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Abstract: The public health risks associated with dairy farming intensification are an emerging concern. We

examine the association between dairy cattle density and cryptosporidiosis risk in children <5 years old in

New Zealand from 1997 to 2008, a period of rapid intensification of the dairy industry. Multi-level Poisson

regression was used to model reported cryptosporidiosis (N = 3869 cases) incidence in relation to dairy cattle

densities across urban and rural areas separately, after controlling for microbiological quality of public drinking

water supplies and neighbourhood socio-economic factors using the Census Area Unit of residence. Within

urban areas, the risk of cryptosporidiosis in children less than 5 years old was significantly, positively associated

with medium and high dairy cattle density IRR 1.3 (95% CI 1.2, 1.5) and 1.5 (95% CI 1.2, 1.9) respectively,

when compared to areas with no dairy cattle. Within rural areas, the incidence risk of cryptosporidiosis in

children less than 5 years old were significantly, positively associated with medium and high dairy cattle

density: IRR 1.7 (95% CI 1.3, 2.3) and 2.0 (95% CI 1.5, 2.8) respectively, when compared to areas with no dairy

cattle. These results have public health implications for children living on and in proximity to intensively

stocked dairy cattle farms.
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INTRODUCTION

Over 60% of known infectious agents pathogenic to hu-

mans are zoonotic (Taylor et al. 2001), with over three

quarters of recorded emerging infectious disease events

originating from animal sources (Jones et al. 2008). There

is consistent evidence of a link between domestic food-

producing animals and gastrointestinal illness in humans

across a range of animal exposures and enteric pathogens

(Zambrano et al. 2014).

Cryptosporidium spp. are some of the most frequently

isolated enteric parasites of both humans and domestic

animals (Hunter and Thompson 2005), with considerable
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zoonotic transmission. Cryptosporidiosis in children less

than 5 years old is particularly high (Kotloff et al. 2012).

Like many other gastrointestinal illnesses, cryptosporidiosis

is faecal-orally spread, meaning that clean drinking water

and adequate hygiene are important to reduce infection

(Burnet et al. 2014; Sarkar et al. 2014). In addition, positive

associations of human cryptosporidiosis incidence with

livestock density in New Zealand (Snel et al. 2009a, b), the

US (Jagai et al. 2010) and Scotland (Pollock et al. 2009),

and higher disease rates in rural Canada (Odoi et al. 2004)

suggest that livestock are an important reservoir for human

infection.

New Zealand has recently experienced rapid dairy

farming intensification (Bouwman et al. 2011). Increased

dairy cattle stocking rates (MacLeod and Moller 2006) are

considered one of the keystones to achieving this greater

agricultural production (Statistics New Zealand 2012a, b).

From 1990 to 2012, the number of dairy herds decreased by

19%, while the average herd size expanded by 147%. Such

intensification of dairy cattle production may increase the

public health risk from zoonotic pathogens (Crump et al.

2001; Derraik and Slaney 2007). Understanding the impli-

cations of such an increase in stocking rates is important to

provide an evidence base to guide environmental and public

health management to reduce the health impacts.

Despite the obvious disease burden in children and the

importance of livestock as a reservoir for human infection

(Pollock et al. 2009), as far as we are aware, there are no

studies that have examined the association between increased

stocking rates of dairy cattle and cryptosporidiosis risk in

children under 5 years. Building on a previous study in New

Zealand that used data on reported cryptosporidiosis from

1997 to 2006 to identify correlations with animal density

(Snel et al. 2009a, b), we examine the association between

increasing dairy cattle densities and the risk of reported

cryptosporidiosis in children under 5 years old, after con-

trolling for the well-established association of cryp-

tosporidiosis with public drinkingwater quality, urban–rural

residence and neighbourhood socio-economic status.

METHODS

Notification Data

All notified cases of cryptosporidiosis reported in children

less than 5 years old between 1 January 1997 to 31

December 2008 in New Zealand were extracted from the

National Notifiable Disease Surveillance system. No major

changes were made to the surveillance of these notifiable

diseases from 1997 to 2008 (except for the addition of di-

rect laboratory notification in 2008). This was also a period

of rapid change in livestock farming across New Zealand,

with an increase in cattle numbers, decrease in number of

farms and increase in stock density (Figure S1 Supple-

mentary Material). A Census Area Unit (CAU) is a geo-

graphical unit defined by Statistics New Zealand, each of

which has a population of 3000–5000 people. The CAU was

chosen as the unit for analysis (n = 1769). CAUs are

composed of smaller meshblocks (n = 41,385) and can be

aggregated to form larger Territorial Authorities (TA)

(n = 72, see Fig. 1). Laboratory-confirmed cases of cryp-

tosporidiosis (n = 3869) were extracted along with the

following case information: report date, age of notified case

and CAU code of residence.

Population at Risk

The estimated resident population of children less than

5 years old from the 2006 National Census for each CAU

were used to calculate the annual average number of

notifications per 100,000 population (referred to as Inci-

dence Risk, IR) (Statistics New Zealand A 2010).

Urban/Rural Status

CAUs are classified by Statistics New Zealand into one of

the following categories: main urban areas, satellite urban

areas, independent urban areas, rural areas with high urban

influence, rural areas with moderate urban influence, rural

areas with low urban influence, highly rural/remote areas,

areas outside urban/rural profile (Statistics New Zealand

2012a, b). Only the urban/rural classification was required

since the main hypothesis for this analysis concerned dif-

fering risk factors in main urban areas and rural areas.

