
may be a mechanisin that allows the pathogens to clude the human fmrrju;.u,
system through intracellular survival and growth in macrophages (reviewed in
Samrakandi, Ridencur, Yau, and Cirille, 2002),

y 1 2y IFeTTaPN 2 rg g S CTYC RS -5 Ul‘
Vibrio cholerae, the organmism that causes cholera, presents a special case

an interaction between a pathogen and plankton, one that can be virrwulcl as an
environmental transformation. The Fibrie associales wilh planklun., l.)ill‘ll(‘.lllfll‘]y
zooplanklon such as copepods, a strategy that appears Lo allo\‘v itw |.nul-u'plx
and concentrate to infeetious doses. Although this may not dnlrcctl?/ increase
virulence, it seems to play a role in initiating the cycle of epidemic cholera
transtnisston (Colwedl, 1996).

|

wastewaler discharge, agriculture, and aquaculture practices, The likely conse-
quence of these discharges is inereased antibiotic resistance among naturally
occurring microhes, with the potential lor transfer of resistance faclors to human
pathogens (Levy, 1998), This transtormation can lead to increasing numbers
ol pathogens in the environment that resist antibiotic treatment, and therefore
represent an increased threat to human health (Levy, 1998; Shea, 2003).

Deposition, Storage, and Bioconcentration

Just as chemicals may accumulate in higher organisms, a number of different
pathogens can become concentrated in organisms. The best-known example is
filier feeding shelltish, such as oysters and elars. Outbreaks of food poisoning often
oceur as the result of consumption of shellfish that have concentrated planktonic
algae, viruses, bacteria, or even protoeoa. Infectious discase outcomes from cating
contaminated shelllish, crustacea, and fish that have concentrated fecal wasles
include hepatitis A, norovirus, campylobacteriosis, salmonellosis, cryptosporidio-
sis, and Vibriv-refated diseases including cholera. In fact any infectious discase agent
transmissible by water could potentiatly be concentrated in aquatic organisins,
What about storage reservoirs for pathogens? Earty studics showed that the
lecal coliform indlicator orgamsins (Table 18.6) were concentrated 100- 1o 1,000-
fold more in bottom sediments than they were in overlying waters (Van Donsel
and Geldreich, 1971}, Similarly, Sabmonelle and other pathogens have been shown
to survive in sediments for extended periods, Recent research suggests that
Stbnonetla may even be wransmitted from contaminated sediments via chironomicl
(midge) larvac (Moore, Martinez, say, and Rice, 2003),
Biofilms. An important storage areg is the biofilin, or slime, that forms on any
swiface i contact with water but is of particular concern in drinking-water pipes.
Biofitms provide protective environments that may allow microbes to survive chen-
ical stressors such as disinleetants in the overlying water and may even allow certain
pathogens to proliferate (for example, Legionella, the mycobacteria, and others),
Biofilius are also known to contribule to pipeline degradation, “dicty water,” odor,
and blockage (Ford, 1993). ‘They are also nutrient-rich environments that poten-
tially provide ideal conditions lor gene transler (virulence factors, antibiotic
resistance factors) hetween microbes that are in close proximity to cach other,

Witdlife and Wildfowl. Another major environmental reservoir for pathogens is
wildlte: and wildowl. Many enteric pathogens such as Safmonetla specics are natural
inhabitants of the intestinal tracts of both warm- and cold-bloodied animals, Others
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may be fortuitously carried through the intestinal tracts oi.' wildlife and wildlowl
due to their presence in human and animal garbage. Wildfowl] have crlncrgcd asa
particular concern for protected watersheds, However well the perimcter ol a
surface water is fenced, only the simalblest arcas can be effectively covered. Scavenger
birds such as gulls may be a particular problem, as they are atlrzu:tccl‘m hl{lmill]
garbage. A recent USGS report {Converse, Wolc:f)tt, 7])().(:11(.‘[‘[)(, zmc.l‘ (A()lf:, .200 I.)
reviewed studies thar showed that Campylabacter, Listerta, Salmonedla, Ir..\‘f‘ltmcllua eoli,
Cryptosporidium, Chlamydia, Rotavirus, and other potenua_lly })lltll(:gCIII(I microbes
have been isolated from feces of wildfowl, including gulls, Canada Geese, and ducks.

The Global Burden of Waterborne Disease

The primary source of information on the global burden of disease is the World
Health Organization. Each year, WHO publishes the World l‘lfzahh cholrt (see,
for example, WHQ, 2003c), with a series of annexes that describe mortality and
morbidity (reported as disability-adjusted hife years, or DALY.&:, 1o express }J(.Jth
the severity ol disease and years lost through premature (l.calh). [his u')l.ormuuon
is reported for the preceding year through national‘ regisirics that are estimated to
represent about 30 percent of the global burden of dlSCé\S(’?. Alll_mugh wa.tcrbomc
disease is not specifically identified, the category diarrheal disease s always incluced,
as are malaria and a number of other tropical diseases related o water. lln the case
of diarrheal disease, multiple routes of exposure to infectious (ﬂ[lld chemical) CAUseS
exist, ncluding water, food, and person-to-person transmission. Ho»‘vcycr, it is
virtually impossible to distinguish these routes clearly, as the sprezl.d 9[ diarrheal
disease within a population can be dominated by secona'a{y.transrms:re.rm.' In other
words, an initial infection caused by consumption of’ 00|1l2m"un.aue(1 drinking water
may then rapidly spread through person-to-person transmussion or through food
contaminated by the water itself or by the infected individual. . .
A commonly quoted estimate of the impact of waterborne cll:scascs is bctw‘ucn
2 and 3 million deaths in children under the age of five each year {for cxmnl.ch, !‘urci
and Colwell, 1993). The official WHO [igures for morbidity and tno|"t2111[y .fr(.)m
diarrheal discases for 2002 are approximately £.8 million clcuthsl and 61.1 mu?hf)n
DALYs (WHO, 2003b). This burden is comparahle to.lhc mortality and‘mm'l.m.luy
figures for other leading infectious diseases: 2.8 mi.ll.u?n d _‘aths an‘d 86.1 ]nl.“l().n
DALY for HIV/ AIDS; |6 million deaths and 35.4 million DALY [or lubg:'?ulo:us;
and 1.2 million deaths and 44.7 million DALY [or malavia. Wh'c:n examming the
global burden of waterborne disease, several consideralions are important:

» WHO figures are hased on numbers reported by individual member states and
undoubtedly underestimaite the hueden of diarrheal disease, Questionnaire-based
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stuclies 1o examine community incidence of gastroiniestinal discase suggest that
officially reported figures may underestimate actual incidence by several
hundredfold (reviewed in Fonrd, 1999,

* The World Health Report for 1996 suggests thal 70 percent of diarcheat episodes are
caused by contaminated foods (W HO, 1996). However, water may play a role in
this puthway, as contaminated water may have been used in food preparation,

* Diartheal disease is not the only outcome from waterborne disease {discussed
i Ford and Colwell, 1995),

* WHO figures may understate the importance of walerborne diseases. Patients
with HIV/ALDs ofien dic of opportunistic infections, including waterborne
diseases such as eryptosporidiosis and disseminated infections from environ-
mental mycobacteria, Therelore, some deaths atiributed o HIV/AIDS niay
also be attributable 1o waterborne diseases.

* Malaria ts considered a water-relaied discase, and anthropogenic changes to
the watershed may increase the habitat for mostuitoes thal carry the protozoan
pathogen.

Vector-Borne Diseases

Some of the most prevalent and o cadly infectious diseases in the world are trans-
mitted by vectors that are refated to water (see Tabie 18.7). In fact, water plays a
critical role in vector-borne disease transmission. The 2003 WHO martality and
morbidivy figures for malaria reflect a slight inerease from 2001, Clearly, the global
burden of suflering from malaria remains vast, Other mijor vector-borne diseases
whose life eyeles ave associated with water inelude those caused by blood, liver,
lung, and gastrointestinal ukes, hemorrhagic viruses, hemoflagellate protozoa,
blood and tissue nematodes, and tapeworms. Their vectors mclude mosquitoes,
blacklies, crustacea, and fish,

Waterborne diseases may be controlled, and in some cases elimrinated, through
changes in water saurces, water quality, and human behavior, offering enormous
prospeets for public health advances. The effort 1o control dracunculiasis is perhaps
the best example of a suceessful eradication program (asick: from the program that
eradicated smallpox). Dracunculiasis is an extreniely debilitating dise:

se caused by
ingestion of copepods carrying the guinea worm. The disease causes extraordinary
suflering to people in poorer nations who depund on poor-quality water sources.
Lssentially through hygiene education and water source protection, a disease that
previously infected millions of people every year was reduced to ahout 75,000 cases
n 2000, with 73 percent in the Sudan and the remainder i sub-Saharan Afiica.
(For further information on dracunculiasis and the eradication program, see WO,
2004.) Box 18.3 lllusirates the rapid dectine in dracuncnliasis cases and the measures
that are currendy heing undertaken o eradicate this disease.



