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Abstract
The pathogen Cryptosporidium can cause the diarrheal disease Cryptosporidiosis in humans and
livestock, and can be emitted to water through feces. Cryptosporidium emissions to land vary
seasonally because they are affected by several agricultural factors, such as the birthing season, the
grazing season and manure application. The seasonal dynamics of these factors were quantified based
on thorough literature review.
Lambing and kidding occur from January to May. These youngest age categories have the highest
prevalence and excretion rates. Cattle and buffaloes kept in intensive production systems are grazing
in the summer. Manure is applied to grassland from spring to autumn, and on cropland in spring and
autumn. Before application manure is stored and oocyst die-off occurs.
These agricultural factors are included in an improved Cryptosporidium-emission model for Europe.
This model dynamically simulates the distribution of emissions to land on a monthly time-step. The
results show substantial intra-annual variations in both the amount of emitted Cryptosporidium
oocysts and the location of hotspots. The highest emissions occur in May, August, September and
October. Emissions in the winter are 96% lower. In the winter, distinct emission hotspots only occur in
the British Isles. In the other months, additional emission hotspots appear on the European mainland.
The most influential driver for intra-annual variations in the amount of emitted Cryptosporidium is the
cattle grazing season, followed by manure application to cropland. These drivers in the distribution of
emission hotspots are the distribution of livestock production systems and of cattle, pigs and chicken.
Two assumptions likely affect the model outcomes. First, the length of the grazing season might vary
between northern and southern European countries. Second, legislative limitations affect the manure
emission. Uncertainties in these assumptions do not undermine results because the applied data is
generally representative. However, collecting more data to better validate the model and to increase
the precision is recommended to further develop the model.
The year-round confinement and the reduction of grassland area currently increase. These trends are
analyzed by a scenario-analysis. The increasing confinement decreases overall emissions and changes
the intra-annual timing of high and low emissions. The reduced grassland area does not change overall
emissions and causes only a slight variation in the intra-annual timing of high and low emissions. The
effect of both trends varies intra-annually, increasing emissions in some months and decreasing them
in others.
This improved model does not yet include the step to model run-off to surface water or concentrations
in waterbodies. Emissions to land are only precursors to run-off to and concentrations in water. Other
factors also affect the concentration of Cryptosporidium in waterbodies. Many studies indicate that
intra-annual variations in Cryptosporidium concentrations in waterbodies are also linked to
hydrological and climate conditions, such as rainfall events, topography and UV exposure.
This new study for the first time gives insight into the intra-annual dynamics of Cryptosporidium
emissions to land as affected by the distribution of agricultural factors for Europe through modeling.
This model can inform management strategies aimed at reducing the emission of Cryptosporidium to
land, either for the impact of Cryptosporidium on agricultural businesses or for human health.
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1. Introduction
1.1.

Background

Cryptosporidium is one of the globally most common pathogens (Gibson et al., 1998) and can result in
the diarrheal disease cryptosporidiosis in livestock and humans. Cryptosporidium can be emitted to
water through human and animal feces (Shirley et al., 2012). Oocysts are excreted in high numbers.
They are infectious immediately after excretion (Shirley et al., 2012) and can survive for months in
moist conditions, such as water or moist soils (Semenza & Nichols, 2007; Shirley et al., 2012).
Cryptosporidium has a high infectivity; ingestion of only a few oocysts can lead to symptoms. Humans
can get infected with Cryptosporidium through contact with infected livestock or humans, or through
contaminated drinking water, recreational water and crops irrigated with contaminated water (Shirley
et al., 2012).
Diarrhea causes 1.5 million deaths of children aged under five worldwide every year. This makes it the
second most common cause of death among young children. In children with diarrhea brought to
health faculties, Cryptosporidium is the most frequently isolated protozoan pathogen (UNICEF/WHO
2009). In developed countries, Cryptosporidium is one of the two most common waterborne
pathogens (Baldursson & Karanis, 2011). It is found in many water catchments in Europe (e.g., BodleyTickell et al., 2002; Ehsan et al., 2015; Hamnes et al., 2006) and cryptosporidiosis outbreaks are
reported in industrialized countries all over Europe (Baldursson & Karanis, 2011). The occurrence of
cryptosporidiosis is increasing in recent years mainly due to outbreaks in recreational waters (Shirley
et al., 2012). In England and Wales, Cryptosporidium caused 69% of the outbreaks of waterborne
infectious intestinal disease (Smith et al., 2006).
In developed countries, Cryptosporidium-infected immunocompetent adults often do not have to seek
medical treatment (Shirley et al., 2012), but diarrhea is the main reason for missing work and as such
a significant expenditure (Cacciò & Widmer, 2014). However, infected immunocompromised
individuals often develop chronic diarrhea (Joachim, 2004), which can be lethal (Joachim, 2004;
Semenza & Nichols, 2007). Children are most often infected, developing symptoms such as diarrhea
lasting up to 30 days, abdominal pain, vomiting and weight loss (Joachim, 2004). At an early age, an
infection can have lasting effects on mental and physical development (Jex et al., 2011).
In livestock, cryptosporidiosis is also a substantial problem (De Graaf et al., 1999). Cryptosporidiosis is
reported in all major livestock classes. It is difficult to control and associated with lowered farming
incomes. Retarded growth and mortality result in productivity decreases. The need for drugs,
veterinary assistance and increased labor result in additional economic losses (De Graaf et al., 1999).
Despite being one of the most important global waterborne pathogens, the burden of Cryptosporidium
is unclear (Cacciò & Widmer, 2014; Checkley et al., 2015; Shirley et al., 2012). Cryptosporidiosis cases
are greatly underreported (Checkley et al., 2015; Semenza & Nichols, 2007), for example, only an
estimated 1% of human infections are diagnosed and reported in the USA (Checkley et al., 2015).
Several European countries report data on human Cryptosporidiosis occurrences to the European Basic
Surveillance Network. Unfortunately, this data is difficult to analyze because a uniform guideline is
lacking, which leads to methodological differences in aspects such as the method of detection, case
definitions and way of recording. Additionally, only 60% of the European countries report on
Cryptosporidiosis (Semenza & Nichols, 2007).
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The risk of infection is associated with concentrations of Cryptosporidium in the surface water.
Monitoring programs for Cryptosporidium are costly and measuring concentrations is difficult since
oocysts recovery rates are generally low (Checkley et al., 2015; Hansen & Ongerth, 1991). Both for
public health and veterinary reasons, there is a need for more insight in the contamination of surface
water with Cryptosporidium. Modeling of Cryptosporidium emissions to land and concentrations in
water has proven to be a valuable resource. The global water pathogen (GloWPa) model (Hofstra et
al., 2013) was developed for the first assessment of global Cryptosporidium emissions to land. This
spatially explicit model enabled the identification of hot-spot regions for emissions to land and allowed
the assessment of various scenario’s (Hofstra & Vermeulen, 2016). The model includes both human
and livestock emissions and has been improved over time (Benders, 2016; Hofstra & Vermeulen, 2016;
van Hengel, 2015; Vermeulen et al., 2017). In the model, the Cryptosporidium emissions are calculated
on an annual basis. However, studies have shown that Cryptosporidium concentrations in watersheds
vary during the year (Boyer & Kuczynska, 2003; Burnet et al., 2014; Ehsan et al., 2015; Hörman et al.,
2004; Mons et al., 2009; Tsushima et al., 2003; Wilkes et al., 2009). Similarly, the incidence of
cryptosporidiosis has been seen to vary during the year (Cacciò & Widmer, 2014; Jagai et al., 2009;
Semenza & Nichols, 2007; Xiao & Feng, 2008).
In the modeling of ammonia emissions, the inclusion of agricultural processes on a higher temporal
resolution resulted in strong seasonal emission patterns, highlighting the importance of including
seasonal variations in agricultural practices in modeling (Hellsten et al., 2007; Pinder et al., 2004). First
attempts have been made at analyzing emissions and concentrations of Cryptosporidium on a smaller
time step for water catchments in Ireland by Coffey et al. (2010) and Tang et al. (2011) using the soil
and water assessment tool (SWAT). These attempts show the importance and relevance of modeling
Cryptosporidium on a smaller time-scale. Both studies used SWAT to model Cryptosporidium
concentrations in the water on the spatial scale of a water catchment; the Fergus catchment in the
east of Ireland (Coffey et al., 2010) and two catchments in Ireland (Tang et al., 2011). Both studies
included seasonal variations in agricultural practices, such as manure application, the housing- and
grazing season, manure storage time and decay. Coffey also included on-site wastewater treatment
systems. Both their results showed the importance of including seasonal variations while modeling,
with monthly predicted concentrations ranging from 4.8oocysts l-1 to 0.004 oocysts l-1 (Coffey et al.,
2010).
They also showed the use of such modeling exercises for informing management. Coffey et al. (2010)
identified manure application as a significant source of Cryptosporidium, and as such suggested that
management strategies could target this agricultural activity to reduce potential level of
Cryptosporidium in catchment waters. Tang et al. (2011) found that grazing management had little
effect on Cryptosporidium concentrations, while fields fertilized with manure were the main source of
contamination.
Samadder et al. (2010) presented an approach to analyze when surface water is at risk of
Cryptosporidium contamination. They created a monthly risk potential index as an indicator of the risk
of pollution of surface water by Cryptosporidium for a small catchment in Ireland. They included landuse pattern (e.g., grazing, manure and slurry spreading) as one of the six parameters, together with
hydrological parameters such as rainfall, soil type and terrain slope. The model showed large variations
in the risk for Cryptosporidium in water catchments. Based on their model they also made suggestions
for alternative land-use practices to reduce the risk of Cryptosporidium in the water surface.
9

These three modeling exercises illustrate the importance of modeling agricultural variations on a
smaller time scale, the insight it gives in the processes involved in the contamination of surface water
and its significance for informing agricultural management. Calculating Cryptosporidium emissions to
land on an annual basis as is done in the GloWPa model fails to capture these variations. By reporting
model outcomes in yearly averages, temporal peaks and lows in Cryptosporidium concentrations might
be severely under- and overestimated and management scenarios might not be optimal.

1.2.

Purpose of the study and the research questions

This thesis aims to develop a model to analyze the impact of seasonal variations in agricultural practices
on the intra-annual emission of Cryptosporidium to land. Europe is used as a case-study for the model.
The model will further be applied to explore the effect of possible future management scenarios on
intra-annual Cryptosporidium emissions.
To achieve this purpose, the following research questions are addressed:
RQ 1. What are influential factors on intra-annual variation in agricultural Cryptosporidium emissions
to land?
RQ 2. How can intra-annual variation be included in the GloWPa model?
RQ 3. How do intra-annual dynamics affect the outcome of Cryptosporidium emissions to land?
RQ 4. How is the Cryptosporidium emission to land affected through different management
scenarios?

1.3.

Reading guide

These four research questions are addressed in the coming chapters. Each chapter discusses a separate
research question. Chapter 2 shows which factors are influential on the intra-annual variations in
agricultural Cryptosporidium emissions to land. It also explores the intra-annual variations for these
practices in Europe. Chapter 3 describes how these influential agricultural factors, identified in Chapter
2, can be added to the GloWPa-1 model to analyze inter-seasonal variation in emissions to land.
Chapter 4 analyses the outcomes of the new model. In Chapter 5 the new model is used to explore the
effect of various management scenarios on the emissions. At the end of chapters 2, 4 and 5 the chapter
outcomes are critically discussed. Chapters 6 and 7 provide overarching discussion and conclusion.

10

2. Influential factors on intra-annual variation in agricultural Cryptosporidium
emissions to land
2.1.

Methodology

This chapter addresses RQ 1 on the factors that influence intra-annual variation in Cryptosporidium
emissions. For this thesis, the scope is limited to Cryptosporidium emissions to land through
agricultural practices and the variation herein. This question is answered through a literature review.
Two online scientific databases were used for finding relevant studies, Scopus and Google Scholar. At
the end of the literature review Web of Science was shortly explored to see if any additional papers
would come up. I used the databases search functions and checked the reference lists manually for
relevant articles. The first selection of literature was based on the title of the papers. When the title
sounded relevant, the abstract was read. I also looked at the official EU database, Eurostat1. This
chapter presents the result of the literature review. It will first explore which agricultural practices
affect seasonal Cryptosporidium concentrations. Then it will examine the intra-annual variation in
these agricultural practices.

2.2.

Influential agricultural practices on Cryptosporidium concentrations

Cryptosporidium oocysts spread to the environment through livestock faeces. Therefore agricultural
activities can be an important source of Cryptosporidium. Farming activities and livestock near water
bodies have consistently been linked with higher measured Cryptosporidium concentrations, than in
upstream or nearby water bodies (Hansen & Ongerth, 1991).
Studies have shown that Cryptosporidium concentrations in watersheds vary seasonally during the
year (Boyer & Kuczynska, 2003; Burnet et al., 2014; Ehsan et al., 2015; Hörman et al., 2004; Mons et
al., 2009; Tsushima et al., 2003; Wilkes et al., 2009). These intra-annual variations in Cryptosporidium
concentrations in water have been linked to both hydrological conditions such as rainfall events and
topography (Boyer & Kuczynska, 2003; Hansen & Ongerth, 1991; Keeley & Faulkner, 2008; Robinson
et al., 2011) and agricultural practices. As Cryptosporidium oocysts spread to land through livestock
manure, agricultural practices that affect whether manure ends up on land, affect the spreading of
Cryptosporidium to the environment.

2.2.1. Birthing season
Variations in Cryptosporidium concentrations in water have been linked to calving. Higher
concentrations are measured during the calving and lambing season (Bodley-Tickell et al., 2002; Keeley
& Faulkner, 2008; Ong et al., 1996). Cryptosporidium prevalence and excretion rates differ significantly
between livestock age classes, with young animals having the highest prevalence and excretion rates
(Ahamed et al., 2015; Hamnes et al., 2006; Maddox-Hyttel et al., 2006; Maurya et al., 2013; Robertson
et al., 2014; Silverlås et al., 2009).

2.2.2. Grazing season
Certain livestock species are not grazing or housed for the whole year. During the grazing season,
livestock is allowed to graze and their faeces are emitted directly to land. Outside the grazing season,

1

http://ec.europa.eu/eurostat/web/agriculture/data/database, accessed February 2016.
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when livestock is housed, the produced faeces is collected for storage to be applied as land fertilizer
later or to be used for other purposes (Bouwman, 2005).

