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ABSTRACT: Understanding the environmental pathways of
Cryptosporidium is essential for effective management of human
and animal cryptosporidiosis. In this paper we aim to quantify
livestock Cryptosporidium spp. loads to land on a global scale using
spatially explicit process-based modeling, and to explore the effect
of manure storage and treatment on oocyst loads using scenario
analysis. Our model GloWPa-Crypto L1 calculates a total global
Cryptosporidium spp. load from livestock manure of 3.2 × 1023

oocysts per year. Cattle, especially calves, are the largest
contributors, followed by chickens and pigs. Spatial differences are linked to animal spatial distributions. North America,
Europe, and Oceania together account for nearly a quarter of the total oocyst load, meaning that the developing world accounts
for the largest share. GloWPa-Crypto L1 is most sensitive to oocyst excretion rates, due to large variation reported in literature.
We compared the current situation to four alternative management scenarios. We find that although manure storage halves
oocyst loads, manure treatment, especially of cattle manure and particularly at elevated temperatures, has a larger load reduction
potential than manure storage (up to 4.6 log units). Regions with high reduction potential include India, Bangladesh, western
Europe, China, several countries in Africa, and New Zealand.

1. INTRODUCTION

Cryptosporidium is a protozoan parasite that is found all over
the world and can cause diarrhea in humans and animals.1−3

Every year around 1.3 million people die of the consequences
of diarrhea.4 Cryptosporidium has been identified as one of the
six major pathogens responsible for diarrhea in children
younger than 5 years in Africa and Asia.5 Cryptosporidium is
transmitted via the fecal-oral route. Direct contact with feces of
humans or animals is a possible transmission route,6 but often
transmission occurs via an environmental route, such as
drinking of or recreation in contaminated water7 and eating
of fresh produce that has been fertilized with manure or
irrigated with contaminated water.8 Livestock, particularly
cattle, is considered to be an important reservoir of zoonotic
Cryptosporidium.1,2 Cryptosporidiosis has been reported in
many important livestock species, including cattle, buffaloes,
pigs, goats, sheep, horses, camels, donkeys, chickens, and ducks,
and it has been reported on all continents except Antarctica.1,2

Infection of livestock with Cryptosporidium can result in
decreased production and loss of income for the livestock
sector.9,10 Not all Cryptosporidium species in livestock are of
public health significance; the majority of human infections are
caused by C. parvum and C. hominis.
Studying the environmental transmission routes of Crypto-

sporidium is important for assessing and mitigating disease risk,
yet observational data of Cryptosporidium in the environment
are very scarce, as sampling is costly and time-consuming.
Especially quantitative information about diffuse sources, such

as loads from livestock, is rare. This is where process-based
modeling can help; process knowledge can provide insights
relevant for managing human and animal cryptosporidiosis
when observational data are scarce. Process knowledge on
Cryptosporidium from livestock manure includes the following.
Oocysts, the robust survival stage of the pathogen, are excreted
in manure of infected animals, depending on cryptosporidiosis
prevalence and the excretion rate (concentration) of oocysts in
manure that can vary between livestock species and age
groups.11−13 Manure is either deposited directly on fields
during grazing, stored or treated before it is applied to land, or
it is used for other purposes such as burning for fuel. Oocysts
can decay during storage and treatment (such as anaerobic
digestion) of manure.14−16 These are all factors that can be
incorporated in a process-based model of Cryptosporidium loads
from livestock manure. From the land, oocysts can spread
further through the environment, they can, for example, be
transported with runoff to surface waters.
In this paper we aim to quantify livestock Cryptosporidium

spp. loads to land on a global scale using spatially explicit
process-based modeling, and to explore the effect of manure
storage and treatment on oocyst loads using scenario analysis.
We present the model GloWPa-Crypto L1, a global spatially
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explicit model at a 0.5° × 0.5° grid that calculates total annual
oocyst loads to land from manure of 11 livestock species.