TABLE 18.7. EXAMPLES OF VECTOR-BORNE DISEASES WITH RISK FACTORS

ASSOCIATED WITH WATER.

Pathogen Vector Risk Factors Control Strategies

Disease

i

water; chemoprophylaxis
bed nets; behavior
medification; insecticide

Removal of standing
sprays

malaria endemic areas,

Standing water {mos-
quito breeding sites);
particularly in the

being outdoors in
evenings; NG prior

exposures

Ancpheles mosquitoes

and P. ovale (protozoa}

Plasmodium falciparum,
P vivax, P malariae,

Malaria

Avoid endemnic areas

Flowing streams with

vegetation

Simudium spp.
(blackflies)

Snails

Onchocerca volvulus

(nematode)

Onchocerciasis (river

biindness)

habitat; avoiding contact

with water in endemic
areas: proper disposal of

Destruction of snails or
hurman waste

Flooding; damming;
creation of irrigation

ditches

hoematobium (trema-

$. japonicum, and s.
todes)

Schistosoma mansor,

Schistosomiasis

Provision of disinfected

Contarminated

Copeped

Dracunculus medinensis

(Guinea worm—
nematode)

Dracunculiasis

drinking water; prevention

of source water
contamination

drinking water

Removal of standing

Standing water; vege-

Culex

West Nile Virus
{flavivirus)

West Nile

medification; insecticide

water; screens; behavior
sprays

tation; discarded tires
(hold stagnant water}

mosquitoes

encephalitis

Thorough cooking

undercooked or

Ingestion of
raw fish

Copepods and fish

Diphyllobothrium spp.

{cestoda}

Fish tapeworm
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Box 18.3. Dracunculiasis Eradication

In the 1980s, millions of peopte were infected with dracunculiasis {guinea worm
disease), and hundreds of millions were considered at risk from contaminated water.
The guinea worm's larvae live in copepods in water. When a person drinks the conta-
minated water, the ingested larvae begin to burrow into surrounding tissues and mate.
The males die, but the femates may grow to a meter in length and contain millions of
embryos. The female eventually migrates to the skin surface and breaks through, caus-
ing intense pain and high risk of secondary infection of the ulcerated tissue. Before the
fernale breaks through the skin, approximately one year after initiaf infection, the victim
may be unaware of the infection, He or she typically bathes the infected ulcer in water,
and this releases larvae, which subsequently mature in the copepod host to com-
plete the cycle. In 1986 and again in 1991, the World Health Organization established
the Dracunculiasis Eradication Program, effectively reducing incidence of the disease
by 95 percent (WHO data reported in Spearman, 1998) Since then, progress has been
continuing, and each year new countries report the successful elimination of the
disease. Today, dracunculiasis remains in the poorest countries, where people lack
access to clean water, The Sudan has clearly been one of the major problem areas.

In fact, eradication of the disease is relatively straightforward—stopping the trans-
misston cycle. Since there is no treatment for the disease, programs focus first on identi-
fying infected individuals and preventing them from recontaminating water sources and,
second on educating people to filter or boil drinking water (relatively coarse filtration
material can remove the copepods) or treating selected water sources to kill the copepods.

Together with UNICEF, CDC, and Global 2000, WHO has adopted the following
strategy (WHQ, 2004):

+ implement effective case containment measures in all endemic villages,

establish a community-based surveillance systern in every known endemic village
with monthly reporting of cases, supervision, and integration of surveillance for
other major preventable diseases,

target specific interventions (provision of safe water, health education,
community mobilization, filter distribution, and treatment of selected water
sources with temephos (Abate®),

map atl endemic villages and maintain global and national dracuncutiasis
databases for monitaring of the epidemiologicai situation,

= sustain advocacy for eradication of the disease, and

certify dracunculiasis eradication country by country world-wide,

Waterborne Diseases

Although a wide range of discases is caused by waterborne pathogens (Table 18.6),
the most common owtcome, and the one that most [requently remains undiag-
nosed, 18 acete gastrointestinal infection (AGH. AGT can be caused by viruses,
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bacteria, or protozoa. In addition, symptoms simiar o AGI.nmy be czmsf‘.(l by
chemical contaminants, The ewology of waterborne dl::.(!aS(! is su"ongly uﬁ_cctcd
by the sources of the infectious agents. For example, Shigelln specics arc [.)1}‘111.1‘11-
ily hurnan pathogens, and shigellosis outbreaks can usuz\d!y be associated with con-~
tamination from human sewage. E. colt, Campylobacter, Salmonetln, and many of th.c
protozoan and viral pathogens are zoonotic, [n other words, lhc.y are also associ-
ated with livestock, wildbife, and wildfowl, Itence fecal contamination ol \lvzlt(_tr
{rom any of these sources can vesult in a watcrbfjmc clhsc:asc outbreak, whkml‘l?.lls
why there is inereasing concern about high-dcrnsnly animal lmsbandf‘y p‘rm,uu,s,
particularly in arcas prone to flooding (Wing, Ireedman, and Band, 2002).

Viral Diseases. Viruses are increasingly implicated as major causative agents of
AGI. In the United States alone, ic has been estimated that fi() percent of the
38.6 million annual cases of gastroenteritis are caused by viruses {Mead _zmd
others, 1999). Of well over 100 known viruses that can potentially be trz}nsmmc:.d
in drinking water, the caliciviruses and 1‘0Lavirusgs are most (:om:lnonly (lmgnnls.ed..
However, types of Poliovirus, Coxsachicvirus, l‘]cl?olwr‘us, Rcovn'us., Adcj'novu us,
Hepautis A, Astrovirus, Coronavirus, and Hepa.uus L have been nnplmatfd 11
waterborne outbreaks, and there may be many further, as yeL_ l:ll]('.hlzu‘il(I[CI 1zed,
groups of viruses that could cause AGT and other discase mamlcstmfms.
Scientific understanding of the role of viruses in wal.(:r.bomc‘ cl:zlrrl'w.a has
been limited by the difficulties inherent both in their specific diagnosis ill](ll in mea-
surement of the agents in drinking water and food. For example, [hC.C'dllCWII'USCS
are now thought 10 be the major canses of both {ood and waterborne illness world-
wide, but research has been limited by the face that they eannot he cultu.rud.
This lascinating family ol viruses first came to light in 1972 alter electron 1{11(:1'(\;;
scopists identified small round particies in samples fr(.)m an outbreak of AG ‘
that had occurred in Norwalk, Ohio, fowr years carlier, when 50 percent fjf
children and teachers at an elementary school became sick. Analysis ‘of Stll‘V(:ll-'
lance data between 1995 and 2000 in Furope suggested that this specific group of
caliciviruses {one of potentially [our dilferent Calicivirus genera), now known as

¥ .ro g A Al e (f
noroviruses, accounts for more than 85 percent of all nonbacterial outbreaks o

gastroenteritis {Lopman and others, 2003} [n the Un-ilcd States, [‘?/Iz:zld and ()lhl(:ll'.'i
(1999} estimated that noroviruses caused 23 million cases of gastroenteritis
cach year, .

A recent review describes three distinet groups pathogenic 10 humans that
have now been identified using molecular epideriology tec]miquc_s ([,.’opmzu'\,
Brown, and Koopmans, 2002), This approach amplibies and “fingecrprints™ genetic

material (in this case RNA), so researchers can compare potential sources ol

infection with clinical samples. Using these techniques it has been shown tha
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caliciviruses are transinittec through drinking water, shellfish, uneooked loods such
as salacls and fruits, food handling, environmental exposures (bathing, contami-
nated surfaces, and so forth), and person to person. In fact, person to person trang-
ntission is thought to be the major route of infection, including infection through
acrosol lormation caused by the projectite varuting characteristic of these infections.
Further advanees in molecular epidemiology may also show that animals are a
source of infection, as they have been shown o be infected by strains of Calicivirus
that are quite similar o the three human pathogen groups. The clinical and pubs-
lic health significance of human caliciviruses is considerable, particularly as there
appears to be no long-term immunity to these agents in humans.