2.2.3. Manure application
Manure spreading has been shown to influence Cryptosporidium concentrations in nearby water
bodies. The spreading of manure was the single risk factor for detecting Cryptosporidium in a
watershed in the northeastern United States during spring (Sischo et al., 2000). A model exercise for
two Irish agricultural catchments found that manure application on fields was the main source for
Cryptosporidium in the water, especially when manure application was followed by a runoff event
(Tang et al., 2011). As manure spreading is a very seasonal activity, this affects intra-annual variations
in Cryptosporidium emission to land.
The number of Cryptosporidium oocysts in the manure applied to land is affected by manure storage
and treatment. Both can decrease the number of Cryptosporidium oocysts in manure (Hutchison et al.,
2005), and as such affect the number of Cryptosporidium oocysts spread to land during manure
application.

2.3.

Modeled relations

2.3.1. Birthing season
The average prevalence of cryptosporidiosis and the oocyst excretion rate of infected animals vary
between age classes, especially within their first life year. To account for the effect of these differences
on annual Cryptosporidium emissions Vermeulen et al. (n.d.)2 distinguish between adult and young
age-classes for cattle, buffaloes, pigs, sheep and goats. Young animals were defined as those less than
one year old. They use an annual average for the population composition for these livestock categories.
For the other livestock categories, not enough data is available to distinguish between age categories.
Seasonal variations in total livestock numbers were not considered.
For livestock categories with a distinct birthing season, there will be seasonal variations in the age
distribution of the population. In turn, this will affect the oocyst excretion of the population – as young
animals have significantly higher prevalence and excretion rates. Lambing and kidding in Europe are
seasonal, between January and May (Scottish Agricultural College et al., 2000). Dairy cows and beef
cattle in Europe have no distinct calving season, with calving commonly happening year round (BlancoPenedo et al., 2012; van Arendonk & Liinamo, 2003). In some European countries, slight increases in
calving may occur in spring or autumn to coincide with higher milk prices, but this varies between
countries (van Arendonk & Liinamo, 2003) and as such is not taken into account. Since buffaloes in
Europe are kept under modern intensive systems for milk and meat production (Perera, 2011) similar
to cattle, it is assumed there is a similar trend in calving for buffaloes as for cattle, with no distinct
calving season. For pigs, chickens and horses kept in intensive systems, it is assumed seasonal breeding
does not occur. Therefore, in the model the birthing season will be included for sheep and goats.
Prevalence is generally reported to be highest in animals less than a month of age, after which it
decreases with age (De Waele et al., 2011; Fayer et al., 2006; Maddox-Hyttel et al., 2006; Santín et al.,
2004), with similar patterns found for sheep and goats. Prevalence is often found to be significantly

2

This study is based on communication before publication of the final GloWPa-L1 model (Vermeulen et al., 2017). Some variables were
changed before publication in 2017. Therefore this thesis will refer to Vermeulen et al. (n.d.)

12

higher in animals less than a month old when compared to other age classes, both in goat kids (Mišić
et al., 2006; Rieux et al., 2013) and lambs (Ahamed et al., 2015; Causapé et al., 2002; Mišić et al., 2006).
Excretion rates also peak in infected animals less than six months old. The timing of maximum shedding
is less clear than the peak in prevalence. It appears to be in animals less than 1 month old for goat kids
(Noordeen et al., 2001; Rieux et al., 2013) and lambs (Ahamed et al., 2015; Pritchard et al., 2007), but
has also been reported in the second month (Pritchard et al., 2007).
In order to fully capture the effect of seasonal reproduction of sheep and goats and the high prevalence
and excretion peak in the first month after birth, age classes for sheep and goats are further specified
in: <1 month; 1-3 months (30-90 days); 4–12 months (91-365 days) and > 1 year old, see Table 1. For
the prevalence in lambs in age classes <1 month and 1-3 months, the reported values from three
studies were averaged (Ahamed et al., 2015; Causapé et al., 2002; Mišić et al., 2006). Prevalence values
for goat kids less than 1 month and 1 - 3 months were averaged from two studies (Mišić et al., 2006;
Rieux et al., 2013). Goat excretion values were calculated from the values reported by Rieux et al.
(2013). For lambs, not enough data was available on excretion rates to differentiate between the two
young age categories. Therefore the values found for goat kids were also applied to lambs. Excretion
and prevalence values for age categories 4-12 months and > year were based on the values used by
Vermeulen et al. (n.d.) for young (<year old) and adult (>year old).
Table 1. Average prevalence and study range of cryptosporidiosis and oocyst excretion rate for sheep and goats per age
category

Average prevalence (%)
< 1 month
Sheep
Goats

58.9 (45.3
– 66.4)
42.7 (28.0
– 51.8)

1-3
month
33.1 (23.0
– 38.7)
10.5 (0.0
– 18.4)

4-12
month
24.2

> year

12.3

5.1

9.0

Average excretion rate
(10log oocysts / gram feces)
< 1 month
1-3
4-12
> year
month
month
6.1
3.9
4.0
2.5
6.1 (21E04
– 1.4E06)

3.9 (1.5E03
– 6.8E03)

3.9

2.4

Estimates are that annually a fraction of 0.60 of sheep and goats is under one year old (Vermeulen et
al., n.d.). Lambing and kidding in Europe are seasonal, between January and May (Scottish Agricultural
College et al., 2000), which results in the fractions the goat and sheep population belonging to the
different age categories for each month presented in Table 2. Fluctuations in population numbers are
not taken into account.
Table 2. Monthly fractions of goats and sheep per age category

<1
month
1-3
month
4-12
month
> year

Jan
0.12

Feb
0.12

Mrt
0.12

Apr
0.12

May
0.12

Jun

Jul

Aug

Sept

Oct

Nov

Dec

0.12

0.24

0.24

0.24

0.24

0.12

0.48

0.36

0.24

0.24

0.24

0.36

0.48

0.6

0.6

0.6

0.6

0.6

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4
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Since the other livestock classes have no birthing season, the same two age categories and excretion
and prevalence values were used as in the original model 3 (Vermeulen et al., n.d.). The used age
categories are “younger than a year” and “older than a year”, for cattle, buffaloes and pigs, presented
in Table 3. For the other species, not enough observations were available for excretion and prevalence
values to make a distinction between age categories. For the livestock categories other than sheep and
goats prevalence and excretion values are presented in Table 4.
Table 3. Monthly fractions of cattle, buffaloes and pigs per age category

Cattle
Buffaloes
Pigs

Fraction older than a year

Fraction younger than a year

0.67
0.67
0.10

0.33
0.33
0.90

Table 4. Prevalence of cryptosporidiosis and oocyst excretion rate for livestock categories other than sheep and goats per
age class

Livestock
species

Average prevalence (%)
Overall

Cattle
Buffaloes
Pigs
Horses
Camels
Chickens
Ducks
Asses
Mules

6.6
13.0
11.3
15.0
1.6
1.6*

< year

> year

Average excretion rate
(10log oocysts / gram feces)
Overall
< year
> year

26.4
24.3
27.0

13.2
8.9
11.1

5.8
5.8
5.3

3.2
3.2
4.0

4.0
4.0
6.3
6.3
4.0
4.0

2.3.2. Grazing season
While grazing, oocysts are emitted directly to land through manure excretion. Data per country on the
annual fraction of manure that is excreted to land while grazing is based on Bouwman et al. (2013).
The fraction excreted while grazing can be calculated based on the fraction used for other purposes
and the fraction grazing. First, the fraction ‘other uses’ needs to be subtracted from the total manure
excreted, after which the remaining manure is divided over either grazing or storage, based on the
fractions for manure provided by Bouwman et al. (2013).
To disaggregate the annual excretion data into a monthly resolution, monthly grazing fractions were
developed for intensive and extensive systems, based on the length of the grazing season for each
livestock category. It is assumed that the annual amount of manure left on land during grazing is
distributed equally over the months that grazing occurs. The commonness of grazing varies between
European countries. However, an overview of data on grazing in Europe is not easily available (Van
Den Pol - Van Daselaar et al., 2015). As such, estimated generalizations had to be made. All livestock
3

One of the variables that was changed in the published version of the model were the age categories for cattle, buffaloes and pigs, which
were later set at “younger than 3 months” and “older than 3 months”.
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in Europe is considered to be kept in intensive systems, with the exception of UK and Ireland. In these
countries, cattle, buffaloes and sheep are kept half in intensive, half in extensive systems (Bouwman
et al., 2013). It is assumed that intensively kept chickens, ducks and pigs are confined year-round.
Horses, asses, mules, sheep and goat are unconfined year-round. Intensively kept cattle and buffaloes
are allowed to graze a limited period of the year. Cows are housed indoors during the winter months
(Reijs et al., 2013; van Arendonk & Liinamo, 2003), and as such the grazing season for dairy cows in
north-west Europe is from May to October. We assume this applies for all countries in Europe for cattle
and buffaloes in intensive systems - also the intensively kept livestock in the British Isles. The cattle,
buffaloes and sheep kept in extensive systems are assumed to graze year-round.

2.3.3. Manure application
2.3.3.1.
Fraction of manure to storage
Manure can be stored to be applied to land at a later time. The fraction of manure that is stored is
based on data by Bouwman et al. (2013). In addition to annual data on manure that is directly left on
land, the annual fraction of manure used for other purposes, such as burning for fuel, is also provided.
It is assumed that the annual fraction of manure used for other purposes is equally distributed over
time, and as such, the annual fraction is similar to the monthly fraction. Manure that is not used for
other purposes or left on land goes to storage. Thus based on the monthly fraction that is excreted to
land and the fraction of manure used for other purposes, the monthly fraction of manure that is stored
can be derived.
2.3.3.2.
Timing of manure application
The timing of manure application is influenced by a variety of factors. Manure application is mainly
timed to correspond with plant need in the growing season. The timing of manure application varies
between crop- and grassland. In accordance with other modeling studies, it is assumed here that
cropland receives manure in spring and autumn, while manure application on grassland occurs during
spring, summer and autumn (Backes et al., 2016; Hendriks et al., 2016; Skjøth et al., 2011) (Table 5).
The annual quantity of manure applied to cropland is considered to be equally split between the spring
and autumn application period. The manure applied to grassland is also assumed to be uniformly
applied over the whole application period (Backes et al., 2016; Skjøth et al., 2011).
Table 5. Allocation of the spreading of manure to grassland and cropland over the year

Duration
March – May
June – July
August – October
November – February

Grassland application
X
X
X

Cropland application
X
X

The fractions of stored manure applied to grass- or cropland per country, are based on a survey from
Menzi (2002). Livestock manure can be either solid or liquid, depending on the livestock category and
the management of the manure. The survey by Menzi (2001) distinguishes between solid and liquid
manure and poultry manure, and supplies the fractions applied to either crop- or grassland for each
category for 23 European countries (Table 6). Between countries, there are substantial differences in
whether liquid or solid manure is applied to either crop- or grassland. For countries not included in the
survey, values for manure application to grass- or cropland are taken from Bouwman et al. (2013),
which does not distinguish between liquid or solid manure. Values for poultry manure in these
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countries were based on Menzi (2001), who found that the majority of poultry manure is applied to
cropland.
Table 6. Percentage of solid, liquid manure and poultry manure - applied to crops or grassland

Country
Albania **
Austria *
Belgium *
Bosnia and
Herzegovina **
Bulgaria **
Croatia **
Czech rep *
Denmark *
Estonia **
Faroe islands **
Finland *
France *
Germany *
Greece *
Hungary *
Iceland **
Ireland *
Italy *
Latvia **
Liechtenstein **
Lithuania *
Luxembourg *
Malta **
Montenegro**
Netherlands *
Norway *
Poland *
Portugal *
Romania **
Serbia **
Slovak. Rep *
Slovenia **
Spain *
Sweden *
Switzerland *
The former - of
Macedonia **
UK *

Liquid manure
Crops
Grassland
95
5
40
60
80
20
50
50

Solid manure
Crops
Grassland
95
5
60
40
100
0
50
50

Poultry manure
Crops
Grassland
100
0
95
5
100
0
100
0

50
50
20
75
75
50
80
80
85
20
62.5
50
5
74
75
50
10
30
50
50
35
22
80
100
50
50
80
50
75
40
10
50

50
50
80
25
25
50
20
20
15
80
37.5
50
95
26
25
50
90
70
50
50
65
78
20
0
50
50
20
50
25
60
90
50

50
50
80
75
75
50
90
95
85
20
95
50
0
90
75
50
90
90
50
50
50
30
90
100
50
50
100
50
100
30
50
50

50
50
20
25
25
50
10
5
15
80
5
50
100
10
25
50
10
10
50
50
50
70
10
0
50
50
0
50
70
50
50

100
100
90
97
1
100
100
98
100
50
75
100
0
100
100
100
100
100
100
100
100
100
89
100
100
100
100
100
100
100
62.5
100

0
0
10
3
0
0
0
2
0
50
25
0
100
0
0
0
0
0
0
0
0
0
11
0
0
0
0
0
0
0
37.5
0

25

75

50

50

56

44

* based on Menzi (2001)
** based on Bouwman et al. (2013). There is no differentiation between liquid or solid manure, or between
intensively or extensively kept livestock.

16

The percentage of “manure removed from the system” was also included in this survey. However, the
manure removed from the system is already included in the calculation of the fractions of manure
stored and applied to land, based on Bouwman et al. (2013). Therefore this category of the survey was
discarded and the percentages applied to crop- and grassland were recalculated based on the ratio of
manure applied to either category.
Whether livestock manure is solid or liquid depends on the species and manure management. One of
the influential factors is whether the animals are housed inside or grazing outside. As stored manure
is the manure produced when housed inside, it is relevant whether the manure produced inside
housing is either liquid or solid. Of the manure spread while grazing the state is irrelevant. It is assumed
that almost all livestock in Europe is kept in intensive systems (Bouwman et al., 2013), as such we
assume that data from the Netherlands on the liquid or solid state of produced manure inside housing
can be extrapolated to Europe. The manure produced by goats, sheep, horses, chickens, ducks, camels,
asses and mules kept inside in intensive systems is solid manure (CBS, 2014). Manure from pigs kept
inside is liquid. Cattle manure is mainly liquid (99.2%) (CBS, 2014), therefore for modeling purposes all
cattle manure will be counted as liquid manure. As buffaloes are very similar to cattle, it is assumed
that manure of buffaloes is also liquid. An overview of the type of manure produced when kept inside
per livestock category is presented in Table 7.
Table 7. Type of manure produced per livestock category when housed inside

Livestock
category
Cattle
Buffaloes
Goats
Sheep
Pigs
Horses
Camels
Chicken
Ducks
Asses
Mules

liquid

Solid

Poultry

X
X
X
X
X
X
X
X
X
X
X

2.3.3.3.
Oocyst die-off during storage
During the storage period, oocyst die-off will occur in the manure. The survival rate depends on storage
time and surface temperature. The relationship between these factors and survival rate is taken from
Vermeulen et al. (n.d.). Over the period that manure is spread, new manure will also be added to
storage. It is assumed that on average manure has been stored for three months before application to
land. For temperature, the average annual temperature was taken. Based on these assumptions the
survival rate of Cryptosporidium oocysts can be calculated, and thus the total amount of
Cryptosporidium oocysts emitted to land through manure application.
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2.4.