2. MATERIALS AND METHODS

GloWPa-Crypto L1 calculates livestock oocyst loads to land
worldwide. We define “load” as the annual total number of
oocysts from livestock manure that end up on land. This
accounts for all oocysts in manure that is dropped directly on
land, and the proportion of oocysts that survive in manure that
is stored before it is applied to land. GloWPa-Crypto L1 is
programmed in R,17 it operates on a 0.5° × 0.5° grid and on an
annual time step. The model is considered representative for
approximately the year 2005. Figure 1 shows a schematic
overview of major model components. The main input data for
the model include: number of animals (from the Gridded
Livestock of the World v2.018), cryptosporidiosis prevalence
and oocyst excretion rates (from an extensive literature
review19), manure production and storage estimates (from
IPCC and USEPA20,21), intensive and extensive farming
systems (from the IMAGE model22) and ambient temperature
(from the WATCH forcing data23). GloWPa-Crypto L1 is
partly based on an exploratory global model of Cryptosporidium
loads to surface water.24 In addition to the earlier work,
GloWPa-Crypto L1 includes manure storage and oocyst decay,
and prevalence and oocyst excretion are now based on an
extensive literature review. GloWPa-Crypto L1 does not
differentiate between different species of Cryptosporidium, as
there is insufficient data available on prevalence and excretion
rates of the different species in different livestock animals.
Moreover, observational studies on oocysts in the environment
usually do not distinguish between different species either, as
the antibodies used for environmental surveillance are not
specific to human or zoonotic Cryptosporidium species only.
2.1. Calculating Oocyst Excretion in Livestock Manure

(X). GloWPa-Crypto L1 includes 11 livestock species: cattle,
buffaloes, pigs, sheep, goats, horses, camels, donkeys, mules,
chickens, and ducks. Oocyst excretion (X) per grid cell for each
animal species (i) is calculated as follows:

= × × × × + × − × × ×X N NFy My Py Ry (1 Fy) Ma Pa Rai i i i i i i i i i i

(1)

where Xi is the oocyst excretion in a grid cell (oocysts/year) for
animal species i; Ni is the number of animals of species i in the
grid cell; Fyi is the fraction of animals of species i that is young
(defined as under three months old); Myi and Mai are the

manure production (M) per head for young (y) and adults (a)
of species i (gram manure/year), respectively; Pyi and Pai are
the prevalence (P) of cryptosporidiosis for young (y) and
adults (a) of species i (fraction infected); and Ryi and Rai are
the excretion rates (R) of oocysts for an infected young (y) or
adult (a) animal of species i (oocysts/gram manure)
The numbers of animals on a grid cell (Ni) are taken from

the Gridded Livestock of the World v2.018 for six animal
species: cattle, sheep, goats, pigs, chickens, and ducks. These
data were aggregated to a 0.5° × 0.5° grid. For the five other
livestock species only country totals were available.25 We
assumed that buffaloes are distributed over countries similar to
cattle, and that horses, camels, mules, and donkeys are
distributed similar to sheep and goats, see the Supporting
Information (SI). Figures S1 and S2 visualize the distribution of
livestock over the world. We define young animals as those
under three months old, as prevalence and excretion rates for
this group were found to differ from those of adult animals
(Table S4). The young fraction of animals is estimated based
on the fertility rates26 and average number of offspring per
parturition of the different animal species (Table S3). Manure
production (Mai and Myi) was calculated from average body
mass of adult livestock, birth weight of young livestock, and
manure production per 1000 kg mass (Tables S1 and S2).20,21

Average prevalence of cryptosporidiosis (Pyi and Pai) and
average oocyst excretion rate of infected animals (Ryi and Rai)
are based on an extensive systematic literature review19 (see
Table S4).

