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Cryptosporidiosis, giardiasis and microsporidiosis are
serious human diseases of waterborne origin; their etio-
logic agents and a substantial fecal coliform load can
enter surface, drinking and recreational water resources
from aquatic birds. The aim of this article is to present
interactions between waterfowl and these waters that
imply a negative public health impact, reinforcing the
need for either better water-quality indicators or for
water monitoring specifically for Cryptosporidium, Giar-
dia and microsporidia. Where justifiable, the presence of
waterfowl should be supported; however, management
of drinking and recreational water resources needs to
be improved by incorporating effective protection
measures for pathogens linked to these birds.

Waterfowl and standard water-quality parameters

From the drinking water production standpoint, the pre-
sence of aquatic birds at water reservoirs is associated with
steadily decreasing water quality [1,2]. Birds residing at
waters used for body-contact recreation have been respon-
sible for the deterioration of microbiological quality of this
water [3]. Waterfowl contribute a substantial amount of
fecal indicators to water sources [2—4], the quantitative
measurement of which is commonly used as standard
water-quality parameters (i.e. enterococci, E. coli, fecal
coliforms or total coliforms). The early recognition of
non-point sources of coliform contribution by birds [3,4]
has prompted fecal coliform source tracking efforts [5,6].
However, because of the level of technology required
(which has not currently been developed) [5,6], this meth-
odology is not feasible for drinking water utilities or
environmental laboratories. Instead, fecal coliform source
tracking is used as a research tool for watershed protection
purposes [6] or for characterization of the antibiotic-resist-
ance of coliforms from waterfowl [5]. Drinking water pro-
duction processes can be adjusted according to fecal
coliform levels in source waters without knowledge of their
origin. There is a wide variety of disinfection technologies
for dealing with source water of low microbiological qual-
ity, thus making fecal coliforms at the drinking water
source level an ‘engineering’ rather than an ‘environmental
microbiology’ issue. Herein lies a major problem. The level
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of coliform indicator bacteria in cold and moderate climate
waters is related to the amount of fecal matter encountered
by this water. In these waters, fecal coliforms maintain
their biological characteristics, which are different from
either transmissive stages of protozoans (e.g. Cryptospor-
idium and Giardia) or from fungal enteropathogens (e.g.
microsporidian spores) evolutionarily designed to encoun-
ter harsh environmental conditions. Many studies have
shown the inadequacy of standard fecal coliforms when
used as indicators, predictors or markers for biological
contaminants in drinking, recreational, seafood-harvest-
ing or waste waters [7—10]. Unfortunately, a vast range of
human protozoan enteropathogens have a zoonotic reser-
voir, meaning that aquatic animals can sustain their
source [11,12] and if the microbiological load for these
animals is not related to the fecal coliform level, standard
drinking water procedures (e.g. flocculation, sedimen-
tation, filtration and disinfection) might not be adequately
and promptly adjusted to produce safe finished water.