Discussion

This chapter addressed the influential factors on the intra-annual variation in agricultural
Cryptosporidium emissions to land and what data will be used to model these factors. Based on the
literature, three seasonal agricultural activities were found to be influential and appropriate for the
model, namely the birthing season, the grazing season and the timing of manure application.
In addition to the three agricultural activities which were included in the model, other agricultural
practices have also been seen to influence Cryptosporidium prevalence. Practices such as the source
of barn water (well or non-well) and the number of unweaned calves present affect prevalence in the
herd (Starkey et al., 2006). Young animal management also appears to affect Cryptosporidium
prevalence. For example, the use of scour prophylaxis in cows or calves, feeding milk replacer in the
first week and housing the calves in a tied manner all increase prevalence, while washing calf feeding
utensils with soap, the presence of concrete flooring in the calf housing areas and thoroughly washing
calving housing at least three times yearly decrease prevalence (Hamnes et al., 2006; Starkey et al.,
2006; Trotz-Williams et al., 2007, 2008). However, the number of studies in this area is much too small
to include the effects of such factors on prevalence. European or national data on such practices is also
poorly available. This is not expected to affect model outcomes, as these factors would only slightly
affect the absolute amount of oocyst excretion to land and would not affect the timing of peaks and
lows in itself. Firstly, calving is not seasonal. Secondly, similar activities for sheep and goats would not
affect the seasonal dynamics of kidding and lambing, but would only slightly affect the amount of
oocyst excreted. Therefore model outcomes are expected to be representative.
For the three agricultural activities that were modeled – the birthing season, the grazing season and
the timing of manure application – assumptions and generalizations had to be made. This study models
agricultural Cryptosporidium emissions to land for Europe. Compared to other continents, much
agricultural data is available for Europe. Nevertheless locating appropriate data was challenging due
to the monthly resolution of the model. Data had to be on a seasonal or monthly timescale and this is
much scarcer. Additionally, available data was often found for a single or limited number of countries.
Yet, between and within European countries the timing and practice of agricultural activities varies.
The model has tried to capture differences between countries as well as possible by modeling factors
on a national scale if national data was available. For many factors, monthly data was unavailable at
the country level or the time requirement to combine, process and model data from different sources
made it outside of the scope of this thesis. In those cases data from a single or a few countries was
carefully considered and, when appropriate, extrapolated to Europe. The used data is considered to
be representative, but gathering more data to validate the data used and increase the level of detail is
recommended in the future.
Some aspects of the modeled agricultural activities, which could be included and expanded on in the
future, and some assumptions will be discussed in the next paragraphs. Findings on the seasonality of
prevalence are probably contradictory. Some studies have reported that prevalence is highest in
summer (Szonyi et al., 2010) or autumn (Lin et al., 2015), while others indicate that prevalence is
highest in winter (Ahamed et al., 2015; Hamnes et al., 2006). Some also indicate that seasonality has
no effect (Petersen et al., 2015; Starkey et al., 2005). Possible seasonal variations in prevalence were
therefore not considered for the model. The type of farming system, whether extensive versus
intensive, has also been linked to prevalence (Silverlås et al., 2009), yet its evidence base is still very
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weak and thus ignored. However, since almost all European livestock is considered to be kept in
intensive systems, this is considered to be irrelevant for model outcomes.
The grazing seasons’ length has been indicate to vary between northern and southern European
countries. The grazing seasons are generally shorter in northern European countries due to climatic
factors (Phelan et al., 2016; Reijs et al., 2013). However, as there are often issues with what is defined
as the grazing season, zero grazing being unaccounted for or grazing hours not being mentioned
(Phelan et al., 2016) and as data on grazing in Europe is not easily available (Van Den Pol - Van Daselaar
et al., 2015), a more pragmatic approach was chosen and possible differences in length of the grazing
season between countries were for now ignored.
Possible variations in livestock numbers and herd size due to the birthing season were also ignored,
due to lack of data. Another assumption was that manure excreted by young animals was treated
equally as the manure of adult livestock; equal fractions going either to land or storage, and spread
over similar storage systems. However, as some farms have separate maternity and calf housing areas
(Trotz-Williams et al., 2007, 2008), manure and bedding from these areas could be collected and
treated separately from the other housing. It also indicates that the management of young livestock
itself can differ from the rest of the herd, for example with different housing and grazing hours, which
might affect the amount of manure spread on land or going to storage. As young livestock have higher
excretion and prevalence rates, this might affect the model results. For livestock species kept inside
year-round, such as chicken, ducks and pigs this is irrelevant. However, for the livestock categories
with a grazing season, this could be considered for future models, though we expect the effects of such
possible management differences to be limited.
For the timing of manure spreading the model now distinguishes spring, summer and autumn
application, based on other modeling studies. For the autumn application timing European legislation
could be included in the model. To comply with the EU Nitrates Directive, which aims at preventing
and reducing water pollution by nitrates from agriculture, EU member states are required to establish
a closed period where the application of fertilizers and manures is prohibited. This legislation varies
between countries (EC, 2009; Webb et al., 2010). For the modeling of ammonia emissions in Europe
Backes et al. (2016) included such policy restrictions, in contrast to previous modeling approaches.
They used a simplified version of closed periods, see Table 8. They acknowledge this is a simplified
version of closed periods, as there are legislative differences between regions within countries and
also legislative variances for different types of soil and manure (Backes et al., 2016). The closed periods
could affect the timing of manure application, and as such affect the timing of modeled peaks and
lows. This is also substantiated by findings for Belgium, where the (simplified) closed period starts the
15th of September (Backes et al., 2016). In a study, the Belgium autumn manure application peak was
found to be in August – September (Hendriks et al., 2016). The Cryptosporidium model developed in
this thesis spreads autumn manure application over the months August, September and October. As
such the autumn manure application timing used in the model might be slightly too late (see Table 8).
For countries where the closed period starts relatively early or late, results need to be interpreted with
this in mind.
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Table 8. The start and the end date per country for the periods in which spreading of manure is prohibited, as applied by
Backes et al. (2016)

Country
Belgium
Greece
Bulgaria
Slovakia
Luxembourg
Finland
Latvia
United Kingdom
Hungary
Austria
Slovenia
Czech Republic
Poland
Denmark
Ireland
Netherlands
Germany
Sweden

Start closed period
15 Sept
15 Sept
1 Nov
1 Dec
15 Sept
15 Sept
15 Oct
1 Oct
15 Oct
1 Dec
15 Oct
1 Nov
1 Dec
1 Oct
1 Oct
1 Sept
15 Oct
1 Nov

End closed period
1 Feb
1 Feb
1 Feb
1 Feb
15 Feb
15 Apr
1 Mrt
15 Jan
15 Feb
15 Feb
15 Feb
1 Mrt
1 Mrt
1 Feb
1 Feb
1 Feb
1 Feb
1 Mrt

Some assumptions were made regarding oocyst die-off during storage. For example, manure was
assumed to be stored three months before spreading. This means that spread manure contains
manure that was collected between one day and three months ago in equal amounts. During storage,
oocyst die-off occurs. Calculations of the oocyst concentrations in manure spread per month will be
calculated based on the yearly total of manure (and thus oocysts) stored.
Ideally, monthly variations in oocyst emission (due to the birthing season) and manure going to storage
(due to the grazing season), would be taken into account. However, due to time constraints this was
not possible. This disregards the possible influence of the birthing season on the oocyst concentrations
in manure applied to land. It is expected that the oocysts concentrations would be higher in manure
applied to land during or directly after the birthing season, due to the collection of manure of young
livestock with higher excretion and prevalence rates. Unfortunately, studies or data that either
supported or contradicted this expectation could not be found. Due to time constraints, it was outside
the scope of this thesis to model the relations this way. Therefore it was also decided to take the
average annual temperature, instead of the temperature over the previous three months, when
calculating storage die-off, to prevent a false sense of emission differences.
A thorough sensitivity analysis has been conducted on the previous version of the model (Vermeulen
et al., 2017). The new, improved model is expected to be sensitive to the same variables. The original
model was found to have low sensitivity for storage time and temperatures. The new model is likely
to be (un)sensitive to these same variables. Therefore, these assumptions on storage time and
temperature are expected to have little effect on model outcomes.
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2.5.

Conclusion

This section gave an overview of the literature on the relations between agricultural Cryptosporidium
emissions to land and seasonal agricultural activities. It also discussed the data that will be used to
model the activities and emissions in the model.
In the literature, three main agricultural activities were found to affect seasonal differences in
Cryptosporidium emissions to land – the birthing season, the grazing season and the timing of manure
application. Despite that European agricultural data is relatively well available, it was challenging to
find data on the appropriate timescale or country data that could be used to disaggregate annual to
monthly data. Therefore some assumptions and generalizations had to be made. Still, the factors
where the model could be further improved are acknowledged and as such these can be taken into
account when examining model results. More importantly, the assumptions and generalizations made
are based on literature as much as possible and carefully considered. The next section will show how
the relations are modeled.
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3.
3.1.

Modeling
Methodology

This chapter addresses RQ 2 on how intra-annual variation can be included in the GloWPa model. The
agricultural activities identified in Chapter 2 will be included in the GloWPa-L1 model, based on the
intra-annual variations uncovered. This research question is answered through modeling, and results
in a new model, GloWPa-L2.

3.2.

The original model: GloWPa-Crypto L1

The GloWPa-Crypto model was the first exploration of human and livestock Cryptosporidium emissions
on a global scale (Hofstra et al., 2013). It was programmed in R and modeled annual Cryptosporidium
emissions on a 0.5 by 0.5 degree grid. The model has been further improved over time (Hofstra &
Vermeulen, 2016; Kiulia et al., 2015; Vermeulen et al., 2017).
The model presented in this paper is based on the GloWPa-Crypto L1 model (Vermeulen et al., n.d.).
The most recent version of GloWPa-Crypto L1 has been published by Vermeulen et al. (2017).
However, this thesis is based on personal communication with the author of this model, before its
publication, when the GloWPa-Crypto L1 model was being developed. Therefore some data used in
this thesis based on GloWPa-Crypto L1 has in the time before the publication (Vermeulen et al., 2017)
been further developed. The GloWPa-Crypto L1 model described below is the model as it was at the
time of communication with the author.
GloWPa-Crypto L1 is partly based on the GloWPa-Crypto model. GloWPa-Crypto L1 calculates the
emission of Cryptosporidium from livestock sources to land, defined as the annual total number of
oocysts from livestock manure that ends up on land. The model is considered to represent
approximately the year 2005. It distinguishes 11 livestock categories (cattle, buffaloes, pigs, sheep,
goats, horses, camels, chickens, ducks, asses and mules). Animal numbers and their spatial distribution
are based on data from Gridded Livestock of the World v2.0 (Robinson et al., 2014) and country totals
(FAO, 2013).
A general overview of the model is depicted in Figure 1. For each animal category, the total annual
oocyst excretion per grid cell per animal category is calculated based on information on the number of
animals, prevalence of cryptosporidiosis, excretion of oocysts per kg manure and manure production.
For cattle, buffaloes, pigs, sheep, goats and horses a distinction is made between excretion and
prevalence rates for young and adult animals. Young animals are younger than a year old. For these
animal categories, the fraction of animals that is young is also included in the calculation of the total
oocyst excretion. For the other five animal categories, data availability on excretion rates and
prevalence for different age classes was insufficient to make such distinctions.
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Figure 1. Schematic overview of the major components of GloWPa-Crypto L1 as developed by Vermeulen et al. (nd). The
figure shows the different inputs required (text without boxes), sub-components that are calculated in model scripts (gray
boxes) and the number of oocysts that are lost (white box). The oocyst load on land is the main calculated model output
(Vermeulen et al., 2017).

The fraction of excreted oocysts in manure that eventually ends up in the environment depends on
the handling of the manure after excretion. GloWPa-L1 distinguishes two routes through which
manure can end up on land: either through excretion directly on land while grazing, or through
collecting, storage and manure spreading on crop- or grasslands at a later time. The model
distinguishes two farming systems, intensive and extensive. Data is available per animal category per
country for the fraction of animals kept in intensive or extensive farming systems, based on Bouwman
et al. (2013). This data also includes country data for either of intensive or extensive farming systems
on fractions of manure either excreted directly to land, going to storage and used for other purposes
(Bouwman et al., 2013).
To calculate the oocysts emission to land the fraction manure excreted directly to land and the fraction
manure in storage, which is applied later, are used. The data on the use of different storage systems
for the different livestock species were obtained from the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories and underlying data from a USEPA report. During storage, oocyst die-off
occurs, with die-off rates depending on storage time and average air temperature (Vermeulen et al.,
n.d.). Due to lack of information, other factors which might affect die-off rates had not been taken into
account. It is assumed that manure, when spread, has been collected stored continuously over a period
of 9 months – i.e., at the moment of spreading the manure is assumed to be between 1 day and 9
months old. Based on these assumptions the GloWPa-L1 models calculated the annual oocyst emission
(load) to land from livestock.
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3.3.

Temporal downscaling of the model: GloWPa-Crypto L2

This chapter will explain the equations of the new GloWPa-Crypto L2 model, which is based on the
GloWPa-Crypto L1, described in Section 3.2. To explore seasonal variations in Cryptosporidium
emissions to land three main seasonal agricultural practices are considered: the birthing season, the
livestock grazing season and the timing of manure application. The temporal dynamics and data used
to model these activities are explained in Chapter 2. Annual data for each of these agricultural practices
are disaggregated in monthly time steps. First, this section will offer a very general overview of how
these agricultural practices are included in the model. Next, these different steps and the
corresponding equations will be discussed in detail.
1. The total oocyst excretion from livestock will be calculated for each month of the year for each
animal category. This step will include the effect of the birthing season;
2. For each month for each animal category will be calculated which fraction of the monthly
excretion is emitted directly to the environment and which fraction goes to storage. This step
includes the grazing- and housing season; and
3. The final step is the application of manure. This step will include the timing of the application
of stored manure to land and the die-off rate, which depends on the storage time and
temperature.