2.2. Calculating Oocyst Survival during Manure
Storage (V). For oocyst in manure that is dropped during
grazing (L), we assume that everything ends up directly on
land, according to the following equation:

= × +L X F F( )i i intl extli i (2)

where Xi is the oocyst excretion (oocysts/grid/year) for animal
species i (see eq 1); and Fintli and Fextli are the fraction of
animals of species i that are kept in respectively intensive and
extensive systems and drop manure on land during grazing.
However, if manure is stored before it is applied to land, then

oocysts will die off during the storage period. The following
equation calculates the number of oocysts in manure that is
stored and then spread on land (S):

= × + × ×S X F F V( ) FSij i ints exts j ji i (3)

Figure 1. Schematic overview of major model components of GloWPa-Crypto L1. Gray boxes represent the major subcomponents that are
calculated, the white box represents the oocysts that are lost, and the text without boxes are model inputs. The oocyst load to land (E) is the main
model output.
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where Xi is the oocyst excretion (oocysts/grid/year) for animal
species i (eq 1); Fintsi and Fextsi are the fractions of animal
species i that are kept in respectively intensive and extensive
systems of which the manure goes to storage; FSj is the fraction
of stored manure kept in storage system j; and V̅J is the fraction
of oocysts that survives during storage in system j, averaged
over time (eqs 4 and 5)
Data on whether animals are kept in intensive or extensive

farming systems (Fintli, Fextli, Fintsi, Fextsi) were taken from the
Integrated Model to Assess the Global Environment (IMAGE)
according to Bouwman et al.22 Data on the use of different
storage systems (FSj) for the different animal species are from
the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories20 and underlying data from a USEPA report on
Global methane emissions from livestock and poultry manure21

(see SI S5). We assumed that all manure that is stored is
applied to land in the same grid cell after storage. Manure trade
was thus ignored.
Average oocyst survival (V̅J) in each storage system depends

on storage time and temperature (eqs 4 and 5). We use an
exponential decay function to calculate survival of oocysts over
time (V):

= − ×V e K t (4)

Where:
t is the time (days)
K is a constant, that is dependent on temperature
We derived a value for K for each grid cell, based on a

relation between temperature (°C) and oocyst survival in
livestock manure (measured as viability or infectivity) using
data from seven studies,14−16,27−30 see the Supporting
Information S6 for more detail.
Data on the duration of manure storage worldwide are

unavailable to our knowledge. Unless a short storage time was
explicitly indicated (e.g., systems “daily spread” and ‘Pit storage
shorter than one month’, see Supporting Information S5) we
assumed that manure is on average stored for 9 months (274
days), based on an assumed one or two harvests per year per
location and spreading of manure at the start of the growing
season. We integrated eq 4 over the estimated storage time to
get the average survival rate (V̅̅J) in every grid cell (eq 5). We
do an integration, because we assume that a manure storage
system continually receives manure, as livestock produce
manure every day. To clarify, when manure is accumulated
for 9 months and then spread on a field, this manure will be
between 1 day and 9 months old.

∫
=V

V t

t

d
t

j
0

j

j

(5)

We do not differentiate for other characteristics of manure
storage systems because of a lack of data (see Table S7),
although conditions under which manure is stored may differ
per system, and these conditions might influence Cryptospori-
dium survival. Only anaerobic digesters are considered a special
case, as they are a type of manure treatment rather than mere
storage. Anaerobic digesters can be operated at medium or high
temperatures (mesophilic or thermophilic digestion). Garces et
al.16 found that oocyst infectivity was reduced by 2 log units
after mesophilic digestion, and by over 5 log units after
thermophilic digestion. Data on the relative use of mesophilic
and thermophilic digestion worldwide are not available, but
mesophilic systems are reported to be more stable and most
commercial-scale anaerobic digesters are operated at mesophilic
temperatures.31 Therefore, we took the conservative estimate
that all digestion is mesophilic and assume a 2 log reduction (V̅̅J
= 0.01).