Bacterial Diseases. Of the bacterial chseases, campylobacteriosis remains the most
common form of bacterial dysentery, followed by pathogenic E. cofi, salmonellosis,
and shigellosis. The global incidence of these diseases s difficult to estimate, In
the United States, Morris and Levin (1995) estinated that water causes 35,000
case of shigellosis, 59,000 cases of salmonellosis, 150,000 cases of £ ol infection,
and 320,000 cases of campylobacteriosis cach year. These diseases are of course
prevalent worldwide, but many other infectious agents that are relatively under
control in developed countries remain tpidemic in other countries. Cholera
(caused by Vibne cholerag) and typhoid (caused by Safnonefia bypfe} are perhaps the
best-known examples of waterborne disease that have caused global pandemics
in the past. Typhoid tends o emerge in less developed countries in epidemic
proportions where sapitation is compromised. This happened in Chile during the
1980s and was attributed, at least in part, to irrigation of vegetables with
wastewater, increased rainfall, inadequate water trealment, and a deteriorating
ceonomy (Cabello and Springer, 1997),

On a global basis morbidity and mortality from £, cofi infections are today
thought to exceed those of cholera and other identificd waterborne disease. The
E. coli strains that produce enterotoxin (enterotoxigenic . coli, or LETEC), can also
be enteropathogenic or enterohemorrhagic, as in the notorius £, eoli O157-H7
outhreak in Walkerton (Box 18.1). Estimates of morbidity and mortality from cholera
are in the tens of thousands per year. In contrast, ETEC are estimated o cause ap-
proximatly 400 million diarreal episodes, with 700,000 deaths among children legs
than five years old each year (reported in Chakraborty and others, 2001).

Many opportunistic pathogens can also be transimitted through water, These
melude species of Aeromenas, Prawdomonas, Elebsietla, and others. It is extremcly dif-
ficult to estimate the contributions of these agents to morbidity and mortality
through consumption of drinking water. Certainly they are a major cause of hos-
pital-acquired infections with high associated mortality risks. Other Opportunis-
tic pathogens of interest include Legtonells, the nontubercutous mycobacteria, and
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Helicobacter pylori. Legionelly and the nontuberculous mycobacteria occupy a unique
niche in their ability to proliferate in hot-water systems, their environmental
ubiquity, and their resistance to disinfection. In the case of Legionella, Lhe global
burden of disease is thought to exceed reported numbers by a wide margin.
In the Untted States 1t has been estimated that Legionelle causes at least
13,000 cases of bacterial pneumonia per year {Breiman and Butler, 1998).
Rescarchers are divided o whether water is a significant route for dissemination
ol Helicobacter pyiori.

Cholera remains both epidemic and pandemic (affecting multple countries) due
in part to its ability to survive and muliiply in the environment associated with plank-
ton and other aquatic organisms (Colwell, 1996). There have now been seven pan-
demics of cholera since 1817, the most recent of which reached South America in
1991 and had reportedly caused more than a million cases and 10,000 deathy by 1994
(Pan American Health Organization, 1995). There are several possible theories to
account for cholera’s arrival in South America, including transport in a ship’s bilge
water (associated with plankton), transport in infected individuals, or transport i -
ported foods. Alternatively, it could have been endemic, surviving in the etvironment
and only emerging with compromised sanitation after the continent had been free of
epidemic cholera for more than 100 years. The truth may never be knowa. Cholera
may emerge when sanitation practices break down, but blooms of aquatic organising
have also been associated with cholera outbreaks in Bangladesh (Colwell and Hug,
1994). The ecological linkages are fascinating, and the reader is encouraged to ex-
amine the growing literature on this topic.

Cholera is of particular interest because there is evidence that it is begin-
ning to change. The causative agent of the past seven pandemics has been ¥
cholerge, serogroup O1. In the early 19905, ¥ cholerae, scrogroup O139, emerged in
India in epidemic form, the first time that a non-QJ serogroup of’ ¥ cholerae was
shown to cause epidemic cholera. There is now molecutar evidence that Q139
strains were derived from Q1 strains through genetic modification (Faruque,
Albert, and Mekalanos, 1998), It is important to learn more about the conditions
that resulted in emergence of the toxigenic 139 serogroups and that eould there-
fore result in many more, perhaps environmentally hardier, serogroups of this

pathogen. The emergence of epidemic strains could occur through mutation of

existing strains or through gene transfer. This is diagramatically represented in
Figure 18.7. Although the example is ¥ cholerae, the principle Hlustrated could apply
equally 1o other pathogens, such as the toxigenic £ coft. In the case of gene trans-
fer, virulence [actors could also be transferred between species, Both mutation and
gene transfer would appear possible within the drinking-water distribution system,
wliere organisins are likely to be exposed to a variety of stressors such as chlorine
and mectal ions (Ford, 1993),

—— —-
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FIGURE 18.7. EMERGENCE OF NEW EPIDEMIC SEROGROUPS
OF VIBRIO CHOLERAE,

F cholerae Q1 (toxigenic)

Mutation?

¥ cholerae non O {toxigenic)

¥ chelerae non O {nontoxigenic)

Source: Reproduced from Ford, 2005.

F"rotofzoal Diseases. Protozoa reccive considerable media attention due to the
size of vecent outbireaks, which are partially due to low infectious doses and high
:‘_csmtaulce Lo water treatment. Cryplosporidium parvum has attracted most atten-
tion, with €. parvum replacing Guardia lamblia as the most common cause of
_watcr‘borne discase outbreaks in the UK., and the second most common (‘-21-(156
in the United States. In the case of Cryptosporidium, its global distribution i's far
broader than reported, due in part to misdiagnosis. For ckamplc in Russia where
monitoring for the pathogen has been introduced only in the l;nst’few years, recent
S(.:I"()l)l‘CVEllCI]CC studies (studies that examine the presence of antibodies L(; a spe-
cific pathogen in blood samples) suggest that almaost 90 percent of the population
sarapled had heen exposed to Cryptosporidium infoction {Egorov and others, 2004)
Studies by the same authors found Cryptosporidizan oocysts in maost sourcc, watcrsl
lc_‘slcc] and in stoo] samples of approxtmalely 7 percent of people with diarrhea
(Egorov and others, 2002).

Additional protozoa of current interest include Cyclospora and Toxoplasma
z\lF11011g]1 @ waterborne ronte of transmission is far from proven. A third grou;;
.o[ protozoans, the microsporidia, are smaller than other protozoans and are
fr}crcasmgly recognized as causative agents of both human and animal diseases
Chey are .also more likely to penetrate filtration systems than the larger protozoa.
are, sfo 1t 15 reasonable to suspect a waterborne route of exposure. (A nunber of
[\)ubhcations provide uselul in-depth reviews of the protozoan pathogens; see
for example, Marshall, Naumovitz, Ortega, and Sterling, 1997; Hunter, 195;7.) ’

Fungal Diseases. Recent stucies have suggested that fungal species, includin

z-h;bergillu.r, Cladosporium, Lipicoccum, Penicilfium, and Irihoderma, are ﬁ'CquEI‘:tly isolal('g
from treated drinking water (Avvanitidou, Kanellou, Constantinides an’cl
Katsouyannopoulos, 1999). Candida ytasts are also occasionally isolatcd,from
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drinking water and apparently correlate with the mdicator organisims, total and
fecal coliforms. A number of fungi and yeasts wolated from drinkmg water are po-
tential pathogens, or at least can procuce 1oxic metabolites and readily spoil foods,

Viroids and Prions. "{o date there is no direct evidence of transmission ol viroics
through water, Viroids, single siranded RNA, are thought 1o cause only plant
diseases. Like similar infections agents known as satcllite RNAs, which ace
dependent on a helper virus for replication, these agents are unlikely w pose a
serious threat 10 buman health through drinking water, OF course the absence
of any mformation linking these agents to human disease does not mean that in
futare tinkages will not emerge. For example, the Hepatits Delta agentis essenually
a viroid encapsulated in a hiepatitis B coat

In contrast, prions, infectious proteinaceous material, have risen to promi-
nence following the devastating economic threat and perecived human health
threat from the bovine spongiform encephalopathy (BSE) outbreak in the UK.
{The BSE Inquiry, 2000). Although priens have not been isolawed from drinking
waters, i s reasonable o consider the visks of contamination from, lor example,
rendering wastes, abattoirs, and landfills,

Safe Drinking Water

Ensuring the safety of drinking water extends [rom the source 1o the faucee
protection of water sources from contamimation, water treatment to remove
contaminants, and protection of water from recontamination during distribution,

Source Protection

Probably the most important consideration for protection of human health in
relation (o polable water supplics is provision of high-quality source water
Waiershed protection is eritical 1o this process but olten comes into direct condlict
with development and with recreatonal uses of watersheds. In many mewropobi-
tan areas development has dramancally outstripped the availability of high-quality
source water. Inevitably, many municipalities are dependent tocay on surface waters
that may receive wastewaters, both weated and untreated. Protection of source wa-
ters invelves maintaining generous bullees, limiting access for recreational pur-
poses, and preventing agricultural and industrial uses. Many would argue that all
wildlife and wildlowl should be prevented from accessing source water, however
impractical this may be, New York City has gone to extraordinary lengths 1o proteet
upstate source water, as deseribed im Box 18,4 This approach turned out 1o be
more cost eflective than reating water arriving [rom conlamivated sources,
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Box 18.4. Protecting Source Water for New York City

Early settlers in what is now New York obtained water from shailow wells. The chro I
ogy of subsequent water source development for New York City adaptecj from the ?10 i
tory of the New York City Water System (New York City Depart;nenl of Environm '5*'
Protection, 2002), 1s presented in the following list: e

1677 The first public well is dug.

1776 A local reservoir is constructed to serve a population of
approximately 22,000. Water is distributed through !
hollow lags.