3.3.1. Monthly oocyst excretion rates: Birthing season
The total oocysts excretion per month varies for livestock categories with a distinct birthing season, as
excretion and prevalence vary between age classes. For livestock categories with a birthing season the
fraction of animals per age category varies per month, and thus the total monthly oocyst excretion
rate varies. The monthly oocyst excretion per livestock category age class is calculated based on the
total number of animals, the fraction of animals in a certain age class, the manure production per age
class and the prevalence and excretion rates per age class.
The oocyst excretion for livestock category (z) for age class (a) in month (m) can be expressed as:

𝑋𝑧𝑎𝑚 = 𝑁𝑧 ∙ 𝑌𝑧𝑎𝑚 ∙ 𝑃𝑧𝑎 ∙ 𝐸𝑧𝑎 ∙ 𝑀𝑧𝑎
Xzam
Nz
Yzam
Mza
Pza
Eza

Eq. 1

is the oocysts excretion for livestock category z in age category a in month m;
is the total number of animals of livestock category z per grid cell;
is the fraction of animals of livestock category z in age category a in month m;
is the manure production per animal head for livestock category z in age category a;
is the prevalence for animals of livestock category z in age category a; and
is the excretion rate for animals of livestock category z in age category a.

The total oocyst excretion for livestock category (z) in month (m) is:

𝑋𝑧𝑚 = ∑ 𝑋𝑧𝑎𝑚

Eq. 2

𝑎

Xzm

is the oocysts excretion for livestock category z in month m.
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3.3.2. Livestock production systems
As stated in Section 2.3.2. livestock can be kept in two different livestock production systems intensive and extensive - with corresponding different farming practices. The division of livestock over
these two livestock production systems is obtained from Bouwman (2005). In Europe almost all
livestock is kept in intensive systems, with the exception of cattle, buffaloes and sheep in the United
Kingdom and Ireland, which are kept partly in extensive systems as well.

𝐹𝑒𝑧 = 1 − 𝐹𝑖𝑧
Fez
Fiz

Eq. 3

is the fraction of livestock category z kept in extensive production systems; and
is the fraction of livestock category z kept in intensive production systems.

In the equations below the division over extensive and intensive production systems will be indicated
as Fzp. That is the fraction of livestock category (z) belonging to one of the two production systems (p).

3.3.3. Manure excreted to land: Grazing season
As stated in Section 2.3.2. the fraction of manure that is directly excreted to land while grazing is
obtained from Bouwman (2005). These are annual fractions. The annual fraction excreted while
grazing can be calculated based on the fraction of manure used for other purposes and the fraction
going to storage. First, the fraction ‘other uses’ (e.g. burnt for fuel) needs to be subtracted from the
total manure excreted, after which the remaining manure is divided over either grazing or storage.
These fractions differ for intensive and extensive production systems.
The annual fraction of manure excreted directly to land for livestock category (z) can be expressed as:

𝐹𝑙𝑧𝑝 = (1 − 𝐹𝑜𝑧𝑝 ) ∙ 𝐹𝑔𝑧𝑝
Flzp
Fozp
Fgzp

Eq. 4

is the annual fraction of manure excreted to land while grazing for livestock category z
kept in production system p;
is the annual fraction of manure used for other purposes for livestock category z kept
in production system p; and
is the annual fraction grazing, based on Bouwman et al. (2013), which is the fraction of
manure allocated to grazing, after exclusion of fraction for other uses, for livestock
category z kept in production system p.

This annual fraction of manure excreted while grazing, needs to be converted to monthly fractions for
livestock categories with a distinct grazing season. For these livestock categories the monthly fraction
of manure excreted while grazing will vary over the months. For livestock categories without a distinct
grazing season, the fraction of manure excreted while grazing is equal for all months. Therefore the
annual fraction is equal to the monthly fraction.
The following equation describes the conversion of the annual fraction of manure excreted on land
while grazing. It is converted from a single annual fraction into monthly fractions, for livestock
categories in production systems with a grazing season. This conversion depends on the duration of
the grazing season, expressed in the number of months the livestock category is grazing in a year. It is
assumed that the annual amount of manure left on land during grazing is distributed equally over the
months that grazing occurs.
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For the livestock categories with a grazing season, the fractions of manure excreted directly to land in
month (m) are:

𝐹𝑙𝑧𝑝𝑚 = 𝐹𝑙𝑧𝑝 ∙ 12 ÷ 𝐿𝑧𝑝 ∙ 𝑔𝑚

Eq. 5

Flzpm

is the fraction of manure excreted directly to land for livestock category z kept in
production system p in month m;
Lzp
is the grazing season length in number of months (from 0 – 12) for livestock category
z kept in production system p; and
gm = 1 if month m is during the grazing season,
gm = 0 if not the grazing season.
The monthly oocysts emission to land can be calculated, now the oocyst excretion and the fraction of
manure going to land are known for each month, for each livestock category.
The oocysts emission to land during grazing in month (m) for livestock category (z) kept in management
production system (p) is described as:

𝑋𝑙𝑧𝑝𝑚 = 𝑋𝑧𝑚 ∙ 𝐹𝑙𝑧𝑝𝑚 ∙ 𝐹𝑧𝑝
Xlzpm

Eq. 6

the oocyst emission directly to land during grazing for livestock category z kept in
production system p in month m.

The total oocysts emission to land during grazing in month (m) can be described as:

𝑋𝑙𝑚 = ∑ ∑ 𝑋𝐿𝑧𝑚𝑝
𝑧

Xlm

Eq. 7

𝑝

the total oocyst emission to land through grazing in month m.

3.3.4. Manure storage: Manure going to storage
It is assumed that the annual fraction of manure used for other purposes is equally distributed over
time, and as such, the annual fraction is similar to the monthly fraction of manure used for other
purposes.
Therefore the fraction of manure going to storage in month (m) for livestock category (z) can be
described through equation:

𝐹𝑠𝑧𝑝𝑚 = 1 − 𝐹𝑜𝑧𝑝 − 𝐹𝑙𝑧𝑝𝑚
Fszpm
Fozp
Flzpm

Eq. 8

the fraction of manure going to storage for livestock category z kept in production
system p in month m;
the annual fraction of manure used for other purposes for livestock category z kept in
production system p; and
the fraction of manure excreted directly to land for livestock category z kept in
production system p in month m.
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The oocysts emission going to storage in month (m) for livestock category (z) is described as:

𝑋𝑠𝑧𝑝𝑚 = 𝑋𝑧𝑚 × 𝐹𝑠𝑧𝑝𝑚 × Fzp
Xszpm

Eq. 9

the number of oocysts going to storage for livestock category z kept in production
system p in month m.

As explained in Section 2.3.3. the timing of the application to agricultural land of the stored manure
depends on several factors. The timing of manure application differs between cropland and grassland,
with grassland also receiving manure in the summer. For European countries, data are available on
which fractions of the stored manure are applied to either grassland or cropland, for solid, liquid and
poultry manure. Therefore we need to differentiate between the storage of solid, liquid and poultry
manure.
The equation for the annual oocyst load in solid manure gone to storage is:

𝑋𝑠𝑠𝑎 = ∑ ∑ ∑ 𝑋𝑠𝑧𝑝𝑚
z=𝑠 𝑚

Xssa

Eq. 10

𝑝

the number of oocysts going to storage for solid manure, annually (a) (summed over
livestock categories (z) excreting solid manure (s)).

The equation for the annual oocyst load in liquid manure gone to storage is:

𝑋𝑠𝑙𝑎 = ∑ ∑ ∑ 𝑋𝑠𝑧𝑝𝑚
𝑧=𝑙 𝑚

Xsla

Eq. 11

𝑝

the number of oocysts going to storage for liquid manure, annually (summed over
livestock categories (z) excreting liquid manure (l)).

The equation for the annual oocyst load in poultry manure gone to storage is:

𝑋𝑠𝑐𝑎 = ∑ ∑ ∑ 𝑋𝑠𝑧𝑝𝑚
𝑧=𝑐 𝑚

Xsca

Eq. 12

𝑝

the number of oocysts going to storage for poultry manure, annually.

3.3.5. Manure storage: Die-off during storage
The survival rate depends on storage time and surface temperature. Oocyst survival can be expressed
through an exponential decay function:

𝑉 = 𝑒 −𝐾 x 𝑡
V
t
K

Eq. 13

is the survival rate;
storage time in days; and
a constant, based on temperature.
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The constant can be calculated for each grid cell. Vermeulen et al. (2017) did a literature review and
found the relationship between ambient temperature and survival to be:

𝜏90 = −2.5586 × 𝑇 + 119.63
T

Eq. 14

average yearly temperature.

τ90 is the time, in days, when 1 log reduction in oocysts has occurred - in other words, when the survival
rate (V) is 0.1. In Equation 13, “k“ can be calculated for each grid cell, by substituting the V (0.1) and t
(τ90) values. Subsequently, Equation 13 can be used to calculate the survival rate for a storage time of
3 months (= 92 days).

3.3.6. Manure storage: Timing of application
The timing of application depends on whether manure is applied to crop- or grassland. The fractions
of liquid, solid and poultry manure applied to either grass- or cropland per country are known, see
Section 2.3.3.
The oocyst load applied to grassland through manure application during month (m) is expressed as:
𝑋𝑔𝑚 = ((( 𝑋𝑠𝑙𝑎 × 𝐹𝑔𝑙 ) + ( 𝑋𝑠𝑠𝑎 × 𝐹𝑔𝑠 ) + (𝑋𝑠𝑐𝑎 × 𝐹𝑔𝑐)) ×
Xgm
Xsla
Fgl
Xssa
Fgs
Xsca
Fgc
V
Lag
grm = 1
grm = 0

𝑉
) × grm
𝐿𝑎𝑔

Eq. 15

the oocyst load spread to grassland in month m of the application season for grassland;
the number of oocysts going to storage for liquid manure, annually;
the fraction of liquid manure applied to grassland;
the number of oocysts going to storage for solid manure, annually;
the fraction of solid manure applied to grassland;
the number of oocysts going to storage for poultry manure, annually;
the fraction of poultry manure applied to grassland;
the oocyst survival rate, for 92 days (varies spatially, due to temperature variations);
the length of the application season to grassland, expressed in number of months;
if month m is during application season for grassland; and
if month m is not grassland application season.

The oocyst load applied to cropland through manure application during month (m) is expressed as:
𝑋𝑐𝑚 = ((( 𝑋𝑠𝑙𝑎 × 𝐹𝑐𝑙 ) + ( 𝑋𝑠𝑠𝑎 × 𝐹𝑐𝑠 ) + (𝑋𝑠𝑐𝑎 × 𝐹𝑐𝑐 )) ×
Xcm
Fcl
Fcs
Fcc
Lac
crm = 1
crm = 0

𝑉
) × crm
𝐿𝑎𝑐

Eq. 16

the oocyst load spread to cropland in month m of the application season for cropland;
the fraction of liquid manure applied to cropland;
the fraction of solid manure applied to cropland;
the fraction of poultry manure applied to cropland;
the length of the application season to cropland, expressed in number of months;
if month m is during application season for cropland; and
if month m is not during the grassland application season.
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3.3.7. Total oocyst emission to land
After the above equations the total oocyst emission to land from agricultural sources can be calculated
for each month. The total oocyst emission to land in a certain month is the sum of the oocysts excreted
directly to land while grazing, the oocysts emitted with manure applied to grassland and the oocysts
emitted with manure applied to cropland.

𝑋𝑚 = 𝑋𝑙𝑚 + 𝑋𝑔𝑚 + 𝑋𝑐𝑚
Xm
Xlm
Xgm
Xcm

3.4.

Eq. 17

the number of oocysts emitted to land in month m;
the total oocyst emission to land through grazing in month m;
the oocyst load spread to grassland in month m of the application season for grassland;
the oocyst load spread to cropland in month m of the application season for cropland.

Overview of new model

3.4.1. Schematic overview of the new model
The above equations are incorporated in a new model in R. A schematic overview of the scripts of this
new model can be seen in Figure 2.

Figure 2. Schematic overview of the new model for monthly Cryptosporidium emissions to land from agricultural sources.
The boxes are the scripts, modeled in R.
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3.4.2. Description of the new scripts
The new model (Figure 2) consists of various scripts in R, that together form the model. This section
discusses the scripts and the input and output of each. For each of the scripts is also stated which of
the equations, described in Section 3.3, are modeled.
0. Prep_EuropeanScale
This script was used to convert csv files and rasters to the size appropriate for Europe, in order to speed
up the model.
1. Setup_variables_mte
This script reads in a number of variables and rasters, which are used to calculate monthly total
excretions in script 2. Additionally it converts monthly temperature rasters in a raster with the annual
average temperature for script 5.
2. Monthly_total_excretion
This script runs equations 1 and 2.
Input
Output
-

Rasters with numbers of animals for each livestock category
Excretion rates, for each livestock category, per age category
Prevalence rates, for each livestock category, per age category
Fraction of livestock category in age category for each month
Rasters with the total excretion, for each livestock category, for each month

3. Fraction_storage_grazing
This script runs equations 3, 4, 5 and 8.
Input
-

CSV file containing the fractions of livestock held in intensive systems, per country
CSV file containing the fractions of manure excreted while grazing and the fraction of manure
going to other uses, per livestock category, for intensive and extensive systems, per country
Value for the length of the grazing season

Output
- Rasters with the fractions of livestock kept in specific production systems, for intensive and
extensive systems, for each livestock category
- Rasters with the fraction of excreted manure left on land, per livestock category, for
intensive and extensive systems, per month
- Rasters with the fraction of excreted manure going to storage, per livestock category, for
intensive and extensive systems, per month
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4. Monthly_grazing_emissions
This script runs equations 6 and 7.
Input
-

Rasters with the total excretion, for each livestock category, for each month
Rasters with the fraction of excreted manure left on land, per livestock category, for
intensive and extensive systems, per month
Rasters with the fractions of livestock kept in specific production systems, for intensive and
extensive systems, for each livestock category

Output
- Rasters with the emissions due to grazing, for each livestock category, for each month
5. Monthly_storage_and_application_emissions
This script runs equations 9, 10, 11, 12, 13, 14, 15 and 16.
Input
-

Rasters with the total excretion, for each livestock category, for each month
Rasters with the fraction of excreted manure going to storage, per livestock category, for
intensive and extensive systems, per month
Rasters with the fractions of livestock kept in specific production systems, for intensive and
extensive systems, for each livestock category
Raster with the average monthly temperature
CSV file containing the fractions of stored liquid, solid and poultry manure applied to
cropland or grassland, for each country

Output
- Raster with the emissions due to manure application to cropland, for months of its
application season
- Raster with the emissions due to manure application to grassland, for months of its
application season
6. Monthly_emissions_to_land_total
Input
-

Rasters with the emissions due to grazing, for each month
Raster with the emissions due to manure application to cropland, for months of its
application season
Raster with the emissions due to manure application to grassland, for months of its
application season

Output
- Rasters with the emissions due to agricultural activities, for each month
This script runs equation 17.