2.3. Calculating the Total Oocyst Load (E). In GloWPa-
Crypto L1, the total oocyst load (E) is defined as the number of
Cryptosporidium oocysts in a grid cell ending up on land
annually (Figure 1). The oocyst load in a grid cell is calculated
as follows:

∑ ∑= +E L S
i

i
ij

ij
(6)

where E is the total oocyst load in a grid cell (oocysts/year); Li
are the oocyst loads (oocysts/year) in a grid cell from manure
that is dropped directly on land by animal species i (eq 2)
(these are summed for all animal species); and Sij are the oocyst
loads (oocysts/year) in a grid cell from manure of animal
species i that has been stored in storage system j (eq 3) (these
are summed for all animal species and storage systems).

2.4. Sensitivity Analysis and Scenario Analysis. We test
the sensitivity of our model to variation in the input variables in
a nominal range sensitivity analysis. We change our input
variables one at a time, based on the lower and upper end of a
reasonable range the value can take. Tables S8−S10 show the
input data of the sensitivity analysis.
We compare our baseline model to four alternative

management scenarios, assuming that all manure goes directly
to land (Scenario 1), all manure goes to storage (Scenario 2),
all manure is treated by mesophilic anaerobic digestion
(Scenario 3), and all manure is treated by thermophilic

Figure 2. Oocyst loads to land (E) per grid cell per year. Grid cell size is 0.5° × 0.5°.
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anaerobic digestion (Scenario 4). The difference between
Scenario 1 and the baseline model represents the reduction in
oocyst loads that is currently achieved by manure storage. The
difference between the baseline model and Scenarios 2−4
represent the reduction potential. In all scenarios, the fraction
of manure that is used for other purposes (e.g., burned for fuel)
and leaves the system is unchanged. The assumptions on
storage time and temperature in Scenario 2 are the same as in
the baseline model. The assumption on the effect of oocyst
survival of mesophilic anaerobic digestion (2 log reduction) and
thermophilic anaerobic digestion (5 log reduction) is the same
as that in the baseline model.

3. RESULTS AND DISCUSSION
3.1. Oocyst Loads to Land. Our model calculates a total

global oocyst load from animal manure of 3.2 × 1023 oocysts
per year. Figure 2 shows how this is distributed over the world.
The patterns are mostly determined by the distribution of
cattle, chickens, and pigs in the Gridded Livestock of the World
V2.0 data. North America, Europe, and Oceania together only
account for nearly a quarter of the total oocyst load, meaning
that the developing world accounts for the largest share. This is
likely mostly due to high animal numbers (Figure S1) and
limited manure storage in developing countries, as cryptospor-
idiosis prevalence does not differ greatly between different
world regions19 (Table S4).
Compared to other studies calculating livestock oocyst loads

to land, GloWPa-Crypto L1 model outcomes are in the same
range. Atwill et al.32 estimate a load of about 2.8 × 104 to 1.4 ×

105 oocysts/animal/day for beef cattle from 22 feedlots in 7
states in the U.S.A. With GloWPa-Crypto L1, we estimate for
North American adult beef cattle a daily load of 2.9 × 105

oocysts/animal/day. Starkey et al.33 estimate the daily C.
parvum-like oocyst load from dairy cattle across all ages in the
New York City Catskill/Delaware watershed to be 4.15 × 1010.
They assume 258 herds within this watershed with an average
of 125.3 animals per herd, hence, the oocyst load/animal/day is
1.28 × 106. They estimate that preweaned calves (<2 months)
produce 99.5% of this load. With GloWPa-Crypto L1, we
estimate for North American cattle an average of 5.89 × 106

oocysts/animal/day, of which 93% comes from young cattle
(<3 months). In both cases, our load estimate is somewhat
higher, and our proportion attributed to calves is somewhat
lower, but still in the same order of magnitude. All of these
estimates are excluding die-off during storage.