Waterborne protozoan and fungal enteropathogens
Cryptosporidium parvum, Giardia lamblia and human-
virulent microsporidia, such as Enterocytozoon bieneust,
Encephalitozoon intestinalis, Encephalitozoon hellem and
Encephalitozoon cuniculi, are human anthropozoonotic
pathogens that inflict considerable morbidity (diarrheal
disease) on healthy people, and some (e.g. Cryptospori-
dium) can cause mortality in immunosuppressed individ-
uals [13-15]. Cryptosporidium and Giardia are frequently
transmitted via water [13,14], and numerous reports
indicate involvement of water in the epidemiology of micro-
sporidian spores [16]. The transmissive stages (i.e. oocysts,
cysts and spores) are environmentally robust and therefore
ubiquitous in aquatic habitats [7,13,17]. These pathogens
are category B biodefense agents on the National Institutes
of Health (NIH) list, and microsporidian spores are on the
Contaminant Candidate List of the US Environmental
Protection Agency (EPA) because spore identification,
removal or inactivation in drinking water is technically
challenging [18]. No specific legislation exists for the rou-
tine monitoring of drinking water sources or recreational
waters for these pathogens, and considerable evidence
demonstrates their direct zoonotic association with birds,
including waterfowl species (Table 1).
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Table 1. Cryptosporidium oocysts, Giardia cysts and spores of human-virulent microsporidian species reported from birds
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Pathogen species Avian species Comments Refs
Cryptosporidium sp. Larus spp. 5% of fecal and 22% of cloacal lavage samples positive; 64% [1]
and 83% oocysts, respectively potentially viable.
C. parvum Branta canadensis Migratory geese; oocysts infectious to neonatal Balb/c mice; oocyst [11]
concentration range 6.7x10%-6.9x10° g~"; mean 3.7x10°g~".
Cryptosporidium sp. Anas discour, A. cerca carolinensis, Migratory ducks; 49% birds positive; PCR did not confirm C. [28]
A. platyrhynchos, A. americana, parvum; oocyst concentration range 0-2.0x10% g~"; mean 48x10%g~".
Lophodytes cucullanus, Mergus
merganser
C. parvum, C. hominis B. Canadensis Residential and migratory geese, 2.4% samples positive, novel [21]
avian genotypes identified; oocysts acquired from local
unhygienic sites.
Cryptosporidium sp. B. Canadensis Residential and migratory geese, 81% and 90% of fecal samples [29]
from collection sites positive.
Giardia sp. B. Canadensis Migratory geese; cyst concentration range 7.5x10%-7.9x103 g "; 1]
mean 4.1x10°g~".
Giardia sp. A. discour, A. platyrhynchos, Migratory ducks; cyst concentration range 0-2.9x10*g™"; [28]
A. americana, A. acuta, M. merganser mean 4.4x10° 9’1.
Encephalitozoon hellem A. platyrhynchos, Anser anser, C. olor, Free-ranging and captive birds; 8.6% birds positive; spore [12]
C. atratus, C. malanocoryphus, concentration range 2.0x10%-5.1x10%° g~'; mean 3.6x10°g™";
Coccoroba coscoroba, Balearica spores potentially viable.
pavonina
Columba livia Urban feral pigeons; 0.8% pigeons positive for E. hellem; 4.8% [24]
pigeons E. hellem-E. bieneusi co-infected; 0.8% pigeons E.
hellem-E. intestinalis co-infected.
E. intestinalis A. a. domestica A livestock goose; spore concentration, 4.0x10° g~"; spores [12]
potentially viable.
C. livia Urban feral pigeons; 4% pigeons positive for E. intestinalis; 0.8% [24]
pigeons E. intestinalis-E. bieneusi co-infected.
Enterocytozoon bieneusi C. livia Urban feral pigeons; 9.7% pigeons positive. [24]
C. livia Seven novel genotypes described; all similar to pig, raccoon [25]
and human genotypes.
17 species of caged-pet birds, C. livia Captive birds and urban feral pigeons; 28.9% birds positive; [26]
genotype reported previously from HIV/AIDS patients.
C. livia Spore concentration range 3.5x10°-3.7x10%g~'; mean 3.6x10%g~"; [27]
85% of spores potentially viable.

Waterfowl as vectors of etiological agents of human
disease

The vectorial capacity of waterfowl for delivering human
pathogens to surface water is influenced by various host-
related and pathogen-specific factors. Host-related factors
result in either the establishment of infection in birds (i.e.
the reservoir host) or the lack of infection (i.e. mechanical
transfer, passage or carrying of the pathogen). These
mechanisms are not fully understood. Cryptosporidium
parvum and C. hominis can be mechanically passed to
water by birds in feces, and this has been documented
experimentally [19,20] and in the field [11,21]. Frequently,
migratory herbivorous birds follow cattle (reservoir host of
C. parvum) and take advantage of undigested plant
material in cattle feces [11]. However, residential wild
geese can acquire C. hominis oocysts from local garbage
and other unhygienic places [21]. Because mankind is the
predominant source of C. hominis, it is reasonable to
assume that finding this species in goose feces [21]
indicates a mechanical transfer. By contrast, Giardia
has an extensive zoonotic reservoir [13]. The cysts of
assemblages virulent to humans are common in water
[22] and can be acquired by birds from this environment.
A single avian isolate of Giardia was virulent to mammals
[23], indicating that birds can serve as reservoir hosts in
addition to being mechanical vectors (Table 1). Human-
virulent microsporidian species are the least-studied
group from the environmental health sciences standpoint.

E. hellem can readily infect birds and has been reported
from seven waterfowl species, and E. intestinalis has been
reported from one species [12]. Alarmingly, increasing
numbers of worldwide reports show the association of feral
urban pigeons with human-virulent microsporidian
species (Table 1), particularly E. bieneusi [24-2T7],
including E. bieneusi genotypes typically identified in
HIV/AIDS patients [25,26].