3.5.

Conclusion

This section addressed RQ 2 and gave a description of the new GloWPa-Crypto L2 model. It described
the original model it was based on, gave an overview of the equations and scripts in the model and
discussed the in- and outputs of the various scripts. The next section will analyze the results of the new
model.
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4. The effect of agricultural practices on intra-annual variation on
Cryptosporidium emissions
4.1.

Methodology

This chapter addresses RQ 3: “How do intra-annual dynamics affect the outcome of Cryptosporidium
emissions to land?”. The research question is answered through modeling. Chapter 3 discussed the
functioning of the new model, GloWPa-L2, and the modifications that were made to the original model,
GloWPa-L1. In this chapter, the new model will be run and the results will be analyzed.
This chapter aims to explore the intra-annual dynamics in agricultural Cryptosporidium delivery to land,
for Europe. To grasp the differences of the new model compared to previous Cryptosporidium models
(which report emission values on an annual time step) and to analyze the effect of including seasonal
dynamics, the results will also be compared to the ‘average monthly emission’. This would be the
emission value if the model would run on an annual time step. To come to a comparable value, the
average emission is calculated by averaging the monthly results from the new model.

4.2.

Results

4.2.1. Monthly total emissions to land
The agricultural Cryptosporidium emissions to land per month are shown in Figure 3. The figure shows
substantial differences in Cryptosporidium emissions within the year, as a result of the seasonality of
agricultural activities.

Oocyst emission to land (E+18)

7
6
5
4
3

cropland application

2

grassland application

1

grazing

0

Figure 3. Monthly total Cryptosporidium emissions to land, differentiated for the modeled agricultural activities that are
the emission sources: grazing and manure application to grassland and manure application to cropland.

The annual total emissions are 39E18 oocysts. The highest monthly emission is in May (6.0E18
oocysts), closely followed by August, September and October (5.8E18 oocysts), while the months
with the lowest emission are November and December (0.3E18 oocysts). The emission in November
and December is substantially lower (95.5%) than in May. The figure also shows how these high and
low emission peaks compare to the average month. When the monthly emissions are averaged, the
average month has an emission of 3.2E18 oocysts. This average emission value is substantially lower
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(46.3%) than the emission peak in May. The emissions in November and December are substantially
lower than the average month (91.6%).
Figure 3 also shows how various agricultural activities contribute to the monthly emissions. Annually,
grazing (55.8%) is the most substantial emission source, followed by manure application (44.2%). Of
the annual emissions due to manure application, the majority is due to application to cropland (73.6%)
and less due to application to grassland (26.4%). The highest emissions are in months that coincide
with both the grazing season and manure application to grassland and cropland (May, August,
September and October). Emissions are slightly higher in May, than in August, September and October,
since May also coincides with higher grazing emissions due to influences of the birthing season (which
will be discussed in Section 4.2.2). The lowest emissions are in the winter months, when there are
almost no agricultural activities which contribute to oocyst emission to land.
The spatial distributions of Cryptosporidium emissions are shown in Figure 4. The maps are of the
months January, April, July, September, December and the monthly average. These five months cover
the monthly emission patterns of the whole year4. The maps illustrate the same trends as seen in Figure
3 – distinct seasonal differences in emissions, with the lowest emissions in the winter months,
December and January, and the highest emissions in September (of the depicted months).
In the winter months (December and January), the highest emissions by far are clearly in the United
Kingdom and Ireland. On the European mainland, emissions are much lower, but relative hotspots can
be identified as well, such as in the Netherlands, central Spain and Romania. Excluding the winter
months, it can be seen that April, July and September have similar emission patterns. For these
months, relative hotspots can be identified in the Netherlands, northern Italy and the west of France.
The lowest emissions are found in Scandinavia and Iceland. Areas of below average emissions are also
seen in central Spain, south east France and near Greece. The emissions in the United Kingdom and
Ireland are also relatively high, but less pronounced than in the winter months.

4

Spatial emission patterns are similar for:
January and February
March and April
May, August, September and October
June and July
November and December
See for clarification also Figure 3.
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Figure 4. Cryptosporidium emissions to land for January, April, July, September, December and the monthly average
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Figure 5 shows maps with the spatial distribution of emissions in January. First emissions from all
livestock and second only emissions from livestock kept in intensive systems. As stated in Section
2.3.2, for most European countries, all livestock is kept in intensive production systems, and cattle
and buffaloes are housed inside in winter. In the United Kingdom and Ireland half (50%) of cattle,
buffaloes and sheep are kept in extensive production systems, grazing year-round. Figure 5 shows
that the emission hotspots in January in the United Kingdom and Ireland are largely due to the
livestock kept in extensive systems.

Figure 5. Cryptosporidium emissions to land in January for all livestock (left) and only livestock kept in intensive
production systems (right).

4.2.2. Grazing emissions and the birthing season

Oocyst emission to land
(E+18)

Figure 3 already showed the monthly dynamics in emissions due to grazing. Figure 6 shows the monthly
emissions to land during grazing, differentiated by livestock category. This figure shows that the grazing
season from cattle contributes most to intra-annual dynamics in grazing emissions. During the cattle
grazing season the cattle emissions are 11.9 times higher than outside the cattle grazing season. The
figure also shows that the second largest driver for intra-annual dynamics in grazing emissions is the
birthing season of sheep. The number of sheep grazing is equal over time, but due to the birthing
season, grazing emissions of sheep are 60 times higher from January to May compared to August to
December.
4,0
3,5
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Horses
Pigs
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Goats
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Figure 6. Monthly Cryptosporidium emissions to land during grazing, differentiated by livestock category
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Oocyst excretion
(10log)

Figure 7 shows the monthly oocyst excretion by sheep and goats (n.b. this is not identical to the
emission to land – this is the total number of oocysts excreted, disregarding division over storage or
grazing). Other livestock categories do not have a distinct birthing season, and as such their oocyst
excretion is equal over the year. Sheep and goats, however, do have a distinct birthing season, which
results in large variations in the monthly oocyst excretion of these species, seen in Figure 7. The highest
numbers of oocysts from sheep and goats are excreted from January to May (0.2E18 and 0.02E18
oocysts per month for sheep and goats respectively). The lowest number of oocysts are excreted from
August to December (3,6E15 and 0.2E15 oocysts per month for sheep and goats respectively). This
large difference is caused by the fact that from January to May a fraction of the populations is in the
age category of less than one month old. This age category has very high prevalence and excretion
rates (see Section 2.3.1). From August to December the population is divided into its two oldest age
categories, with much lower prevalence and excretion rates.
18
17
16
15
14
13

sheep
goat

Figure 7. Monthly Cryptosporidium excretion by sheep and goats
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4.2.3. Manure application
Figure 8 shows the emission of Cryptosporidium oocysts to land, through the application of manure to
grassland and cropland, during the months of the respective application seasons. In the months for
manure application, emissions from manure application to cropland (2.1E18 oocysts per month) are
3.7 times higher than to grassland (0.6E18 oocysts per month). As manure is annually applied to
grassland for 8 months and to cropland for 6 months, the annual emission from application to cropland
(12E18 oocysts per year) is only 2.8 times more than from application to grassland (4.5E18 oocysts per
year).
Figure 8 shows that the spatial emission patterns between application to cropland and application to
grassland differ, though both have hotspots around the Netherlands. Hotspots for cropland application
are also northern Italy and western France. Hotspots for grassland application are more in Ireland and
Switzerland, whereas the emissions from cropland are relatively low here. Manure application to
grassland in Portugal is non-existent. For both grassland and cropland, Iceland and Scandinavia are
areas with lowest emissions.

Figure 8. The monthly emissions of Cryptosporidium to land through manure application in the application seasons. The
emissions to cropland in the cropland application season (left) and the emissions to grassland in the grassland
application season (right).

37

Oocyst emission to
land (E+18)

Figure 9 shows the composition of manure applied to cropland and grassland. The figure shows that
Cryptosporidium emissions from manure applied to land originate predominantly from the application
of liquid and poultry manure. The most substantial part of the emissions comes from liquid manure.
Of all three types of stored manure, most is applied to cropland - solid (70%), liquid (71%) and poultry
(93%).
2,5
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Solid

Grass
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Figure 9. The monthly Cryptosporidium emission through manure applied to either grass- or cropland in the application
season, differentiated by the types of manure that are the emission sources; either solid, liquid or poultry manure.

Figure 10 shows the livestock sources of emissions from poultry, solid and liquid manure applied to
crop- and grassland. Section 2.3.3.2 described what type of manure the different livestock categories
produce. It can be seen that the emissions from liquid manure originate mainly from cattle and pig
manure, and hardly any buffaloes manure (<1%). Poultry manure consists mainly of chicken manure
emissions and less of duck manure. Emissions from solid manure originate mainly from sheep manure,
followed by goat and horse manure. As most manure emissions to land stem from liquid and poultry
manure, cattle, pigs and chicken are the primary sources for Cryptosporidium emissions to land due to
manure application.
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Figure 10. The relative composition of livestock sources for Cryptosporidium emissions to land from poultry, solid and liquid
manure applied to crop- and grassland for Europe.
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4.3.