Early 1800s !.ocal.wefls and reservoirs become polluted and the supply is
insufficrent. The decision is made to extract waler from the
Croton River through construction of a reservoir and agqueduct
(see Figure 18.8).

1842 ., - »
The. o!d Clroton Resgrvmr and the “old Croton Aqueduct” are
pl..lt in service. Water is conveyed to storage reservoirs in the city
prior to distributian, primarily through cast-ron pipes.

1890 A second aqueduct (the “new Croton Aqueduct”} is put in service
to convey more water from the Craton watershed.

1905 The Board of Water Supply is created and the decision is taken to
develop the Catskill watershed.

1915 The Ashokan Reservoir and Catskill Agueduct are completed.

1928 Develop.ment of the Catskill system s compteted, including the
Schoharie Reservoir and the Shandaken Tunnel,

1927 Plans are submitted to develop the Rondout watershed and
Delaware River tributaries within the State of New York.

1937 In spite of legal action brought by the State of New Jersey,

construction of the “Delaware system” is begun,

1944 Completion of the Delaware Agueduct; 1950, compilstion of the
Rondout Reservoir; 1954, completion of the Neversink Reservoir;
1955, completion of the Pepacton Reservoir; 1964, completion of
the Cannonsville Reservoir.

. New York City’s water supply is specifically designed so that reservoirs have
interconnections that allow flexibility and virtually ensure that effects of localized
drou.ghts are minimized. The systern delivers water to the city primartly by gravit

.and is therefore refatively economical. However, development of these wa{e?shedz
Is not without political implications. The Delaware River basin includes parts of
Delawa.re, New Jersey, New York, and Pennsylvania. Each state reles in part an
the basin for water for drinking or industrial uses, However, as the upstream user,
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FIGURE 18.8. NEW YORK CITY'S WATER SUPPLY SYSTEM.
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New York’s development of this water supply can potentially affect the three down-
stream users. The Croton, Catskill, and Delaware watersheds include prime recre-
ationat and agricultural lands. In addition, the many upstream communities that
have developed in these watersheds resent the fact that they cannot fully use
these resources that must be protected to serve a population some 100 miles
downstream.

For New York, as for other major municipalities in the United States without
filtration {including Boston, Portland, and Seattle), the rules changed in 1989, As
part of the Safe Drinking Water Act, in this year the EPA promulgated the Surface
Water Treatment Rule (SWTR). The SWTR requires fittration of all public water sup-
Ply systems supplied by unfiltered surface water unless a series of criteria, referred
to as the filtration avoidance criteria, are met. New York City has published these
criteria an its Web site (New York City Department of Enviranmental Protection,
1997):

*  Objective Water Quality Criteria—the water suppfy must meet certain
levels for specified constituents including colifarms, turbidity and disinfection
by-products.

* Operational Criteria—a system must demonstrate compliance with certain
disinfection requirements for inactivation of Giardia and viruses; maintain a
minimum chlorine residual entering and throughaout the distribution system;
provide uninterrupted disinfection with redundancy; and undergo an annual
on-site inspection by the primacy agency to review the condition of disinfection
equipment.

¢ Watershed Centrol Criteria—a system must establish and maintain an effective
watershed control pragram to minimize the potential for contamination of
saurce waters by Giardia and viruses.

The City of New York faces billions of dollars in costs to implement filtration of its drink-
ing water and hence has gone to exceptional lengths to prove that it can meet these
criteria, Jn addition to programs to purchase land in the watersheds, the New York City
Department of £nvironmental Protection pubtished Final Rules and Regulations far the
Protection from Contamination, Degradation and Pollution of the New York City Water
Supply and Its Sources (1997). This 122-page document provides a regulatory frame-
work for the following potential watershed contaminants: “hazardous substances and
hazardous wastes, radioactive materials, petroleum praducts, human excreta, waste-
waler treatment plants, sewerage systems, service connections and discharges to sew-
erage systems, subsurface sewerage treatment systems, storm water pollution
prevention plans and impervious surfaces, miscellaneous point sources, sofid waste,
agricuitural activities, pesticides, fertilizers and snow disposal and storage and use of
winter highway maintenance materials” (New York City Department of Environmen-
tal Protectian, 1997).
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Water Treatment

Given that many source waters are ol poor quality, and that even high-guality
source water can become contaminated, some level ol water treatment is
considered essential. Arguably, the water treatment train begins with conveyance
of water from the source to the plant. Prevention of contamination during
conveyaitee, which in certain cases could be hundreds ol miles of pipeline,
aqueduct, or even open ditches, is clearly important.

Water treatment consists of several sequential steps (see Figure 18.9). Water
entering the treatment plant may undergo coarse filtration 1o remove vegeti-
tion, trash, dead animals, and other large solids. Ghemicals may be added for
specific purposes; [or example, potassium permanganate may be added to oxidize
soluble ron and manganese, making them easier to remove, {These metals, when
present, discolor water and stain clothing and plunbing fixtures.) The next step is
coagulation and precipitation. In this step a chencal such as aluminum sulfate
is added, together with lime and sodium bicarbonate, which causes suspended
solids, baeteria, and other particles 1o clump together into ffoe. The (loc is then
allowed to setile oug, removing these materials from the water, Filtration comes
next, although in some plants a disinfectng step, such as ozonation, 1s added to
reduce microbial counts and prevent excessive microbial growth on filter materi-
als. Filtration methods range {rom simple, tme-honored technigues such as slow
sand filtration to sophisticated wehnologies such as nanofiliration, depending on
the resources available and the size of the population served.

The final step is postfiltraton disinfection. Since the early twentieth century,
chlorination has been the most widely used form of disinfection. Chlorme
and ehlorine compounds are thought to act as disinfectants by denaturing enzymes.,
Chlorine has the advantage of forming a residual in water as it lows from the
wreatmant plant through the pipes of the distribution system to faucets. This helps
prevent regrowth of microorganisms in the distribution system (although biolihns
impede this goal). More recently, with coneerns abowt the potential woxicity of
chlorination by-products, alternative [orms of disinfection such as ozonation
and pulsed UV have been gaining popularity. Table 18.8 compares alternative
forms ol disinfeetion with chlortnation,

Disinfection Resistance. Ouc reason for exploring alternatives to chlorination is
the growing realizaton that a number of microbes are apparently capable of
surviving al the “sale” chlorination levels typically maintained in drinking water.
Mechanisms of survival vary from a relatively resistant cell wall 1o intraceflular
survival. One of the most resistant microorganisms is the protozoan Cryfosporidium
parvim, mentioned carlier, O parown [orms extremely environmentally resistant
vocysts that allow the organism to resist chlorine concentrations at levels that Lar