Vectorial capacity of birds

The prevalence of birds shedding human pathogens in
feces and the associated pathogen intensity varies
(Table 1). In one study, concentrations of infectious
C. parvum oocysts (as per mouse bio-assay) and Giardia
sp. cysts in fecal droppings of migratory Canada geese were
3.7 x10°g! and 4.10 x 10% g~ !, respectively [11]. The
concentration of Cryptosporidium sp. oocysts and Giardia
sp. cysts in migratory ducks was 4.8 x 102g™! and
4.4 x 10* g1, respectively [28]. The prevalence of bird fecal
droppings positive for Cryptosporidium sp. oocysts can be
as high as 90% [29]. The concentration of E. hellem spores
varies from 2.0 x 103 g™ to 5.0 x 10° g ! in feces, with a
mean value for various waterfowl species of 3.6 x 10° g~*
[12]. The overall concentration of E. bieneusi spores was
3.6 x 103g™! in excrement of urban feral pigeons [27].
Such high concentrations of pathogen-transmissive stages
shed in bird feces indicate indigenous infection rather than
amere mechanical carriage of pathogens acquired from the
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environment. What are the relevant implications for the
quality of surface waters used for drinking purposes or
recreation? The fecal coliform input by birds to surface
water has recently been characterized by a field databased
prediction model for the microbial-quality impact inflicted
by waterfowl visitation [2]. For quantitative assessment,
the model considers the number of fecal pellets (n) depos-
ited on a 100 m long and 1 m wide shore-line by a single
visitation of an average flock of ducks, geese or gulls. The n
value reached 1700 [2]. Thus, considering an average
waterfowl fecal pellet weight of 17.2 g [11], with 8.6% of
birds shedding human pathogens [12], and the concen-
tration of C. parvum, Giardia sp. and E. hellem shed in
bird feces [11,12], a single visitation of an average size
waterfowl flock can introduce into the water approximately
9.3 x 106 infectious C. parvum oocysts, 1.0 x 107 Giardia
sp. cysts and 9.0 x 10® E. hellem spores [12]. However, is
this a large quantity? How much is enough to infect
humans and seriously affect water quality? Cryptospori-
dium parvum isolates differ in their virulence to humans
[30,31]. Volunteer challenge trials that used healthy
C. parvum-seronegative individuals showed that the
IDso (infectious dose 50%, i.e. the number of pathogens
that can cause infection in 50% of exposed population) or
minimal infectious dose for the three main C. parvum
isolates [i.e. TAMU (Texas A & M University), IOWA
and UCP (Ungar Cryptosporidium parvum)] varied from
9 to 18, from 87 to 190 and from 1042 to 2980 oocysts,
respectively [30,31]. Giardiasis in immunocompetent
people can be caused by 10 cysts [32], and because micro-
sporidia are emerging pathogens, their ID5y are unknown
and await elucidation by volunteer experimental challenge
studies. However, based on animal data the infectious dose
is thought to be low [15]. In water, the oocysts, cysts or
spores retain their infectivity for a prolonged period — from
two months for Giardia [32] and several months for micro-
sporidian spores [17] to a year for Cryptosporidium [33],
which facilitates transmission via recreational contact. In
addition, the small sizes and resistance of oocysts and
spores to standard water chlorination facilitates trans-
mission via drinking water [7,17].

The future of water safety assessment

Advances in molecular technology together with a com-
petitive market made many molecular epidemiology tech-
niques affordable and routinely used for identification of
waterborne enteropathogens. Species-specific identifi-
cation of pathogens is essential for water monitoring;
however, currently used immunofluorescent antibodies
(IFA) for identification of waterborne Cryptosporidium
produce a positive reaction with oocyst species not virulent
to people [34]. Of equal importance to species-specific
identification is the assessment of pathogen viability or
infectivity. For example, a standard protocol for reporting
of Cryptosporidium in drinking water in the USA requires
species identification, oocyst enumeration and assessment
of their viability (United States Environmental Protection
Agency; http://www.epa.gov/nerlewww/1623de05.pdf). Of
all viability and infectivity assays on the market [35],
the suckling BALB/c mouse bio-assay provides the ulti-
mate answer to oocyst infectivity issues; in fact, this
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assay first showed the infectivity of C. parvum oocysts
in waterfowl fecal droppings [11]. However, the high inocu-
lum size and the false-negative outcome for C. hominis,
which does not readily infect animals [36], make this
method unsuitable for water testing. Therefore, consider-
able efforts by regulatory agencies concerned with water
safety are focused on the development of method(s) that
will enable quantitative, species-specific and simultaneous
detection of multiple pathogens with assessment of their
viability [37]. One of these techniques is fluorescent in situ
hybridization (FISH) in combination with IFA, which
enables multiplexed quantitative species-specific identifi-
cation of C. parvum, C. hominis, G. lamblia [38] and all four
human-virulent microsporidian parasites [39], together
with viability assessment of oocysts, cysts and spores
[12,16,38,39].