Discussion

The presented results show intra-annual Cryptosporidium emissions to land vary substantially due to
seasonal agricultural activities. Two distinct emission peaks can be observed, in spring (May) and
autumn (August, September and October). Additionally, observed emissions are elevated in March and
April, and June and July, compared to the winter months. The most influential driver for intra-annual
variations in Cryptosporidium emissions to land in Europe was found to be the cattle grazing season.
Manure application to cropland is the second largest driver. Application to cropland causes smaller
absolute differences in emissions, but is the cause of two emission peaks instead of one (in March,
April and May, and August, September and October). The timing of the grazing season and cropland
application overlap in spring and autumn, resulting in the highest emission peaks.
The effects of the birthing season and manure application to grassland are more limited, compared to
these other agricultural activities. However, the effect of the birthing season is still visible in the results.
Differences in emissions can be observed between December and January (Figure 3 and Figure 4).
However, from November until February there are no differences in the number of animals grazing
and there is no manure application. As there are no other agricultural activities, the differences in
grazing emission caused by the birthing season result in visible differences between November and
December, and January and February (Figure 4). The emissions from sheep and goats are also peaking
due to the birthing season in March, April and May, but the effect is less visible, as there are also other
agricultural activities in those months. Still, the emission peak in May is slightly higher than the monthly
emissions in autumn, due to the birthing season of sheep and goat. The birthing season of sheep is
substantially more influential than the birthing season of goats, as in Europe larger numbers of sheep
are kept as livestock. Therefore sheep have higher absolute excretion values than goats (Figure 7).
Figure 4 shows that seasonal variations in agricultural activities affect the distribution of monthly
emission hotspots. In the winter months, the United Kingdom and Ireland are distinct hotspots, where
emissions are factors higher compared to the European mainland. However, during the summer
months, hotspot regions appear on the mainland with higher or equal emissions (the Netherlands,
northern Italy, western France), as in the United Kingdom and Ireland. Within the spring, summer and
autumn season the spatial distribution of emission patterns remains essentially the same, with
hotspots as described above and emissions being lowest in the Scandinavia and Iceland.
The livestock density of cattle, pigs and chicken, and the livestock production systems are the main
factors determining the spatial emission distributions and the intra-annual variations herein. The
emission patterns in spring, summer and autumn mainly follow the livestock distributions of cattle,
pigs and chicken. In the winter months, the distinct emission hotspot in the UK and Ireland is the result
of differences in agricultural practices, caused by the livestock production systems. In the winter
months (November – February), there are only grazing emissions (see Figure 3). In these months the
emission hotspots in the British Isles stand out (see Figure 4). These hotspots are mainly the result of
the production systems applied in the British Isles (see Figure 5). In most European countries, all
livestock is kept in intensive production systems, and cattle and buffaloes are housed inside during
winter. Cattle, buffaloes and sheep in the UK and Ireland are the exceptions and partly (50%) kept in
extensive production systems. Therefore, these cattle and buffaloes are grazing year-round. This
difference in agricultural activities results in substantial intra-annual variations in the spatial
distribution of emission hotspots. Emission hotspots are in the United Kingdom and Ireland in the
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winter months, due to the livestock production systems. In the other months, the emission hotspots
follow the livestock distribution of cattle, pigs and chicken.
In all months, Cryptosporidium emissions to land originate mainly from cattle manure. Closest come
emissions from sheep manure, in January and February (2.7E17 and 1.4E17 oocysts per month, for
cattle and sheep respectively). This is also shown in Figure 3 and Figure 6, as there is only grazing
activity these months and no manure application. January and February are outside the cattle grazing
season, so almost all cattle are housed inside. In Europe, only half of the cattle in the UK and Ireland
are grazing. This results in relatively low emissions from cattle. Additionally, as stated before, emissions
from sheep are peaking, as it is in the birthing season. Overall, emissions are mainly from cattle,
followed by pig and chicken manure.
The modeled total annual Cryptosporidium emission to land is in line with what was found in previous
modeling exercises on annual Cryptosporidium values for Europe (Benders, 2016). This is not
surprising, as both studies are based on data from Bouwman et al. (2003) and Vermeulen (n.d.).
Comparing the modeled results of intra-annual dynamics with other modeling studies is challenging,
as there are very limited other Cryptosporidium emission modeling studies for Europe, let alone studies
modeling intra-annual dynamics in agricultural Cryptosporidium emissions.
For this model, some assumptions and generalizations were made, stated in Section 2.4. There have
been indications that the length of the grazing season varies between northern and southern European
countries. The grazing seasons are generally shorter in northern European countries due to climatic
factors (Phelan et al., 2015; Reijs et al., 2013). However, it has just been concluded that the cattle
grazing season is one of the most influential factors on the modeled intra-annual emission dynamics.
The length of the grazing season in the model is based on countries at the latitude of the Netherlands,
Germany, Ireland, Denmark and England. The grazing season might be shorter for more northern
countries, such as Norway and Sweden, and longer for southern countries, such as Italy and Spain.
When the grazing season is shorter, cattle are housed inside longer and more manure will go to storage
annually. This will increase the monthly amounts of oocyst applied to crop- and grassland, in the
respective application seasons. See Figure 3 as a visual aid. The shortening of the grazing season to
June – September, would mean that the peak emissions in May would be removed. The emission peak
would be limited to August and September. Additionally, peak emissions would be higher, in amount
of oocysts. This is because the amount of oocysts applied through application to cropland and
grassland would be increased. This increase would be caused by the extra manure going to storage.
However, during storage, oocyst die-off occurs. Therefore, the increase in oocysts through application
will be limited, compared to what would go to land in the current model (similar interactions between
grazing, die-off, and emissions through manure application are also discussed in Section 5.4. – scenario
analysis). However, as the emission maps in Figure 4 show, emissions in Scandinavia are many factors
lower than emissions in the rest of Europe. Even the described shortening of the grazing season, would
not increase the peak emissions sufficiently to get close to the emissions in the rest of Europe.
With a longer grazing season, this will increase the length of peak emissions. Figure 3 can be used as a
visual aid. As the grazing season is longer, e.g., from April to November, peak emissions would occur
in April and May, and August to November. Cattle are housed inside shorter annually, and less manure
will annually go to storage. This will decrease the monthly amounts of oocysts applied to crop- and
grassland, in the respective application seasons. Therefore, peak emission will be reached in more
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months, but peak emissions will be slightly lowered, compared to the current model. Overall trends,
with two high emission peaks, lowest emissions in the winter, and higher emissions in autumn and
spring than in June and July will still be similar to the current model. Also, lengthening or shortening
the grazing season does not affect the distribution of hotspots areas. The distribution of hotspots is,
as described in this section, mainly determined by the number of cattle and livestock production
systems. This does not change with the grazing season length.
Another model assumption, explained in Section 2.4., is the effect of legislation on the emission of
manure. There is legislation at the EU and national level, to prevent and reduce water pollution by
nitrates from agriculture. This legislation limits the release of manure to agricultural land and varies
per country (EC, 2009; Webb et al., 2010). At the moment, such legislation is not taken into account in
the model. These restrictions could result in emission peaks being lower than in the current model.
The manure that cannot be spread by agrarians in a certain month can either be applied at the same
location but at an earlier or later date, or be traded and applied somewhere else in the same month
(Hendriks et al., 2016). The trading of manure (from agricultural hotspots to areas outside hotspots)
might mean a slight decrease and increase in emissions in some locations. However, the hotspot areas
that manure is transported away from, will still be areas at risk of the highest Cryptosporidium
emissions. Additionally, manure being applied at an earlier or later time in the same location, might
mean that the hotspot areas experience peak emissions for an extended time. The months that were
found to be at high risk of high emission peaks, will still be the months with maximum Cryptosporidium
emissions. Hotspot areas could experience the (lowered) emission peaks for an extended time, but
hotspot areas will remain the hotspots. The legislation might also result in the trading of manure, which
could lead to areas surrounding hotspots also having increased emissions. As such the hotspots areas
might be larger.
Assumptions on the seasonality of agricultural factors were made based on a thorough literature
review and the best available data. Model results are expected to be valid for the majority of European
countries and Europe overall. However, when assessing results the mentioned limitations need to be
taken into account. Especially when interpreting local results for hotspots or very southern or northern
European countries.
Based on this study, recommendations can be made for management strategies aimed at reducing
Cryptosporidium emissions. Management strategies should focus on the appropriate months, as there
are large emission variations intra-annually. Therefore, management strategies could focus especially
on May, and August, September and October. Agricultural management strategies could focus on the
cattle grazing season and manure application to crops. Regulations aimed at manure application
should focus on liquid and poultry manure, as these are the main manure types applied to land.
Additionally, it should be noted that management strategies should consider the effect of policies for
a single agricultural activity in the complete array of activities taking place. The timing of agricultural
activities and the addition-effects that can occur are noteworthy.
This study models the intra-annual emissions of Cryptosporidium to land, and does not yet include the
step to model run-off or concentrations in water. Emissions to land are essential precursors to run-off
to surface water or concentrations in waterbodies, but the outcomes of emissions are not equal to
these concentrations. The Cryptosporidium concentration in water is impacted by various factors. In
the field, highest Cryptosporidium concentrations have been reported during autumn and winter in
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the UK (Bodley-Tickell et al., 2002), November to April in Luxembourg (Burnet et al., 2014) and autumn
and spring in Belgium (Ehsan et al., 2015), and spring and summer in Spain (Castro-Hermida et al.,
2009). For the study in the UK, this coincided with calving season (Bodley-Tickell et al., 2002), as was
found for two watersheds in Canada (Ong et al., 1996) and a watershed in the USA (Keeley & Faulkner,
2008). Boyer & Kuczynska (2003) studied Cryptosporidium concentrations in a watershed in the USA
and hypothesized that oocyst concentrations would be greatest in spring, when calves were grazing.
This hypothesis was proven false. They found that concentrations were actually highest in fall and
winter. These different seasonal patterns show the complexity of Cryptosporidium concentrations.
In addition to the emission of Cryptosporidium to land, other factors are also impacting the
concentration of Cryptosporidium in the water. Many studies have found that intra-annual variations
in Cryptosporidium concentrations in water are also linked to hydrological and climate conditions, such
as rainfall events and topography (Boyer & Kuczynska, 2003; Hansen & Ongerth, 1991; Keeley &
Faulkner, 2008; Robinson et al., 2011). In addition to these factors, seasonal climatic variables impact
the survival of oocysts in water, also affecting the concentration. UV exposure can very rapidly cause
die-off of Cryptosporidium oocysts in water (King et al., 2008). UV exposure time and UV intensity are
both higher during summer, as such increasing die-off due to UV in summer time. Still, emissions to
land are essential precursors for run-off to surface water or concentrations in waterbodies. For further
research, it is recommended to expand the model, and include the run-off and survival of oocysts in
water.

4.4.

Conclusion

This section gave an overview of the results from the new model, which included seasonal agricultural
activities. It discussed the effects of the various agricultural activities on intra-annual dynamics in
Cryptosporidium emission to land for Europe. The model found substantial intra-annual variations in
the magnitude of monthly Cryptosporidium emissions and the location of hotspots.
In Europe, the cattle grazing season and manure spreading to cropland are the main drivers for intraannual variations in the amount of Cryptosporidium emissions. The birthing season and manure
application to grassland were found to be less influential. For the birthing season, sheep emissions are
more influential than sheep emissions, due to the numbers kept as livestock. Spatial distribution
patterns of emissions are determined by the livestock density of cattle, pigs and chicken, and the
livestock production systems.
The model results highlight the importance of considering intra-annual variations when modeling
Cryptosporidium emissions. Not including such dynamics and focusing on annual average values
severely underestimates hotspot emission values during peak months. As such, potentially
underestimating the risk of Cryptosporidium emission to human and livestock health. Additionally, the
location of emission hotspots can change intra-annually, due to spatial variations in seasonal
agricultural activities.
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5. Management scenario analysis
5.1.

Methodology

This chapter will address RQ 5 on how the Cryptosporidium emissions to land are affected by different
management scenarios. The research question will be answered through a short literature study
exploring current livestock management trends. Literature was searched for in two online databases,
Google Scholar and Scopus. This literature research in current agricultural trends was the basis for two
scenarios. These scenarios were then run in the model.
The functioning of the new model, GloWPa-L2, was discussed in depth in Chapter 3. Current intraannual Cryptosporidium emissions to land were discussed in Chapter 4. This chapter aims to explore
the effect of various management scenarios on agricultural Cryptosporidium emissions. In this chapter,
the results of the modeled current monthly Cryptosporidium emissions, from Chapter 4, will be
indicated as the ‘current’ situation or emissions.

5.2.

Developing management scenarios

Scenario analysis explores the effect that various management practices can have on Cryptosporidium
emissions to land. These scenarios can explore the future effect of current agricultural trends or the
effect of management interventions. As such, scenario analysis can be used to inform management or
policy decisions. For this study two management scenarios, which will be shortly discussed below, were
developed based on literature review. Subsequently, the effect of these management scenarios on
intra-annual European Cryptosporidium emissions will be explored through modeling.

5.2.1. Scenario 1: Year-round confinement
Over time, livestock systems have continuously advanced and become more intensive (Bouwman et
al., 2013). One of the current trends in European agriculture is the rapid decline in the duration of the
grazing season and grazing hours for dairy cattle. This trend is observed in multiple countries in NorthWest Europe (Reijs et al., 2013; van den Pol-van Dasselaar et al., 2012). Experts have identified reduced
grass growth in the summertime, unstable weather conditions, labor efficiency, increased herd size
and increased use of automated milking systems among the main reasons for this decline in grazing
time (van den Pol-van Dasselaar et al., 2012). Regulations aimed at reducing nitrate and phosphorus
leaching might also increase such practices (Mandel et al., 2016). On the other hand, society values
grazing, both for its cultural heritage and the association with animal welfare (Van Den Pol - Van
Daselaar et al., 2015). These trends may temper the decline in grazing, however, as of now, declines in
grazing and an increase in indoor housing are still observed. These trends are expected to further
increase in the future and an increasing number of farms already practice indoor housing year-round
(Mandel et al., 2016).
Based on these continuous trends of decreasing grazing time and increasing indoor housing, the
consequences of a management scenario will be explored where all livestock in Europe is confined
year-round. In this scenario, the assumption is that the fraction of manure normally excreted to land
while grazing goes fully to manure storage (i.e. all manure, that is not used for other purposes, goes
directly to storage). The fraction directly excreted to land will, logically, be non-existent.
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5.2.2. Scenario 2: Reduced grassland area
As described in Scenario 1, agricultural practices in Europe are intensified over time, but there have
also been other changes, such as alterations in agricultural policies and land uptake for other uses.
Together these various influences have resulted in a decreasing trend of the amount of grassland area
in Europe. In the last decade, there has been a decrease in permanent pasture and meadow area in
the EU28 of as much as 370,000 ha per year. Pasture area and meadows took up 38.1 million ha within
EU agricultural holdings in 2013. In a decade that would be a decrease of about 10% (Leclère et al.,
2016).
This trend of decreasing area of grassland might affect the timing of the spreading of manure. As stated
in Section 2.3.3, there is a difference in the timing of manure spreading on grassland or cropland, as
manure application is mainly timed to correspond with plant need in the growing season. Cropland
receives manure in spring and autumn, while manure application to grassland occurs during spring,
summer and autumn. A decrease in grassland might increase the amount of manure applied to
cropland during spring and autumn. This might result in changes in monthly emissions of
Cryptosporidium to land and / or different spatial distribution patterns in months.
To explore the effect this trend might have on future Cryptosporidium emissions to land, a scenario
will be explored where the area of grassland is decreased by 75%. Therefore 75% of the manure
previously applied to grassland, will be applied to cropland in this scenario.

5.3.

Results

The monthly agricultural Cryptosporidium emissions to land for each of these scenarios are shown in
Figure 11. The emissions are differentiated for the agricultural activities that are the emission sources.
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Figure 11. The monthly European Cryptosporidium emissions to land expressed in number of oocysts, for the two scenarios
(S1 and S2) and the current situation. Monthly emissions are differentiated for the modeled agricultural activities that are
the emission sources: manure application to cropland, manure application to grassland and grazing.

44

5.3.1. Scenario 1: year-round confinement
Figure 11 shows that the most substantial differences in emissions are observed between the current
situation and Scenario 1; the scenario with year-round confinement. Figure 11 also shows that overall,
the emissions in Scenario 1 are lower than those in the current situation. Scenario 1 results in an annual
emission decrease of 34.6%. It was expected that this scenario would result in an overall emission
decrease, as all manure that, in the current situation, was left on land while grazing, now goes to
storage. During storage, oocyst die-off occurs. The oocyst emission decrease in Scenario 1 is the direct
result of this storage die-off.
The increase in stored manure affects oocyst emission to land through manure application. This can
be observed in Figure 11. The manure stored is divided over application to grassland and cropland
similar as in the current situation. This manure is then spread in the same application months as in the
current situation. The increase in stored manure, results in higher number of oocysts emitted to land,
by manure application to cropland and grassland, in the application months.
Figure 11 shows that no emissions to land occur from November to February in this scenario, as grazing
and manure application do not occur in the winter. Emissions are highest in spring (March, April and
May) and autumn (August, September and October). The emissions to land in the summer months,
June and July, is lower (74.2%) than the emission in the peak months.
Compared to the current situation, Scenario 1 shows a shift in the months of highest and lowest
emissions to land, as in the current situation the emission peaks were in May, August, September and
October. In Scenario 1 emissions are also equally high in March and April. Despite average emissions
being lower in Scenario 1 compared to the current situation, in these two months the emissions in
Scenario 1 are actually higher than in the current situation. Emissions in March and April are 25.9%
higher in Scenario 1 than in the current situation. However, the emission peaks in Scenario 1 are still
lower (35.4% ) than the emission peak in May of the current situation.
Figure 12 shows the spatial distribution of monthly emissions in Scenario 1 for the months January,
April, July and September 5. There are no emissions at all in January in Scenario 1. The spatial emission
patterns in April and September are identical, also similar to emission patterns in May (not pictured –
see map of September). In July, emissions are lower than in April and September, and there are no
emissions at all in Portugal. For all months (except January, with no emissions) relative emission
hotspots can be identified near the Netherlands and northern Italy. In September and April, there is
also a small emission hotspot in western France. In July, Switzerland, the United Kingdom and Ireland,
are also relative hotspots.
Manure application to cropland and manure application to grassland result in different emission
patterns, shown in Figure 8, for the current situation. It can clearly be seen that emission patterns in
Scenario 1 follow these emission patterns. In July, when there is only application to grassland, patterns
are similar as for emissions to grassland in Figure 8. In April and September, when there is application
to both grassland and cropland, emission patterns are similar to the emission patterns of cropland