S
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FIGURE 18.9. A MULTIBARRIER APPROACH TO MAXIMIZE THE
MICROBIOLOGICAL QUALITY OF WATER,
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bDlsmff;:hun b.y-produ.?ts are formed by ozonation of source waters, including aldehydes and brominated

y-prol ucts'(dlscus.sejd in Boorman and others, 1999}, Uv disinfection, used extensively in wastewater treat-
:;?é is rapidly gaining acceptance as an alternative to ozonation,
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Reﬂdu:fl dlSlI'.leCUOﬂ requires chemical that wili nat be rapidly broken down in Lhe distribution system
50 that it retains some d]smfectlr?g activity at point of use (the tap). To date the only practical chemicals
la'ppear to be .chlonne or chloTaJ_mnes. Chlorarnination may be preferable to using chlorine, as it is believed

n'zjt chloramines pene.ztrate h:oll!ms more effectively than chlorine alone. They also reduce DBP formation
g'r:lor:rr:'. m?re gffectcljve_ at a high pH (a high pH is often necessary for corrosion control). Where

inatior: is used, intermittent chlorination and system flushing is recommend ine i
Lnore powerful oxidizing agent. 0 e 2 chlorine s the
A rigarous program is necessary to u da distributi
: pgrade distribution system netwaorks and to prevent interconnects

through leakage, backflushing, improper hydrant use, and so forzh. P nectons



Environmental Health

496
TABLE 18.8. APPROACHES TO DISINFECTION.
Disinfectant Benefits Concerns Cost
Chiotine Retains a residual; Taste and odor; Moderate
strong disinfectant toxicity of
by-products; some
microbes are
resistant; not
effective at high pH
Chloramination Retains a residual; Weaker disinfectant; Moderate
used for a wider some by-products
range of pHs; may formed but less than
penetrate biofilms with free chlorine
more effectively than
free chlorine
Chlorine dioxide ~ Powerful Toxic; cannot be Expensive
disinfectant; no stored; chemically
by-products formed unstable; no residual
Ozone Powerful Must be generated Expensive, but <an
disinfectant; can be on site; can increase be economlca_l with
effective against assimilable organic a large operation
chlorine-resistant carbon; forms
microbes bromates
UV (pulsed) Short contact time; No residual; not Increasingly

competitive and
gaining in popularity

effective with high-
turbidity water

no toxic by-products;
not influenced by pH
or temperature

exceed those considered safe for drinking water treatment. Ozonation is thought
to be marginally more ellective against C. garsom, bud does tend to be more ex-
pensive and does not provide a residual in the distribution system. There appears
ta be no alternative to chlorination {or maintaining a residual, although addition
of ammonia with chlorine to form chloramines is an alternative, particularly if a
high pH is maintained as part of a corrosion control strategy. Disinfection resistant
strategies can be summarized as [ollows (Ford, 1999)

»  Cyst formation (protozoans); spore {ormation {for example, Bacilfus sp.)

*  Resistant cell wall (for example, mycobacteria)

* Viable but nonculturable {many bacterial species); injured (for example, indi-
cator species); dwarl forms ([or example, Fibrio sp.)

* Biofilm assoclated (for example, Legionella prewmophitla, Piendomonas aeruginosa, and
many others); particle associated (for example, viruses)

o Inteaceltular survival (for example Legionella prewmophila, Mycobarternam aviun, and
so forth)
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Disinfection By-Product Toxicity. Given the necessity for residual disinfection
m distributed water, some chiorine (or chloramines) must be added posttreatment.
Howuver, chlorine compounds react with naturally occurring organic matter 1o
lorm disinféction by-products (DBPs). 'The best-recognized DBPs are trihalomethanes
such as chloroform and trichloroacetic acid. However, the range of disinfection
by-products is cnormous given the range of chemical precursors that can occar
in source water: There has been some recent focus on a eblorinated furanone, 3-
chloro-4-(dichloromethyl}-3-hydroxy-2(5H)-furanone, known as mutagen X, A
laboratory in Finland has estimated that this compound may be greater than 100-
fold more mutagenic than chlorolorm, However, it is present at much lower
concentrations than chloroform (Boorman and others, 1999).

There is accumulating evidence that many of these chlorinated organic com-
pounds are carcinogenic. Much of this evidence comes from animal experiments
using high-dose exposures. Human exposures through drinking water are typically
orders of magniwde lower, and the extent of risk to humans has been dilficult
to quantity. Morcover, although oxicological data are available for the
trihalomethanes and haloacetates, litde information is available on other DBPs,
Hence, there is great uncertainty aboul the overall risk of DBPs. One estimate 1
that DBPs are responsible lor 4,200 cases of bladder cancer and 6,500 cases of
rectad cancer in the United States each year (Morris and others, 1992), and DBPs
have been estimated 10 cause approximately three additional cancer deaths per
10,000 population in "Taiwan (Yang, Chiu, Cheng, and Teai, 1998).

The risk levels associated with IBPs are of concern, but they arc substan-
tially lower than the risks associated with contaminated water, especiatly in de-
veloping nations. In Africa, infant mortality rates from inadequate and unsafe
water are between 2 and 5 percent annually (Taylor, 1993). In Latin America,
in 1990, several million cases ol diarrheal discase were reported, with an esti-
mated 300,000 deaths (de Macedo, 1998). And in the United States, 5,000
deaths are attributed to lvodborne illness each year (Mead and others, 1999), of
which some proportion is very likely due to preparation of food with contani-
natedd water.

In many settings, then, the risk of microbiologicat contamination of water
celipses the visk of DBPs. Many water experts conclude that the microbiological
quality of drinking watcr should never be compromised for ill-clelined health risks
from DBPs. However, once tap water is confirmed 1o be free of inlectious doses
ol pathogens, it is reasonable (o explore ways to reduce the potential toxicity from
D3BPs. In the United Siates and other developed countries, this has involved
examination ol alternative lormns of disinfection (Clark and Boutin, 2001),
However, for many countries, economic reality makes these technologies and their
continued maintenance an unrealistic solution and chlorine remains the most
practical eflective way to reduce waterborne diseasc,
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Water Distribution

Water distribution 1s a critical step, and its failure has been implicated in many
cases of drinking water contamination and waterborne disease outhreaks. Water,
generally containing a disinfectant resicdual, may be distributed through hundreds
of miles of pipetine throughout a major city. In addition to the major distribution
lines, the water also flows through building pipelines. All these pipes are potential
sites for cross-conlaminadon through a varicty of processes. Metal pipes are
susceptible to corvosion and through time can develop holes that may cause
external sources of water to enter the pipes during periods of low pressure, This
happens, for example, when hydrants are exteusively used during firefighting. Low
pressure in the drinking water system can also cause back siphonage from pipes
or tubing left hanging in sinks or other water or waste storage. This is a particu-
lar issue in high-rise buildings, where distribution systeny pressure may be insufs
ficient to maintain supply te top floors throughout a twenty-four-hour period.
Where this is the case, there is a tendency for vesidents to fill bathtubs and other
vessels to provide a reserve. In the absence of external contamination, regrowth
of micreorganisms in distribution lines is a very real problem. This is particularly
true at dead end sites such as fire hydrants. Water remaing essentially stagnant at
these sites, and any residuai chlorine in the system is rapidly combined with organic
matter, allowing microbes to grow and proliferate (Forl, 1993),

Point-of-Use Treatment and Bottled Water

An alternative to direct consumption of tap water that consumers increasingty
consider is a pont-ol-use treatment device or bottled water lor their potable water
supply. These are certainly viable options, but it is necessary to maintain a point-
of-use device properly to avoid exacerbaling water quality problems by, n cllect,
providing a “biofilm rcactor” that encourages microbial growth. Boutled waler
places the eonsumer at the mercy of the manufacturer, as bottled water is not cur-
rently as rigorously regulated as municipal water In addition, there is a compelling
argument that if the money peeple are willing o pay {or point-of-use filters and
bottted water were invested in municipal treatment and distribution, many current
health risks {real and perceived) could be mitigated.

Regulatory Framework

Waler quality monitoring regulations are well developed for a vast suite of chem-
icals, driven prinarily by the increasingly sensitive technologies that can be used
for measuring trace levels of contaminants. Unfortunately, the same is not true for
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microbial contaminants, " The indicator approach (Table 18.6) remains the priniary
method lor assessing microbiological quality of drinking water, despite the fact
that many pathogens survive for extended periods in drinking water in the absence
of these indicators. Indeed, @ number of environmental pathogens may be present
in clrinking water in the complete absence of any contamination source,

The Safe Drinking Water Act

In the Safe Drinking Water Act (SDWA) (EPA, 2005), passed in 1974 and amended
m 1986 and 1996, the US. Congress mandated the Environmental Protection
Agency to regulate contaminants in drinking water that might pose a risk o human
health. "This complex picce of legislation has a number of important provisions.