3.2. Sources of Oocyst Loads. In Europe and North
America most oocysts come from stored manure, in the other
regions oocyst are predominantly excreted directly on land.
Asia has the highest total oocyst load, followed by Africa, Latin
America, and Europe (Figure 3a) In Oceania, the majority of
oocysts come from extensive systems, in Africa it is
approximately equal, and in the other regions intensive systems
dominate (Figure 3b). We did not assume different
cryptosporidiosis prevalence for animals kept in different
systems, although there is some evidence that in systems
where large numbers of animals live closely together, disease
prevalence is higher, but the evidence was too weak and the
input data too variable to provide a quantitative estimate.34−39

Figure 3. Oocyst load per world region, (a) from manure dropped directly on land and from stored manure, and (b) from intensive and extensive
systems. Pie chart sizes are proportional to the size of the oocyst load. We distinguish seven world regions: Europe, Asia, Africa, North America,
Latin America, and the Middle EastNorth Africa (MENA), see SI S1.
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On a global scale, cattle are the dominant source of oocysts,
followed by chickens and pigs (Figure 4). Intensive systems are
the largest source of oocysts for most animal species, especially
for pigs and chickens. Manure dropped directly on land is the
largest source of oocysts for most animal species, except for
chickens, pigs, and ducks. For cattle, buffaloes, goats, and sheep,
young animals are the largest source of oocysts. For pigs, adults
are the largest source of oocysts, although prevalence and
oocyst excretion rates are higher for young pigs than for adults.
The reason for this is that adult pigs produce much more
manure than young pigs. It should be noted that the literature
indicates that cryptosporidiosis is more prevalent among dairy
calves than among beef calves,40−42,34,43 although the literature
is not fully consistent on this.36,44−46 We did not make a
distinction for dairy and beef cattle because the Gridded
Livestock of the World v2.0 does not distinguish between these.
3.3. Sensitivity Analysis. Due to the lack of observational

data of Cryptosporidium in the environment, a full model
validation (in the meaning of comparing model outcomes to an
independent set of observational data) is not possible for
GloWPa-Crypto L1, as is the case for many large scale
(ecological) models.47 Yet there are other ways to build trust in
a model, that can be summarized in the process “evaludation”,47

several of which we have incorporated in this study. These
include transparency about model input data and assumptions
(Section 2), comparing model outcomes to other studies
calculating loads to land (Section 3.1), and doing a sensitivity
analysis to study model performance.
The sensitivity analysis (Tables S8−10) shows that the

model is most sensitive to changes in the excretion rates,
especially the excretion rates of young cattle (factor 27.9 or
10log 1.4), young goats (factor 4.9), and young buffaloes (factor
3.8). This means that the absolute size of oocyst loads to land,
the relative importance of the different animal species and the
patterns on the maps should be interpreted with this in mind.
Regarding prevalence, the model is most sensitive to changes in
the prevalence among young cattle, adult pigs, and chickens
(factor 2.17, 1.45, and 1.41, respectively). For variables other
than excretion rates and prevalence, the model is most sensitive
to changes in the fraction of manure going to storage and to
land (factor 1.96). The model is not very sensitive to changes in

storage time and temperatures in different seasons, and to the
excretion rates and prevalence among animal species that do
not contribute much to the global total oocyst loads (e.g.,
mules, donkeys, and ducks).
It is not surprising that the sensitivity analysis shows that the