5

Spatial emission patterns are similar for:
January, February, November and December
March, April, May, August, September and October
June and July
See also Figure 12.
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application in Figure 8. In these months, the emissions to cropland are substantially larger than
emissions to grassland. Therefore, the emission pattern of cropland application dominates. In July,
Portugal stands out, in Figure 12. There are no emissions in this country in Scenario 1. In Portugal, all
stored manure is applied to cropland in the current situation, and therefore also in Scenario 1 (see
Annex 1). In June and July, there is no manure application to cropland, only to grassland. Therefore,
there are no emissions in Portugal for this month. In the current situation there were also no emissions
due to manure application in Portugal in July, but there were grazing emissions.
Figure 12 also shows the spatial emission differences between emissions in the current situation and
Scenario 1. The maps show the same trends as previously described, with emissions generally being
lower in Scenario 1, than in the current situation. Substantial emission differences can be observed for
July and September. In the current situation these months were during grazing season. In Scenario 1,
direct emissions to land from all grazing livestock were removed. Even though emissions from manure
application to cropland and grassland are heightened, oocyst die-off occurs during storage. The
heightened emissions from manure application to grassland and/or cropland cannot compensate for
the lost emissions from grazing.
Interesting are the emissions differences shown for April, in Figure 12. April is outside the grazing
season, but there is manure application to cropland and grassland. Whereas in April most of Europe
shows increases in emissions in Scenario 1, small parts show an emission decrease, notably in the
British Isles and parts of Greece and Spain. Overall, there is an increase in emissions in April (see also
Figure 11). This increase is due to the increased oocyst emission through manure application to
cropland and grassland. As April is outside the cattle and buffaloes grazing season, there are no losses
in grazing emissions from cattle and buffaloes in intensive systems. However, there are decreases in
grazing emissions from livestock categories that are always grazing year-round, such as horses. Their
direct grazing emissions are now going to storage. But as stated in Section 4.3, cattle is overall the
largest source of emissions. As April is outside of cattle grazing season, this means that overall, there
are emission increases, due to increased emissions from manure application to cropland and grassland.
However, local decreases in emissions can be observed. The largest decrease occurs in the British Isles,
and lesser decreases occur in Eastern Spain and Greece. The large decrease in the British Isles can be
explained by the livestock kept in extensive production systems. In the current situation, grazing
emissions in April are substantially higher in these two countries, compared to the European mainland
(see Figure 4). Grazing season only affects livestock kept in intensive production systems. In the UK
and Ireland, half of cattle, buffaloes and sheep are kept in extensive production systems and thus
grazing year-round. In Scenario 1, all these animals are confined indoors in April and there is a large
local decrease in grazing emissions. The manure from these animals in extensive production systems
goes to storage. With the oocysts lost during storage die-off, this loss in direct grazing emissions cannot
be compensated by the increased emissions from manure application. This is similar to what occurs in
the rest of Europe in Scenario 1, during the months that would be the grazing season in the current
situation (see maps of July and September). The decreases in Spain and Greece can be explained by a
similar reduction in grazing emissions as well, even though April is outside the grazing season. In these
areas are relatively few cattle and buffaloes (livestock affected by the grazing season when kept in
intensive systems). There are more emissions from livestock which are normally grazing year-round.
This livestock is housed in Scenario 1. Therefore, there is a decrease in grazing emission, due to the
relatively low local number of cattle and buffaloes.
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Figure 12. Cryptosporidium emissions to land for Scenario 1 (left) and the difference in emissions between Scenario 1 and
the current situation (right), for the months January, April, July, September

5.3.2. Scenario 2: Reduced grassland area
Scenario 2 showed what might happen if the area of grassland keeps decreasing, and part of manure
currently applied to grassland is applied to cropland instead. In this scenario, the fractions of manure
applied to grassland and cropland are altered. As stated in Section 5.2.2., 75% of manure previously
applied to grassland, will be applied to cropland in this scenario. See Annex 1 for the percentages of
liquid, solid and poultry manure applied to cropland or grassland per country, for both the current
situation and Scenario 2.
Figure 11 shows that the overall emissions in the current situation and Scenario 2 are identical. This is
to be expected, as there are no changes in oocyst excretion or the fractions of manure going to storage
or directly to land during grazing. The difference between Scenario 2 and the current situation is the
distribution of stored manure between application to grassland and application to cropland per
country. Outside the seasons for manure application, emissions remain the same. In these months,
there is only grazing, for which nothing changes.
Changes are seen in the months where manure is applied to land, see Figure 11. In the months where
there is both application to cropland and grassland, emissions increase (March, April and May, and
August, September and October). In the months with only application to grassland (June and July)
emissions decrease. This respective increase and decrease is due to the lengths of the respective
application seasons. The cropland application season lasts six months, whereas the grassland
application season lasts longer, eight months. Manure is taken away from application to grassland and
instead applied to cropland. The same amount of oocysts is now divided over six months (cropland
application season), instead of eight months (grassland application season). Because of the differences
in length of application season, the monthly amount of oocysts applied during the monthly cropland
application will increase more, than the monthly amount of oocysts applied to grassland during its
application season will decrease. This results in an emission increase in the months of application to
cropland and an emission decrease in the months of application to grassland.
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Compared to the current situation the intra-annual pattern of months with the highest and lowest
emissions to land remains the same; emissions are highest in May, August, September and October,
and lowest in November, December, January and February. Emissions in June and July are higher than
those in March and April. However, when comparing the emissions of Scenario 2 with those of the
current situation, differences in the heights of the monthly emissions can be observed. Emissions in
Scenario 2 are slightly higher than the current situation (2.3% – 4.6%) in spring (March, April and May)
and autumn (August, September and October). Emissions in June and July are lower (11.3%) than in
the current situation. This results in the emissions of June and July being only slightly higher (3.4%)
than those in March and April in Scenario 2, compared to the much larger emission difference between
these months in the current model (21.9%).
Figure 13 shows the spatial distribution of monthly emissions in Scenario 2 for the months January,
April, July and September. When comparing the spatial distribution of emission hotspots and emission
lows of these months with the spatial distributions in the current model (Figure 4), spatial emission
patterns, and thus the locations of emission hotspots, remain the same. Figure 13 also shows maps
with the spatial emission differences between emissions in the current situation and Scenario 2. Figure
13 shows that, as expected, the spatial distribution of emissions in January are identical in the current
model and Scenario 2. In July, when there is only manure application to grassland, there is a huge
decrease in emissions in Scenario 2. In April and September, when there is manure application to both
cropland and grassland, there is an increase in emissions.
April and September have identical spatial patterns for the emission differences, with emissions being
particularly heightened in various locations, among which the Netherlands, the British Isles,
Switzerland and Denmark. It can be seen that the patterns of emission increase are equal to the
distribution of emissions to grassland in the current situation (see Figure 8). The emission increases in
these months occur due to an allocation from manure that was previously applied to grassland, now
being applied to cropland. Therefore, it is logical that the patterns in emission differences in April and
September, when manure is applied to cropland, follow the distribution patterns of manure applied to
grassland in the current situation (see Figure 8). Noticeable is that the emissions in Portugal are similar
in the original model and Scenario 2 for April, July and September. There are almost no differences in
emissions.
There is spatial variation in the amount of emissions reduction or increase achieved in this scenario.
The impact of this measure on local emissions varies largely based on the country-specific allocation
of manure, to either cropland or grassland, in the current situation (see Annex 1). For countries where
much of manure was already allocated to cropland, the measure makes little difference, whereas, for
countries where much of manure was allocated to grassland in the current situation, the measure
makes a large difference. Portugal and Ireland are clear examples of this principle. Since, as stated
before, all of the Portuguese stored manure is already allocated to cropland in the current situation,
there are no changes in emissions in the new scenario. In Ireland, most manure is allocated to grassland
in the current situation, which results in large differences in emissions.
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Figure 13. Cryptosporidium emissions to land for Scenario 2 (left) and the difference in emissions between Scenario 2 and
the current situation (right), for the months January, April, July, September and December.

5.4.

Discussion

The presented results show that both scenarios cause changes in the intra-annual Cryptosporidium
emissions to land. In none of the scenarios the number of livestock or oocyst excretion has changed,
but the different management practices are shown to affect the intra-annual emissions.
Scenario 1 showed what would happen to emissions to land if all manure went to storage. As expected
the overall emissions in Scenario 1 were less than in the original situation, as oocyst die-off occurs
during storage. Looking at individual months, the largest emission reduction occurred from May to
October, which was the grazing season in the original situation. Logically, the number of oocysts
emitted to land through manure application to cropland and grassland in the application months was
higher in Scenario 1, as the additionally stored manure was also spread to land during these months.
In Section 4.3. was discussed that cattle grazing season was the most influential driver for intra-annual
variations in Cryptosporidium emissions to land. Therefore, changes in grazing season can have a great
impact on the intra-annual variations in emissions, which is shown in the results of Scenario 1. Looking
at individual months, the largest emission reductions in Scenario 1 occurred from May to October.
These months were the grazing season in the current situation.
Scenario 2 showed what might happen if the area of grassland keeps decreasing, and part of manure
currently applied to grassland is applied to cropland instead. Outside the manure application season,
emissions remain the same, as there is only grazing, for which nothing changes. In the months where
there is both application to cropland and grassland, emissions increase (March, April and May, and
August, September and October). In the months with only application to grassland (June and July)
emissions decrease.
Both scenarios are based on observed trends in agricultural management. However, the values used
in the scenarios are relatively extreme outcomes. For Scenario 1, it is not expected that all livestock in
Europe will be housed year-round. Sentiments regarding animal welfare and cultural heritage will
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temper this decline eventually. There will also probably be a difference in these trend for different
livestock categories. The observed decline is now reported mainly for cattle in North-West Europe
(Reijs et al., 2013; van den Pol-van Dasselaar et al., 2012). Production systems of other livestock
categories, such as horses and donkeys, are different from cattle. As such, it is unsure whether this
trend will also be observed for these species. Additionally, trends for livestock kept in extensive
production systems might be different, than those kept in intensive systems. On the other hand, as
described in Section 4.3., the handling of cattle are some of the most influential determinants of
emissions. The cattle grazing season is the most influential driver for intra-annual variations in the
amount of emissions. Additionally, the distribution of cattle is one of the biggest determinants for the
spatial emission distribution. As such, trends that impact cattle emissions, such as increases in yearround confinement, will impact overall emissions. Similar considerations apply to Scenario 2. It is not
expected that such a large portion of manure currently applied to grassland, will be applied to
cropland.
For both scenarios, such larger values were taken to clearly illustrate the effect these trends might
have on the intra-annual emission dynamics. The trends modeled in these scenarios are occurring,
though less extreme. For smaller values (of livestock confined or grassland manure applied to
cropland), the same patterns will hold true, but the emission differences compared to the current
situation will be smaller. This is a first exploration of the current model to potentially inform
management strategies. As such, these scenarios show that scenario analysis can be a valuable tool
for informing potential management decisions.
The results from both scenarios highlight the importance of considering intra-annual Cryptosporidium
emissions. The results also clearly highlight that various countries might respond differently to similar
measures. For example in Scenario 1, in April, when increased year-round confinement of livestock
leads to reduced emissions in some parts of Europe, and increases in emissions in other parts (see
Figure 12). This stresses the importance of considering country- or area specific measures. There are
large intra-annual variations in how emissions change due to the changes in each scenario, both in
absolute emissions numbers as the spatial distributions of these emissions. Not considering these
intra-annual emission dynamics when analyzing possible effects of management practices, might give
a distorted image. Monthly or seasonal spatial emission hotspots might be overlooked, or total
emission numbers could be severely over- or underestimated, as such potentially misinforming
important management decisions.

6.4.