A central strategy of the SDWAis w set permissible levels of contaminants
n drinking water provided by public drinking-water utilities. LPA establishes two
sets ol benchmarks, one based on ideal health goals and the other based on
fcasibility. In the Brst set, known as Maximum Gontaminant Level Goals
(MCLGs), a goal is defined as the “level of a contammant in drinking water below
which there is no known or expecied risk to health” after drinking (wo liters of
water cach day for seventy years. These levels are set w include a margin of safoty.
For many contaminants, such as carcinogens, lead, and some pathogens, MCLGs
are set al zero, MOGLGs are public health goals, not enforceable standards. In
contrast, Maximuru Contaminant Levels (MCLs) are legal limits. They ave scuas
close to MCLGs as possible, taking into account both technological {easibility
and cost,

The National Primary Drinking Water Regulations (NPDWR) promulgatec
by the EPA are based on these benchmarks. These regulations now extend to fifty-
three organic compounds, sixteen inorganic compounds, four classes of racionu-
clides, four types of disinfection by-products, and three disinfectans. In terms of

micrebinl contaminants, Cryfifosfroridinm, Giardia fambdia, Legionetla, and viruses are
vegulated, but only in terms of percentage of removal or inactivation by eat-
ment. Helerotrophic plate counts (a measure ol microbial load), turbidity, and
total coliform levets {including fecal coliforms and £, co are also regulated and can
be directly measured, but as discussed carlier, these indicators are unperfect mack-
ers ol the presence of pathogens. The EPA also publishes National Sccondary
Drrinking Water Regulations (NSDWR), which are nonenforceable guidelines
for contaminants that cause cosmetic or acsthetic problems in drinking water.

The SDWA includes additional regulatory requivements. For exainple, EPA
has established monitoring schedules, monitoring methods, and acceptable treat-
mend technologies. Also, as discussed 1n Box 18,4, the Surlace Water 11 eatment
Rule governs filration of public water supply systems,
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As a requirement of the 1996 Amendment to the SDWA, EPA is required
to publish, every five years, a list ol contaminants that are not subject Lo regula-
tion at the time of publication but that are anticipated t¢ oceur in drinking water
and may require future regulation. Known as the Contaminant Candidate List
(GCL), the latest iteration, CCL 2, includes forty-lwo chemical and nine
microbiological contaminants. The GCL helps guide the EPAs rescarch agenda.
Chemicals on the list undergo extensive toxieity assessments, and risks of exposure
through drinking water are characterized o the degree that current methodolo-
gies allow. The CCL 2 includes the following microbiological contaminants:

* Viruses:—adenoviruses, caliciviruses, coxsackieviruses, and cchoviruses

»  Bacteria: Aeromonas hydrophila, Helivobacler pylort, Mycobaclerium avium intracellulare
{MAC), cyanobacteria, and their toxins

»  Protozoa—Micrasporidia (Enterscytozoon andl Septata)

» Algac: freshwater algae and their toxing

With the possible exception of A, fpdrophile, these contaminants are unlikely to be
regulated in the near future, However, the CCL provides an imporlant indication
of contwmninants that will receive growing public health atlention.

Total Coliform Rule

In 1989, the EPA finalized the Total Coliform Rule. This rule is currently the
driving force behind drinking water salety and frequently serves as the first indi-
cation {other than turbidity) of potential contamination. The rule recuires a water
systcm o establish a regular coliform sampling plan, with sample sites that acen-
rately represent water quality throughout the distribution system. Any sample that
is positive: for total coliforms requires repeat samples and must be tested for [ecal
coliforms or Z. ¢oli. Specific requirements vary somewhat depending on the
population served; however, for a large municipality, having more than 5 per-
cent of samples test positive lor total coliforms in a month constitutes a monthly
Maximum Contaminant Level violation that must be reported to the muuicipal-
ity’s respective state by the end of the next business day and the public must be
notified within thirty days. Acute MCL violations result {rom any repeat {ecal
coliform or £. coli positive sample, or any routine fecal coliform or E. coli positive
sample [ollowed by a repeat total coliform sample. In the case of an acute vicla-
tion the seate must be notified by the end of the next business day and the public
must be notified within twenty-{our houss.

An additional component of the Total Coliform Rule that is designed to pro-
tect smaller public water systems is the Sanitary Survey. Lvery system colleering
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fewer than five samples per month is required to have regular Sanitary Surveys,
usually every five years, T'his survey is designed to cvaluate the entire water system,
its operations, and its maintenance in order o ensure public heallh. {The EPA
Web site provides numerous resources for conducting Sauitary Surveys, including
a guidance manual; sce EPA, 1999.)

Consumer Confidence Reports

An important outcome of the 1996 Amendment 1o the SIDWA has been the re-
quirement [or utilities to provide Consumer Gonfidence Reports. The require-
ment was finalized in 1998 and is designed 1o “enable Americans to make
practical, knowledgeable decisions about their health and their environment.”
In addition to carrying out rapid notification when coliform counts are high,
water systems are recuired, at a minimum, to inform consumers annually of
(EPA, 1998)

* the lake, river, aquifer, or other source of the drinking water;

+ an explanation of the susceptibility to contarnination of the local
drinking water source;

* how Lo geta copy ol the water system’s complete source water assessment

* ihe level of any contaminant found in local drinking water, as well as
EPAs MCL for comparison,

+ the likely source of that contaminant;

+ the potential health eflects of any contaminant detecled in violation of
an LPA health standar;

* an explanation of the system’s actions o address any conlaminant and
restore safe drinking water;

* the waler system’s compiiance with other drinking water-related rules;

* an educational statement for vulnerabic populations about avoiding
Cryptosporiduon;

* cducational information on nitrate, arsenic, or lead in arcas where these
contaninants are detected above 50 percent of EPA’s standard; and

» phone numbers of additional sources of information, including the
water system and EPA’s Safe Drinking Water Hotline (800-426-4791),

Recreational Water Standards

The EPA and state agencies also regulate recreational waters. For example, swim-
mng advisorics ave posted where indicator organisms exceed recommended Jevels,
For [reshwater, current standards are 126 £, colf per 100l or 33 enterococel
per 100 ml The regulations state that only one of these two indicator organisis



Environmental Health

should be used. For seawater, the standard is set at 35 enterococa per 100 mb (T'or
further mlormation on recreational water safety and on the rationale for standards,
see BPA, 2003; Bartram and Rees, 2000, WHO, 2003a.)

Conclusion

Finally, a few new issues deserve some attention: How should we be assessing current
water safety risks? How should we be dealing with the appearance of new diseases that
may be transmitted by means off water? What use can we make ol molecular
epidemiology in assessing water quality? Ancbwhatis the potential for wastewater reuse?

Risk Characterization for Water Contaminants

Risk assessment is the process used to prioritize interventions and to reduce human
exposure to environmental sources of chemicals and pathogens, as deseribed in
Chapter ' Thirty-Two. However, microbiological risk assesstnent raises some additional
considerations. These involve exposure assessiment, variability, and complexity.

To identify microbial hazards, spot samples are gencrally taken [rom [inished
waler at the treatrnent plang, ane oceasionally at convemently accessible sites in the
distribution system. However, distribution of pathogens is extremely helerogeneous
incrinking water. Most consumers will not ingest an infeetious dose ol a pathogen,
and measurements of water samples will frequenily be wero, However, a few indi-
viduals may consume a large number ol infectious microbes, Morcover, as previ-
ously discussed, most pathogens are poorly indicated by the presence of the routinely
monitored coliform group. Utilities expect that major contamination events in a
watershed will be recognized from turbidity spikes; however, this is not always the
case. Turbidity spikes were not excessive [or the contamination event in Milwaukee
in 1993 (Mac Kenzie and others, 1994). An event ol [ar smaller magnitude may not
result in elevated turbidity, or minor spikes may be missed. Although a rave event,
a plug of infectious oocysts, cysts, or viruses could enter the distribution system
anc be very easily missed by a spot saunpling program, yet contain sufficient num-
bers to virtually ensure that ingestion will result in infection (Gale, 2001). Exposure
assessment therefore remains a challenge in microbial risk assessment,

Similarly, varability is a key challenge. People vary in the doses of pathogens
they sustain, an outcome velated both 1o variation across the drinking-water system
and o variation in individuals’ consumption of water. People also vary in their
responses 1o a specific infectious dose, depending on individual susceptibility
(age, health, and other factors), prior exposure {immunity), and the degree of
virulence of the pathogen itself {(affected by numerous environmental factors).
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Infectious agents themselves vary. Organisms may lose virulence and even inlee-

.]y,

organisms may increase or change in virulence and in their ability (o resist

tivity in the disteibution system or after exposure o disinfecton. Gonvers

antibiotics ollowing environmental exposures.

Complexily arises in numerous ways. To hegin with, waler is a complex
environment. 1t may be contaminated by both chemicals and microbes, and
these two classes of contaminants interact. Some chemicals of concern are
actually bacterial, fungal, or algal toxins. Some may be produced within the dis-
tribution systemn pipeline by the action of certain groups of organisms; the
sulfate-reducing bacteria produce sulfides and other sulfur-containing chemi-
cals, nitrifying bacteria produce mitrites aixd nitrates (rom ammonia compounds
(either in source water or from chloramination). And some chemicals--1he
disinfection by-products—-result from waler treatment practices to minimize
microbial contamination.