model is most sensitive to changes in the oocyst excretion rates,
because the range over which they were varied in the sensitivity
analysis is large, as excretion rates exhibit strong variation (over
several orders of magnitude).19 Starkey et al.33 also report that
their model to calculate oocyst loads is most sensitive to oocyst
excretion. A source of uncertainty for excretion rates for all
animal species is that recovery efficiencies of oocysts are often
not determined, and this can affect fecal concentration
estimates strongly.48 The literature review19 did not identify
any studies for the excretion rates for mules, donkeys, camels,
buffaloes, chickens, and ducks. For mules, donkeys, and camels,
the value for horses was taken as model input, and for buffaloes
the value for cattle. For chickens and ducks, we determined
model input values based on additional literature, all
inoculation studies (i.e., not natural infection) with very
young animals (see Table S5). This may lead to an
overestimation of excretion rates, as inoculation with higher
oocyst numbers can lead to higher shedding,49,50 although not
all studies observe this,51 and one study indicates that younger
chickens shed more oocysts and for a longer period than older
chickens.52 Furthermore, nearly all studies in chickens were
done with C. baileyi, and excretion rates can also differ for
different Cryptosporidium species; one study found that C.
meleagridis was shed by chickens in 2−3 times lower numbers
than C. baileyi.53

Observed prevalence is also uncertain, as different measure-
ment methods can give different outcomes, in part due to the
detection limit of the methods used that may cause “low level
shedders” to be missed.54,55 Detection limits are often not
discussed in studies measuring Cryptosporidium in animal feces.
Furthermore, we assumed that observed prevalence, usually
measured at a point in time or over a short period, can be
generalized to reflect the average prevalence throughout the
year. If observed prevalences are biased toward seasons,
regions, or herds that experience higher than average levels of

Figure 4. Oocyst load (E) per animal species attributed to intensive (Fint) or extensive (Fext) systems, coming from storage (S) or excreted directly
on land (L), and coming from adult or young animals. Pie chart sizes are an indication of the total annual oocyst load per animal species.
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cryptosporidiosis infection, then we may overestimate preva-
lence in our model.
We want to stress the need for more observational data of

Cryptosporidium, in fresh fecal material but also in manure in
different types of storage facilities and on the field, from animals
of different age groups, and from different countries. Recovery
rates and detection limits should be assessed and published
with these data.
3.4. Scenario Analysis: Effect of Manure Storage and

Treatment. We compare the results for the four scenarios in
Figures 5 and 6. The difference between the total oocyst load
calculated in Scenario 1 and the baseline model was found to be

a factor of 2.6. This represents the current reduction in oocyst
loads due to manure storage. Around half of this current
reduction is attributable to manure storage for chickens, around
one-third to pigs, and approximately one tenth to cattle (Figure
5). Figure 6a is a map of the current reduction in oocyst load
due to manure storage per country. High reduction is currently
achieved in Europe, Bangladesh, China, countries in southeast
Asia, and the U.S. Low reduction takes place in Mongolia,
Russia, parts of Africa, and Australia.
The differences between Scenario 2−4 and the baseline

model represent the oocyst load reduction potential of manure
storage (2) and of manure treatment with mesophilic (3) and

Figure 5. Oocyst load per animal species for the baseline model and four alternative management scenarios. The scenarios are assuming that all
manure goes directly to land (Scenario 1), all manure goes to storage (Scenario 2), all manure is treated by mesophilic anaerobic digestion (Scenario
3), and all manure is treated by thermophilic anaerobic digestion (Scenario 4). The category “Other” combines the results from horses, camels,
donkeys, mules, and ducks.