Conclusion

This section showed how intra-annual modeling could be used to assess the effect of agricultural
management trends or policy measures on Cryptosporidium emissions to land. Two scenarios were
developed based on currently observed agricultural trends. In Scenario 1 all livestock is confined yearround, so all manure currently left on land while grazing goes to storage. In Scenario 2 the area of
grassland is further decreased, resulting in more manure being applied to cropland.
Scenario 1 generally results in lowered emissions, due to oocyst die-off during storage. In January no
emissions at all occur, due to the lack of grazing. Emissions due to application to cropland and grassland
increase. In March and April, which are outside the grazing season, but during manure application
season to grassland and cropland, emissions are actually heightened, when compared to the current
situation. Scenario 2 overall emissions remain the same, but they are redistributed. Emissions in spring
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and autumn are slightly higher, due to the emissions from application to cropland having increased.
Emissions in June and July are decreased, since these months there is only manure applied to
grassland, which is reduced.
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6. Discussion
This thesis aimed to give a first look into the intra-annual dynamics of Cryptosporidium emissions to
land due to agricultural factors, for Europe. This was accomplished by developing and applying a model
to explore the effect of possible future management scenarios on intra-annual Cryptosporidium
emissions.
The birthing season, the grazing season and manure application were the main seasonal agricultural
factors affecting intra-annual dynamics in the emission of Cryptosporidium to land. The seasonality of
these factors in Europe were described and quantified based on a literature review. Next, these
dynamics were added to the GloWPa-L1 model, transforming the model from an annual to a monthly
time step. The highest emissions are in May, August, September and October. Emissions in the winter
are 95.5% lower. In the winter, distinct emission hotspots are in the UK and Ireland. In the other
months, additional emission hotspots appear on the European mainland.
The most influential driver for intra-annual variations in the amount of Cryptosporidium emitted to
land is the cattle grazing season, followed by manure application to cropland. The drivers for intraannual variation in the spatial patterns of emission hotspots are the distribution of livestock production
systems and the livestock distribution of cattle, pigs and chicken. In all months, Cryptosporidium
emissions to land originate mainly from cattle manure.
In the new model, the cattle grazing season, manure application to cropland, distribution of livestock
production systems and the livestock distribution of cattle, pigs and chicken, were very influential
variables on temporal and spatial emission distributions. The next step would be to perform a full
sensitivity analysis on the variables added to the model, to explore how model results would vary with
variations in the input variables. With this information, the robustness of the results can be further
interpreted. This sensitivity analysis has not yet been conducted.
However, this model is based on a model by Vermeulen et al. (n.d.) that runs on an annual time step.
The improved model focuses on re-distributing that model to a monthly time step. A number of base
variables used in this model are based on those in the older version of the model (Vermeulen et al.,
n.d.). A thorough sensitivity analysis has been conducted on the previous version of the model
(Vermeulen et al., 2017). The improved model is expected to be sensitive to the same variables as the
old model. The old model was found to be sensitive to changes in the excretion rates, prevalence, the
fraction of manure going to storage and to land, and the fraction of livestock categories that is young.
The old model had a low sensitivity to storage time and temperatures (Vermeulen et al., 2017). It is
expected that the new model is generally also (un)sensitive to the same variables.
Compared to other continents, there is much agricultural data available for Europe. Nevertheless
locating appropriate data was challenging due to the monthly resolution of the model. Data is much
scarcer on a seasonal or monthly resolution, than on an annual resolution. Due to the data availability,
assumptions had to be made (see Section 2.4.). These assumptions can be assessed based on their
impact on the results of the new model and the sensitivities of the old model. Based on the low
sensitivity of the old model to storage time and temperature (Vermeulen et al., 2017), the assumptions
in this model on temperature and storage time are expected to have relatively little effect on the model
results.
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Based on the high sensitivity of the old model, the new model is expected to also be sensitive to the
assumptions made on the excretion rates and prevalence of different livestock age categories and the
fraction of livestock in specific age categories per month. However, the used prevalence and excretion
values are based on a very extensive literature review by Vermeulen et al. (n.d.), representing the best
possible data based on current scientific publications. As such, the used data is considered to be
representative. However, as also stated by Vermeulen et al. (2017), I also stress the importance of
further research in prevalence and excretion values of different livestock and age categories.
The assumptions on the cattle grazing season and manure application are also expected to have effect,
and were already extensively assessed (as was discussed in Section 4.3.). Livestock distribution of
cattle, pigs and chicken, are also expected to be influential on model outcomes, but the dataset these
distributions are based on has already been extensively validated (Robinson et al., 2014).
Therefore, model results are expected to be valid for the majority of European countries and Europe
overall. However, when assessing results the mentioned limitations need to be taken into account,
especially when interpreting local results for hotspots of very southern or northern European countries
(due to possible variations in grazing season length) and absolute amounts of Cryptosporidium peaks
(see Section 4.3.). Overall, the assumptions and used data are considered to be representative for most
of Europe, but gathering more data to validate the data used and increase the level of detail is
recommended in the future. For further research, it is advised to examine additional data. The focus
herein could be on the factors that the old model is sensitive to or data that have been identified as
influential on model results in the new model.
A second improvement on the model would be to include the next step and model Cryptosporidium
run-off and concentration in waterbodies. The model now calculates the emissions to land. Emissions
to land are essential precursors to run-off to surface water or concentrations in waterbodies, but the
outcomes of emissions are not equal to these concentrations. The Cryptosporidium concentration in
water is largely impacted by various other factors, such as rainfall events, topography (Boyer &
Kuczynska, 2003; Hansen & Ongerth, 1991; Keeley & Faulkner, 2008; Robinson et al., 2011) and UV
exposure. UV exposure causes very rapid oocyst die-off in waterbodies (King et al., 2008) and is highest
in the months with high modeled emissions. Still, emissions to land are essential precursors for runoff to surface water or concentrations in waterbodies. Including the step to concentration and survival
of Cryptosporidium in waterbodies would be challenging, but further increase the effectiveness of the
model for informing policymakers.
The model can also be a tool for assessing the potential effect of management interventions or
observed agricultural trends. Two agricultural trends were found in the literature: increased yearround confinement and reduction of grassland area. Based on scenario analysis it is expected that
increases in year-round confinement will have the most impact on emissions, also if variables are less
extreme than modeled. The effect of both trends on emissions is shown to vary intra-annually, leading
to emission increases in some months and decreases in others. This clearly emphasizes the importance
of considering intra-annual variations when modeling Cryptosporidium emissions, especially when the
goal is to potentially assess the impact of management strategies or identify risk.
The model as is can be effective for informing agricultural management. Based on current results of
emissions to land, recommendations can be made aimed at reducing Cryptosporidium emissions to
land. It is important to focus the management strategies on the appropriate months, as there are large
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emission variations intra-annually. Purely looking at emission amounts, management strategies could
focus especially on May, and August, September and October. It is recommended that agricultural
management strategies focus on the cattle grazing season and manure application to crops. For
regulations aimed at manure application to land, liquid and poultry manure should be the focus, as
these are the main types of manure applied to land. Additionally, it should be noted that management
strategies should consider the effect of policies for a single agricultural activity, in the complete array
of activities taking place. The timing of agricultural activities and the addition-effects that can occur
are noteworthy.
It is important to note that the genus Cryptosporidium is composed of various species, which are found
in different livestock species (Cacciò & Widmer, 2014). Cryptosporidiosis in humans is mainly caused
by Cryptosporidium parvum and Cryptosporidium hominis. C. hominis only infects humans. However,
C. parvum also has cattle as a major host. C. parvum has also been reported in a variety of other hosts.
In addition to C. parvum, humans have been infected by other Cryptosporidium species that also occur
in livestock, such as C. meleagridis, from turkey and chicken, C. cuniculus, from rabbits and C.
ubiquitum, from sheep and wildlife. There are also additional minor species that are very rarely found
in human hosts, such as C. bovis and C. andersoni, from cattle, and C. suis and C. scrofarum from pigs
(Cacciò & Widmer, 2014). This model does not differentiate between Cryptosporidium species. This is
mainly due to lack of data on the prevalence and excretion of the various Cryptosporidium species per
livestock species. No other model study of Cryptosporidium has yet been able to make this distinction.
The modeling of Cryptosporidium emissions is relevant, for the impacts Cryptosporidium can have on
both agricultural businesses and human health. Agricultural businesses are affected, as
Cryptosporidiosis in livestock is associated with productivity decreases and lowered farming incomes
(De Graaf et al., 1999). However, to use the model as an indicator of human risk, it is essential to
account for the fact that specific Cryptosporidium species infect specific host species. As stated,
humans are mainly infected by C. hominis (primarily a human parasite) and C. parvum. C. parvum also
has cattle as major host. For an indicator of human risk due to agricultural emissions, one ideally should
adapt excretion and prevalence values per livestock category to values more in range with livestock
Cryptosporidiosis infections by Cryptosporidium species which might also infect humans. However,
data on this is, as stated, very limited. Alternatively, one might only model emissions from cattle. This
will probably result in an overestimation, as more Cryptosporidium species infect cattle than just C.
parvum, but it would give a closer indication of intra-annual dynamics in human risk.
For an indication of human risk, livestock emissions are not the only important factor. Human behavior
is also important to consider. Risk depends on the occurrence of emissions, but also on the exposure
to the pathogen. There is a seasonal component to human behavior. During spring, summer and
autumn, people are generally more active and prone to outdoor recreation, especially during summer.
Emissions to land are found to be highest during May, August, September and October. Emissions are
lower, but still high compared to winter months, during March, April, June and July. For the risk to
human health, it is important to note that high Cryptosporidium emissions coincide with the months
of most outdoor recreation. Activities such as swimming and other watersports, but also hiking
through fields, are most practiced during summer and the surrounding months. With regards to human
risk, August is especially important to consider. This month has one of the highest emissions to land,
and coincides with summer- and vacation time, as such increasing exposure.
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7. Conclusion
This study is the first to give an outlook on the intra-annual dynamics of Cryptosporidium emissions to
land for Europe, due to agricultural factors. By reporting model outcomes in yearly averages, temporal
peaks and lows in Cryptosporidium emissions to land are severely under- and overestimated and
spatial emission hotspots can be misidentified.
The birthing season, the grazing season and manure application are the main seasonal agricultural
factors affecting the emission of Cryptosporidium to land. The seasonality of these factors in Europe
was described and quantified based on a literature review. These equations were added to the
GloWPa-L1 model. Emissions were shown to vary widely within the year. The highest emissions were
found in spring and autumn, with emissions in the winter being substantially lower (95.5%). It was
calculated what the monthly emission would be if the model would run on an annual time step. The
amount of oocysts emitted in a month based on this model, would be almost half of the peak emissions
found with the new model. As such models on an annual time step might severely underestimate peak
emissions in spring and autumn, and overestimate emissions in winter.
The most influential driver for intra-annual variations in the amount of Cryptosporidium emissions to
land in Europe is the cattle grazing season, followed by manure application to cropland. The overlap
of the grazing season and cropland application in spring and autumn results in the highest emission
peaks. The effects of the birthing season and manure application to grassland are less pronounced.
Emission hotspots are also shown to vary intra-annually. In the winter, distinct emission hotspots are
in the UK and Ireland. In the other months, additional emission hotspots appear on the European
mainland, e.g. around the Netherlands and Western France. The pattern of emission hotspots in the
winter months is due to the livestock production systems. The pattern of emission hotspots in the
other months follow the livestock distribution of cattle, pigs and chicken.
The model was also applied to two management scenarios. The scenarios were based on current
agricultural trends: the increase in year-round confinement and the reduction of grassland area. Large
increases in year-round confinement result in a decrease in overall emissions and a change in the intraannual timing of high and low emissions. A further large decrease in grassland does not result in
changes in overall emissions, and intra-annual timing of high and low emissions varies only slightly.
Intra-annually, the effect of both trends is shown to vary intra-annually, leading to emission increases
in some months and emission decreases in others. These results emphasize the need to consider intraannual dynamics when assessing the effectiveness of potential management strategies.
In conclusion, this study demonstrates a method to assess the emission of Cryptosporidium to land
due to agricultural sources in both a spatially and temporally explicit way. Additionally, the model gives
insight into the factors to which changes in the amount or location of emissions are attributable. The
model results emphasize the need to consider intra-annual dynamics in Cryptosporidium emissions, as
both the amount and the location of hotspots varies intra-annually. With the right considerations, the
conclusions from this study might be helpful to inform management strategies aimed at reducing the
emission of Cryptosporidium to land, either for its impact on agricultural businesses or on human
health. The model results can inform the temporal and spatial focus of management interventions.
Additionally, the model can be used to assess the effects of certain agricultural management
interventions on Cryptosporidium emissions.
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Annex.
Annex 1
The percentages of solid, liquid manure and poultry manure which are applied to either cropland or
grassland, in the current model.
Country
Albania **
Austria *
Belgium *
Bosnia and
Herzegovina **
Bulgaria **
Croatia **
Czech rep *
Denmark *
Estonia **
Faroe islands **
Finland *
France *
Germany *
Greece *
Hungary *
Iceland **
Ireland *
Italy *
Latvia **
Liechtenstein **
Lithuania *
Luxembourg *
Malta **
Montenegro**
Netherlands *
Norway *
Poland *
Portugal *
Romania **
Serbia **
Slovak. Rep *
Slovenia **
Spain *
Sweden *
Switzerland *
The former - of
Macedonia **
UK *

Liquid manure
Crops
Grassland
95
5
40
60
80
20
50
50

Solid manure
Crops
Grassland
95
5
60
40
100
0
50
50

Poultry manure
Crops
Grassland
100
0
95
5
100
0
100
0

50
50
20
75
75
50
80
80
85
20
62.5
50
5
74
75
50
10
30
50
50
35
22
80
100
50
50
80
50
75
40
10
50

50
50
80
25
25
50
20
20
15
80
37.5
50
95
26
25
50
90
70
50
50
65
78
20
0
50
50
20
50
25
60
90
50

50
50
80
75
75
50
90
95
85
20
95
50
0
90
75
50
90
90
50
50
50
30
90
100
50
50
100
50
100
30
50
50

50
50
20
25
25
50
10
5
15
80
5
50
100
10
25
50
10
10
50
50
50
70
10
0
50
50
0
50
0
70
50
50

100
100
90
97
100
100
100
98
100
50
75
100
0
100
100
100
100
100
100
100
100
100
89
100
100
100
100
100
100
100
62.5
100

0
0
10
3
0
0
0
2
0
50
25
0
100
0
0
0
0
0
0
0
0
0
11
0
0
0
0
0
0
0
37.5
0

25

75

50

50

56

44

63

The percentages of solid, liquid manure and poultry manure which are applied to either cropland or
grassland, in Scenario 2.
Country
Albania **
Austria *
Belgium *
Bosnia and
Herzegovina **
Bulgaria **
Croatia **
Czech rep *
Denmark *
Estonia **
Faroe islands **
Finland *
France *
Germany *
Greece *
Hungary *
Iceland **
Ireland *
Italy *
Latvia **
Liechtenstein **
Lithuania *
Luxembourg *
Malta **
Montenegro**
Netherlands *
Norway *
Poland *
Portugal *
Romania **
Serbia **
Slovak. Rep *
Slovenia **
Spain *
Sweden *
Switzerland *
The former - of
Macedonia **
UK *

Liquid manure
Crops
Grassland
98.7
1.25
85
15
95
5
87.5
12.5

Solid manure
Crops
Grassland
98.7
1.25
90
10
100
0
87.5
12.5

Poultry manure
Crops
Grassland
100
0
98.75
1.25
100
0
100
0

87.5
87.5
80
93.75
93.75
87.5
95
95
96.25
80
90.63
87.5
76.25
93.42
93.75
87.5
77.5
82.5
87.5
87.5
83.75
80.5
95
100
87.5
87.5
95
87.5
93.75
85
77.5
87.5

12.5
12.5
20
6.25
6.25
12.5
5
5
3.75
20
9.37
12.5
23.75
6.58
6.25
12.5
22.5
17.5
12.5
12.5
16.25
19.5
5
0
12.5
12.5
5
12.5
6.25
15
22.5
12.5

87.5
87.5
95
93.75
93.75
87.5
97.5
98.75
96.25
80
98.75
87.5
0
97.5
93.75
87.5
97.5
97.5
87.5
87.5
87.5
82.5
97.5
100
87.5
87.5
100
87.5
100
82.5
87.5
87.5

12.5
12.5
5
6.25
6.25
12.5
2.5
1.25
3.75
20
1.25
12.5
100
2.5
6.25
12.5
2.5
2.5
12.5
12.5
12.5
17.5
2.5
0
12.5
12.5
0
12.5
0
17.5
12.5
12.5

100
100
97.5
99.22
100
100
100
99.5
100
87.5
93.75
100
0
100
100
100
100
100
100
100
100
100
97.22
100
100
100
100
100
100
100
90.62
100

0
0
2.5
0.78
0
0
0
0.5
0
12.5
6.25
0
100
0
0
0
0
0
0
0
0
0
2.78
0
0
0
0
0
0
0
9.38
0

81.25

18.75

87.5

12.5

56

44

64