Concluding remarks and future directions

The aquatic environment is a shared resource, required
year-round by all species of waterfowl and by humans.
Management of drinking and recreational water resources
should implement effective protection measures from
aquatic birds, and should be ecologically friendly and
ethically acceptable. The spectrum of protection measures
depends on the geographical and ecological characteristics
of the relevant water reservoirs.

The environmental and ecological interactions of water-
fowl and humans will inevitably continue to have negative
public health consequences for drinking water resources.
This highlights the urgent need for better water-quality
indicators, or alternatively, for testing the source waters
for Cryptosporidium and human-virulent microsporidia.
European countries are evaluating the environmentally
resistant spore-forming bacteria Clostridium perfringens
as a water-quality indicator (http:/www.carlow.ie/ser-
vices/environment/reports/CryptoOutbreakCarlow2005.
pdf). Drinking water with acceptable fecal coliform levels
has caused outbreaks of giardiasis, and the cysts have been
traced to beavers living in the source water reservoir [40].
This resulted in a reduction of the Giardia threat to
drinking water by leading to the introduction of properly
performed filtration and chlorination, and established an
understanding that improvement of water quality by low-
ering fecal coliform counts is not a sound solution for
waterborne protozoan pathogens. Source tracking of fecal
coliforms does not offer a satisfactory solution to water
safety assessment; however, it can aid in the identification
of fecal pollution sources and contribute to watershed
protection [5,6].

Considerable evidence indicates that migratory birds
can contribute to the global spread of infectious agents in a
spatial manner analogous to humans traveling on aircraft
[41]. Waterfowl species: (i) usually occur in large flocks,
(ii) can migrate long distances, (iii) frequently graze and
defecate in water and (iv) are protected by environmental
laws in many regions where they have unlimited access to
surface waters used for drinking water production [11,12].

Waterfowl are part of our natural resource heritage and
are necessary for the proper functioning of aquatic ecosys-
tems. In the areas where their presence is environmentally
justifiable, these birds should be supported and protected.
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However, to protect the public health, managers of surface
waters used for drinking water abstraction and recreation
that are vulnerable to microbiological contamination from
birds should apply effective protection measures. The
demand for microbiologically safe water grows exponen-
tially owing to the rise in human populations. As postu-
lated already [42], revision of current legislation is
required in tandem with the development of new control
measures, hopefully with the approval of animal rights
activists.

Advances in molecular technology have prompted
multiple diagnostic discoveries related to human infec-
tious agents. The genetic diversity of bird-specific
Cryptosporidium is substantial [43], and many molecular
laboratories do not always have sufficient epidemio-
logical and environmental science expertise to accurately
assess the epidemiological relevance and importance of
their results. For example, multiple novel Cryptospor-
idium ‘goose’ and ‘duck’ genotypes [21,44,45] have not
been seen in humans, and the virulence in humans of
Cryptosporidium sp. oocysts found in 90% of goose and
49% of duck droppings [28,29] is unknown. To maintain
the public health, it is essential that accurately inter-
preted information is provided to regulatory agencies,
drinking and recreational water industries, and the
public.

The high quality of drinking water produced from pota-
ble sources and microbiologically safe surface recreational
waters is the outcome of a partnership between engineer-
ing, environmental health and epidemiological sciences,
reinforced by regulatory agencies. The mounting evidence
provided by academia on the negative impact inflicted by
birds residing at our usable water resources needs to be
appropriately addressed by regulatory agencies. Current
technology allows for multiplexed species-specific identifi-
cation, enumeration, viability assessment and source
tracking of human protozoan pathogens in water. Such
technology could be implemented into water-monitoring
programs chiefly to benefit public health and, additionally,
to add to further assessment of the impact of wildlife on
water resources.
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