Figure 6. (a) Current reduction of oocyst load to land by storage (Scenario 1 minus baseline model run divided over country surface area in km2).
This map shows how much fewer oocysts end up on land because of current manure storage practices. High values indicate large reductions. (b−d)
Reduction potential of oocyst load to land, showing respectively the baseline model run minus Scenario 2−4 divided over country surface area in
km2. These maps show how many fewer oocysts end up on land if all manure would go into storage (b), if all manure would be treated by mesophilic
anaerobic digestion (c), and if all manure would be treated by thermophilic anaerobic digestion (d). High values indicate large reduction potential.
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thermophilic (4) anaerobic digestion. If all manure would be
stored under the conditions assumed in our model, then the
environmental oocyst load would be a factor 2 lower than in
our baseline run. If all manure would be treated with mesophilic
anaerobic digestion, then the load would be reduced by a factor
37, and for thermophilic anaerobic digestion by a factor of
nearly 37 000 (4.6 log units). Around half of the reduction
potential in all three scenarios comes from cattle manure, after
that chickens, pigs, goats, and buffaloes are most important.
Figure 6b−d are maps of the oocyst load reduction potential
per country, resulting from manure going to storage, treated
with mesophilic anaerobic digestion, and thermophilic
anaerobic digestion, respectively. The highest reduction
potential can be found in India, Bangladesh, western Europe,
China, several countries in Africa, and New Zealand. Low
reduction potential is in Russia, Canada, and several countries
in Africa. The spatial patterns in Figure 6b−d are similar, giving
high values for countries with high livestock density and low
current manure storage. The observation that especially
western Europe, Bangladesh, and China have both a high
current reduction (Figure 6a) and a high reduction potential
(Figure 6b−d) follows from the high livestock density in these
regions.
Manure storage alone is not a strategy by which oocyst loads

to land are greatly reduced. In our model, we assumed
continuous manure addition during the storage period,
meaning that the manure going to land is ranging in age
from fresh to old. Storing manure in batches, instead of with
continuous addition of fresh manure, could improve oocyst
load reduction.14 Manure treatment with mesophilic or
thermophilic anaerobic digestion can have a much larger
impact as oocyst loads could be reduced by several log units.
Our estimate of oocyst survival during anaerobic digestion is
based solely on the findings of Garceś et al.,16 but Kinyua et
al.29 confirm that treating manure by anaerobic digestion before
it is applied to land can lower the risk of cryptosporidiosis from
contaminated crops and soils significantly. It would be
worthwhile to further investigate the effects of different manure
treatments (such as anaerobic digestion, but also other possible
treatments) on oocyst survival.
3.5. Importance of Livestock Cryptosporidium for

Human Disease. Not all Cryptosporidium species are
infectious for humans. Livestock harbor many Cryptosporidium
spp. that have not been implicated in human infection.1,2 The
majority of human infections are caused by the species C.
hominis, which predominantly infects humans, and C. parvum,
which infects a variety of mammals. Ruminants are important
reservoirs of C. parvum,1,2 especially (preweaned) calves6,17−20

and to a lesser extent adult cattle, lambs, and goat kids.21−26

Livestock can also harbor other Cryptosporidium spp. that have
occasionally been reported in humans, examples are C.
meleagridis from chickens, C. andersoni and C. bovis from cattle,
C. suis and C. scrofarum from pigs, and C. xiaoi from sheep and
goats.1,2

GloWPa-Crypto L1 does not distinguish between Crypto-
sporidium species, for three main reasons: (1) comprehensive
quantitative data on the relative occurrence of the various
species in different livestock worldwide are not available, (2)
Cryptosporidium species denomination has changed over the
years and is subject to disagreement,3 and (3) observational
data on Cryptosporidium oocysts in the environment usually do
not differentiate between species either, meaning that it would
be near impossible to validate a species-specific model.

However, if the outcome of GloWPa-Crypto L1 were to be
used as input for risk assessment for human disease, data or
assumptions are needed on the prevalence of Cryptosporidium
spp. in livestock that are infectious for humans (mainly C.
parvum and C. hominis) or only the input from the most
relevant livestock species (cattle) should be incorporated.
GloWPa-Crypto H156 is the human counterpart of GloWPa-

Crypto L1. It calculates global human Cryptosporidium
emissions to surface water to be 1.6 × 1017 oocysts/year.56

GlowPa-Crypto L1 calculates a much higher total global oocyst
load from animal manure of 3.2 × 1023 oocysts/year. However,
it should be noted that this is the load to land, not to surface
water. Rainfall and subsequent runoff will transport only a small
part of manure to surface waters, and in the meantime oocysts
will also decay. Besides, as mentioned before, not all livestock
Cryptosporidium is infectious for humans. A comparison of the
relative importance of human and animal Cryptosporidium for
waterborne disease is therefore, at this point, only speculative.
However, our model suggests that the contribution from
livestock should definitely not be ignored.