Partly for these reasons, the heath visks associated with drinking waler are
still not fully defined and quantified. The World Health Organization publishes
drinking water quality stanclards that are internationally recognized. In some cases,
such as the WHO current standard for arsenic, these standards are more strin-
gent than those of the US. EPA. T is likely that health risks are minimal for in-
dividuals without predisposing [actors - -in developed natons individuals with
predisposing factors would be the very young, the cderly, the pregnant, and those
with compromised immune function. However, on the global scale, susceptible
indwiduals may be as conunon as the nonsusceptible. Malhuiriton, siress,
concomitani discases, and socioeconomic deprivalion inerease susceptibility. The
global rsk from contaminated water may be cnormous,

Despite thay risk, people in areas with contaminated water may, paradoxically,
be protected by immunity resulting from muliiple prior exposures. By all the
criteria just menvoned, these populations are highly susceptible, yel immunity
results in lower than expected mcidence of many waterborne discascs. This
nomunIty must cotne at some cost o e individuoal, but there Is not yet a robust
approach to estimate the burden of discase from exposure to multiple infectious
agents (and toxing}), T'his complexity - like the complexity within water itself-—
continues te challenge microbial risk assessment efforts (Gale, 2001; Fewtrell

and Bartram, 2001).

The Phenomenon of New Disease

Many factors can promote the real or apparent emergence ol a new disease. New
ceological niches, such as the hot-water systemns that support growth of Legionella,
tay contribute. Factors such as population density and increasing numbaers of
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susceptible individuals (the very young, the elderly, pregnant women, and the
immunocomprontised) could provide an extensive human reservoir for
opportunistic pathogens and promote changes in virulence patterns, cven in
developed countries. Increased adaptation 1o the hunan host might be responsi-
ble for increased infection rates in populations with no underlying susceptibility
(for example, mycobacterial diseases).

Legionella pnewmophila, E. coli O157, Vibrio cholerac O139, Helicobacter pylori,
Cryptosporidium parvum, and Hepatitis £, arc all examples of microorganisms cate-
gorized as “ncw” or “newly recognized” pathogeus. Well-established pathogens
should arguably be added to this list as they develop antibiotic resistance and
can change virulence patterns (Ford, 1999). Research is clearfy needed to under-
stand better the ceology of the water environment that may promote new discase
emergence, One research priority is biofilms, the microbial films that form on
the surfaces of pipe material, which may provide an opportunity for horizontal
gene transfer both within and between species. The biofilim environment niay also
promote expression of plasmids through exposure to chemical stressors such as
metals. An increasing body of research links metal resistance with multiple
antibiotic resistance determinants, presumably expressed on the same plasmids
{discussed in Ford, 1993).

Molecular Epidemiclogy

Gene chips arc tiny devices whose surfaces eontain arrays of DNA or RNA frag-
ments. When water comes into contact with the gene ehip, biological materials in
the sample could potentially be identified through fluorescent labeling This emerg-
ing technology may one day play a role in moniwring water quality. A recent
American Academy for Microbiology report begins with the imagined scenario
that a gene chip placed in the flow of water will one day detect cach pathogen,
with the fluorescence response triggering an alarm that prompts an appropriate
treatment response {Rose and Grimes, 2001).

At present, however, the role of gene chip 1echnology is limited by the
inability to analyze and interpret accurately the vast amauats of data gener-
ated, There are alse at least two major technical challenges. First, in order
for a gene chip to be developed and its results understood, the target organ-
isms must be characterized and a highly specific gene segment recognized.
However, most organisms in drinking water have yct to be characterized. Sec-
ond, the organism’s genetic material must come in contact with the chip sur-
face in order to hybridize to the probe. However, the heterogencous distribution
of microbes in drinking water and the need to lyse the cell are barriers that
dramatically reduce the potential sensitivity of the technique. Nevertheless,
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gene chip wchnology is likely Lo play an increasing role inadentilying water
contaminants.

Wastewater Reuse

"This discussion would not be complete without returning to the topic of waste-
water. A vital step in providing adeguate, safe drimking water is 10 understand that
wastewater is a valuable resource. Today, water reuse programs are increasingly
encouraged in the more arid states in the United States, primarily for nonpotable
uses. This involves separate collection of black waler (primarily toilet wastes,
although it may also include other wastewater rich in organics, such as the effiy-
ent from a garbage disposal system) and gray water (other sources of wastewater
such as bath and shower water), ‘The gray water can then be used Lo irrigate
nonedible plants and in some cases can also be used for wilet flushing

The simplest use of gray waler s divect discharge from the house to the tand-
scape. Howeves, there are understandable health concerns as bath and shower water
may contain potential pathogens. A wide range of gray water treatment systems is
available. These systems may be sufticiently sophisticated {and expensive) to remove
both chemical and biological contaminants and essentiadly 10 mimic the water treat-
ment process (Figure 18.9) on a small scale. The use of recycled wastewater o
augment ciminishiong supplies of drinking water is just beginning, The barriers
Lo wastewater recycling are probably issues of public pereeplion more than cost.
Just as many arid nations increasingly rely on desalination to supply drinking water,
treatment technologies are more than capable of recycling wastewaler Lo a potable
quality. The predicled increase in the number of water-scarce countries during the
twenty-first century makes education in this area critical. However, waler recycling
alone will not be sufficient without a concerted eflort to conserve the available re-
maining resources. Figure 18,10 shows an idealized scheme for future provision of
sade drinking water. Although this process would be expensive, it is increasingly rec-
ognized that water is dramaticatly undervabued and should be appropriately priced.
It s often stated that water is a human right {(WHO, 2003Db). Certaindy, like food, it is
a human neeessity. Hlowever, as menttoned carlier, people are willing to purchase bot-
thed water at consiclerable expense breeause of their real and perceived concerns for
the quality of water al the tap, There is no question that the troe cost of water should
be subsidized for those who cannot afford it, but realisiic pricing for those who can
afford to pay could dramatically improve the safety of drinking waler for everyone,

However, a word of caution is necessary. How safe should our drinking water
he? Arguably, for the bmmunocompromised it can never be too sale, Liliration
technologics may one day provide waier, at least at the level of the treatment plant,
that is 100 percent free not only of infectious agents but also of all microorganisms.
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FIGURE 18.10. IDEALIZED SCHEME FOR SAFE DRINKING WATER.
Wastewater collection {assume > Solicks removal
somie 1* and 2° weanment}
Y ]
Physical or chemical
Liquid processing for
pathogen or toxin removal
Y
Advanced® sell-cleaning,
or easily cleaned® Fertilizer
membrane technologics
UV or other . .
remeclial > Distributicn systemn of highly degraclation rsistant
I . . . . ag -
response materals. Interior pipe coated with nontoxic, long-lasting

yet renewable, antimicrobial coatings that
prevent biofilm fermation

A

Real-time, online monitoring al
treatment plent and poirt-ol-use for
pathogens, virulence factors, or Loxins

Feedback loop

— — — i
aMany companies now invest heavily in microfiltration, ultrafiitration, nanoﬂltratuor_\, a?? re[»_'erseaosar:;:['ies
membrane technologies. Hollow-fiber filtration techrologies, for example, are allowing fittration cap

adequate for municipal water systems. o o
bFo:}examp!e patented gas backwash systems for USFilter’s Memcor® microfiitration systems.

<There is currently considerable debate on appropriate criteria for land a;_)plica_lion o_f sewage smdg?:l kr?sixg
as biosolids. Treatment produces biosolids that range from Class B biosolids, with a conseque

losoli i ially pathogen free.
rface waters, to Class A biosolids, which are essentially _ _
;l':'he ideal monitoring tool depicted in a recent American Academy of Microbiology report {Rose and

Grimes, 2001).
Source: Reproduced from Ford, 2005.

Perhaps distribution pipes will eventually be lined w.'ilh m‘aterial..s that cﬁl:cuvcl\y
prevent bicfilm buildup. However, Is this i fact optimal for the IMMUNoCompe:-
tent? Some waterborne exposure to microorganisms may be important in
developing and maintaining healthy immune systems.
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Thought Questions

1. Global warming may bring increasing temperatures over the next twenly years,

What might be the potential consequences [or waterborne and water-related
discases? Choose a speeific diseasc, and discuss how it may be aflected.

2. Almost every city has a deteriorating water distribution system. As a result,

municipalities lase between 30 and 50 percent of distributed water, Imagine
yourself to be the manager of a municipal water facility, and discuss options
for reducing water loss. What are the alternatives, if’ any, ta distributed water,
and what would be the health risks associated with each alternative?