3.6. Outlook for Cryptosporidium Modeling. Gaining
insight into the environmental pathways of Cryptosporidium is
important in the context of managing human and animal
cryptosporidiosis. Facing scarcity of observational data of
Cryptosporidium in the environment, process-based modeling
and scenario analysis can help to provide insight in handling
options, such as the reduction potential from manure storage
and treatment. More detailed scenario analyses could
investigate the effects of different types of manure treatments,
to answer specific management questions.
A next step is to go toward the exposure pathways that

determine risk of contracting cryptosporidiosis, such as water-
and foodborne pathways. A model of surface water oocyst
concentrations can be constructed when the outcomes of
GloWPa-Crypto L1 are combined with estimates on the
survival of oocysts in manure on fields, transport with runoff to
surface waters, hydrological information, and the outcomes of
GloWPa-Crypto H1. Together with information on the share of
Cryptosporidium spp. that are pathogenic for humans, such a
model can provide a basis for risk assessments. In addition,
GloWPa-Crypto L1 could be further refined to operate on a
smaller time step or for specific regions. A model at a smaller
time step could look into birthing seasons and herd structure
development. This would require more detailed input data sets.
This paper provides a first spatially explicit assessment of

Cryptosporidium spp. oocysts from livestock manure to land.
The total global load is large (3.2 × 1023 oocysts per year) and
should not be ignored in risk studies. Spatial differences are
linked to animal spatial distributions. The GloWPa-Crypto L1
model is most sensitive to oocyst excretion rates, due to large
variation reported in literature. Scenarios that include manure
treatment (especially thermophilic anaerobic digestion)
strongly reduce the loads to land (up to 4.6 log units). Manure
treatment could be important to improve microbial environ-
mental quality.
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(16) Garceś, G.; Effenberger, M.; Najdrowski, M.; Wackwitz, C.;
Gronauer, A.; Wilderer, P. A.; Lebuhn, M. Quantification of
Cryptosporidium parvum in anaerobic digesters treating manure by
(reverse-transcription) quantitative real-time PCR, infectivity and
excystation tests. Water Sci. Technol. 2006, 53 (8), 195−202.
(17) R Core Team. R: A Language and Environment for Statistical
Computing; R Foundation for Statistical Computing: Vienna, Austria,
2016.
(18) Robinson, T. P.; Wint, G. R. W.; Conchedda, G.; Van Boeckel,
T. P.; Ercoli, V.; Palamara, E.; Cinardi, G.; D’Aietti, L.; Hay, S. I.;
Gilbert, M. Mapping the global distribution of livestock. PLoS One
2014, 9 (5), e96084.
(19) Hofstra, N.; Vermeulen, L. C.; Benders, J.; Medema, G.
J.Cryptosporidium Prevalence and Oocyst Concentrations in Live-
stock Manure: A Review Prep. 2017.
(20) IPCC. 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, vol. 4 ch. 10; 2006.
(21) Safley, L. M.; Casada, M. E.; Woodbury, J. W.; Roos, K. F.
Global Methane Emissions from Livestock and Poultry Manure; USEPA:
Washington, D. C., 1992.
(22) Bouwman, L.; Goldewijk, K. K.; Van Der Hoek, K. W.; Beusen,
A. H. W.; Van Vuuren, D. P.; Willems, J.; Rufino, M. C.; Stehfest, E.
Exploring global changes in nitrogen and phosphorus cycles in
agriculture induced by livestock production over the 1900−2050
period. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (52), 20882−20887.
(23) Weedon, G. P.; Gomes, S.; Viterbo, P.; Shuttleworth, W. J.;
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