3. Given the number of options for water treatment avajlable toclay, what would

your recoinmendations need to take into account if you were involved in
installing a new water treatment plant in a developing country with high rates
of enterie diseases?

4. The coliform group has been used for most of the past certury as an mdicator of fecal

pellution. However, directly monitoring for patkogens such as Vibrio cholerac wauld be
Jar more protective of public health. Pleuse agree or disagree with this statement,
and give your reasons,

3. Describe the Aral Sea disaster. Discuss health consequences Lo the local

communities and the long-term fate of this ceosystem.

6. The answer to @ waterborne disease outhreak s 1o “Shock” chivrinate, Explore this state-

ment and the health risks that would be mitigated. What new health risks might
cmerge from the application of large doses ol chlorine?

7. What health concerns arise from reuse of waslewater? What cxposure

pathways to pathogens might occur from land application of sewage sludge,
reuse of wastewater for irrigation of garden plants, and toilet Aushing?

8. Relative to developing countries, waterborne disease in the Uniled States is a nonissue. The

CDC teports very fow deaths Siom waterborne disease outbreaks, and we therefore have no
reason to worry. Identify and cliscuss the potenttal fallacies in this statement,
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mation on drinking water and many other water-related Lopics. It also provides
useful [inks to a number of sites, including a link to a unique site for physiciam
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Am.cricun Water Works Association. Homepage. [haip: 2/ www.aswa org). 2005
| Iy P Y 1 H ) " ) .

Mu‘nh.udl, P "Recognizing Waterborne Disease and The Healh Effects of Water Pollution.”
[hrp:/ wwwwaterhealtheonnection org/index.asp| 2005 ' -

I'he Web site of the British Geological Survey provides information on the
greatest mass poisoning from contaming -
i : > atled water ever recorded, the arsenic erisi
: VT T € arsenic crisis
in Bangladesh: J e

British Geological Survey. "Arsenic Contamination of Groundwater”
[ln(lp://www.hgs.n(:.uk/nrs(tnicj. 2004.

The Morbidity and Mortality Weekdy Report MMWR) of the Centers for Discase G
t:‘ol. and Prevention is the authoritative source on outhreaks of inik‘:;*tious dis'ca:se i 3“:
United States. However, at least for waterborne discase, reports l’ikcly unclleréstil'rrrln:t"
l?y ordsrs of magnitucte the actual incidence. Another wseful CDG site provides (in(:
[ormation on drinking water, cdiarrheal disease, and recreational water c)]ualily

Centers for Disease Control and Prevention, Muorbidity and Montality Peekly Report
[ht1,)://www.cdc.g{w/’nunwr]. {(Weekly) .

Cem%*rs for I)::s<:z|st: Conrrol and Prevention, Division of Parasitic Discascs, “Parasitic
l)l.\cu_su Information: Waterhorne Hinesses,” [hip:Z wwweede.gov/neidod/ dpa/
pm‘usxlcs/wau:rl)orm:/(lcf;ml(,hlm]. 2000. ) I

The S 11 ayyj o 7
The U.S. Environmental Protection Agency Web offers numerous useful
resourees related to water and health; see, for example:

US. Environmental Protection Agency, “Ground Water and Drinking Water™
[ttt 7/ wiwwe epa.gov/safewater|. 2005, .
u b l".uvllromncnml Protection Agency. Homepage. [hup://www.cpa.gov]. 2005
US. Environmenial Proteetion Agency. “List of’ Contaminants and ‘Their MCLs.”
..[hElp:.//www‘v.pa.guw’sitf'cwmc:'/mcl.hlml#m(:ls]. 2003, .
U5, Environmental Protection Ageney. “Sale Drinking Water Act,”
u .[l;(lp://www.cpa.gow’szll'cw:m:r/'sdwu/sdwn.hunl i 2005
5. Environrentl Protection Agency, “Superh
: geney. “Superfund Program.” : PR g
et oo, e vograes.” [bup:// www.epa.gov/
LS. Bawironmental Proteetion Agency. “lerms of the Buvironment.”
0 [hup://www.vpa.gtw/O(JI’ZI’A&::‘ms|. 2004,
8 Lnvironmental Protection Ageney, Nati i
. Cl : gency, National Risk Management Researeh Laborsior
(NRMRE). “Index of /()RD/NRMRL/l’ub[li('alinl)ls.” [heap: 27 wwrwiepa ruv/’()RI)y/
NRMRL/ Pubs). 2000, e

The Pacifie Toer'sin it - :
. he 'l (u‘.:m Institute i “an independent, nonpartisan think tank stucdying
wSUES ¢ s ntersecti : i

e althe ntersection of development, environment, and seeurity.” Tts Web site
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has links to a selection of publications on water that form a considerable database
on, for example, global water availability and water use, as well as many other
critical water issues:

Pacific Institute. Homepage. [hutp:// www.pacinst.org). 2005.

The United Nations offers a number of water-related Web sites; see, for

example:

United Narions Ghildren’s Fund, “Water, Environmernt and Sangtation.”
[htrp://wwwunicelorg/ wes/ index.himi]. 2005.
United Nations Developient Programane, “Water,” [hup:/ /www.undp ovg/ water], 2005,
United Nations Educarional, Scientific and Cultural Organization. “Waier”
[http: / www unesco.org/ water]. 2005.
United Nations Environment Programme. “TFreshwater” [hupZ lreshwaterunepner]. 2005
United Nations, Homepage, [hup/ wwawun.org), 2005.

The U.8. Geological Survey maintains an extremely useful resource with
current assessments of ground and surface water quality i many US. viver basing
and aquifers:

.S, Geotogical Survey. “Nadotal Water Cruality Assessment Program.”
[hutp:#/waterusgs.gov/nawga]. 2005,

The Water and Sanitation Program describes itself as “an integrated part-
nership to help the poor gain sustained access to mproved water and sanitation™:

Water and Sanitation Program. Homepage. [hip://wwwowsp.ovg]. 2005,

The Water Environment Federation (WEF) describes itself ag a “technical and
educational organization with members from varied disciplines who work toward the
WEL vision of preservation and enhancement of ehe global water environment™:

Water Environment Federation, Homepage. [hup:/wwwwetorg|. 2005,

The Water Environment Rescarch Foundation funds research to “address
water quality issues as they impact water resources, the atrnosphere, the lands, and
quality of Iife,” For examples of research projects on water and health, see

Water Eavirornnent Research Foundation. “News Highlights.”
[bup:#/wwwwerf.org/index cfin]. 2003,

The World Bank Web site provides links to major World Batk-funded prajects;
see, for example:
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World Bank. Homepage. {(hup:/#Zwwwworldbank.org]. 2005.

World Bank, “Water Resourees Mavagement.” [hup:#/inweb 1) worldbatk.org/ ESSD/
ardext.nsf/ 1 BlarentDoc/ WaterResoureesManagement?Opendacument). 2004,

World Bank, “Waier Supply and Sanitation.” [hup:Z wwwworldbankorg/wasan]. 2005,

T'he Woods Hole Oceanographic Rescarch Tostitwtion offers prabably the hest
mamtained source of on-line information on toxic algal blooms:

Woods Hole Oceanographic Researeh Lustittion. “Hacmful Algae”
{htup:// wwwawhoi.edu/ rectide . 2005,

he World Health Organization is arguably the leading source of inforina-
ton for internationally accepted statistics on human health, including water and
health; see, for example:

World Health Organization. Homepage. [hup:/ wwwowho,int/en]. 2005,

World Health Organization, “WHO Guidelines lor Prrinking Water Quality.”
|hllp://wmv.who,iru/watcr__sanllzuion_hczlllhf’(lwq/guidc]incs/cn]. 2005.

World Health Ovganization. *WIHO lalections Distuse Index” (providmg hinks to pages on
diavrheal discase, cholera, dracunculiasis, mataria, and so lorth). {hup//wwwwho int/
health-opics/idindex.hum]. 2005,

World Health Organization “Water, Sanitation and Health.” [Buep: A wwwowho.mt /water
sunitation_healih/en}. 2003

World Health Organizavon “WHO Weckly Epidemiological Record.” [hutp. 4/ wwwwho,
int/wer/eni. (Weekly)

World Health Ovganization. “WHO World Health Report” {links to annual reports with data
on the global burden ol discase). [herp: 77 vwwwavho.int/whr/en]. 2005,

The World Water Council, an “international water policy think tank,” oflers
many articles on waler policies and the barriers to and solutions for effective

management ol the world’s water resources:

World Water Council. Homepage. [hup: /vwwwworldwatercouncil.org]. 2005.