Therefore, the categories ‘Main urban areas’, ‘Satellite ur-

ban areas’ and ‘Independent urban areas’ were classified as

urban, whereas the categories ‘Rural areas with high urban

influence’, ‘Rural areas with moderate urban influence’,

‘Rural areas with low urban influence’ and ‘Highly rural/

remote areas’ were classified as rural.

New Zealand Deprivation Index

The New Zealand Deprivation Score (2006) is an area-

based measure which combines nine social and economic

measures from census data to categorize the CAU based on
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deprivation (Salmond et al. 2006). These dimensions in-

clude income, home ownership, parental support if under

65 years, employment, qualifications, living space, access to

telecommunications and transport. In the current study,

the Deprivation scores for each CAU were categorized into

tertiles. The least deprived areas were the reference cate-

gory.

Drinking Water Quality

Drinking water quality for the year 2006 was supplied by

the Institute of Environmental Science and Research (ESR)

Water Programme. ESR used both the distribution zone

code and protozoa compliance to construct a scoring sys-

tem for drinking water quality. Modifying the methods

used by Brock (2011), in this study, Level 0 denoted good

drinking water quality (complied with microbiological

standards) (reference category); Level 1 denoted interme-

diate and poor drinking water quality (inadequately mon-

itored and/or non-compliant with microbiological

standards) and Level 2 indicated that the quality was un-

known. The method of assigning drinking water quality to

CAUs is detailed in the Supplementary Material methods

Sect. 1.

Dairy Cattle Density

Numbers of dairy cattle for meshblocks were obtained from

the AgribaseTM database for 2006. Dairy cattle including

milking cows, replacement heifers, breeding bulls and

calves for each farm were geocoded to a Meshblock based

on the location of the main farm gate or homestead. The

average density of dairy cattle per square kilometre for each

CAU was calculated by summing the counts by meshblock

divided by CAU area and categorized as follows: no dairy

cattle; 1-100 cattle/km2 and greater than 100 cattle/km2.

The areas with no dairy cattle were chosen as the reference

category.

Data Analysis

To account for the hierarchical nature of our data (Fig. 1),

we performed a two-level Poisson regression analysis ad-

justed for population size (Duncan et al. 1996). The anal-

ysis was conducted separately for urban and rural areas as

we were interested in how the associations between dairy

cattle density and risk of reported disease in preschool

children vary across these areas, after controlling for public

drinking water quality and neighbourhood socio-economic

Figure 1. Distribution of 2006

Census Area Units (n = 1776),

within Territorial Local Authori-

ties (TA) (grey areas) (n = 72) in

New Zealand. A magnified inset of

Auckland and Manukau TAs.
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characteristics. Area-level socio-economic deprivation,

quality of drinking water supplies and dairy cattle density

were modelled as categorical variables. All analyses were

conducted in Stata version 13 (StataCorp 2013).

RESULTS

Descriptive data show that 59% of the cases resided in

urban areas (incidence risk 77/100,000 population per year)

and 41% in rural areas (incidence risk 338/100,000 popu-

lation per year). Thirty-nine percent of the reported cases

resided in CAUs with least deprived neighbourhoods (in-

cidence risk 158.8 illnesses per 100,000 population per

year), 37% (incidence risk 135.9 illnesses per 100,000

population per year) and 23% (incidence risk 64.3 illnesses

per 100,000 population per year) in intermediate and most

deprived neighbourhoods respectively (Table 1). CAUs

with microbiologically safe (good) drinking water quality

comprised 35% of the sample (incidence risk 89.3 illnesses

per 100,000 population per year), with 58% (incidence risk

156 illnesses per 100,000 population per year) and 6%

(incidence risk 51.8 illnesses per 100,000 population per

year) of reported cases classed as residing in areas with

intermediate and poor drinking water quality and un-

known quality respectively. The distribution of notified

cases across CAUs with and without dairy cattle was fairly

even with 46% of cases reported from CAUs with no dairy

cattle and 54% of cases reported from areas with dairy

cattle (40% from areas with dairy cattle density between

>0 and 100 cattle/km2, and 14% from areas with dairy

cattle density greater than 100 cattle/km2). However, the

incidence risk of reported cryptosporidiosis per 100,000

population per year in these areas varied. In areas with no

dairy cattle, the incidence risk was 68.7 illnesses per 100,000

population per year, in areas with dairy cattle density be-

tween >0 and 100 cattle/km2, the incidence risk was 217.4

illnesses per 100,000 population per year, and in areas with

dairy cattle density greater than 100 cattle/km2, the inci-

dence risk was 395.4 illnesses per 100,000 population per

year. Figure 2a shows the spatial distribution of reported

cryptosporidiosis incidence in preschool children from

1997 to 2008 at CAU scale. Figure 2b shows the spatial

distribution of the 2006 dairy cattle density categories at the

CAU scale. Correlations between variables were low (Ta-

ble 2). Negative correlations were observed between the

reported cryptosporidiosis incidence and neighbourhood

level deprivation (-0.1) (P < 0.001) and drinking water

quality (-0.01) (P > 005), with positive correlations be-

tween the cryptosporidiosis incidence and dairy cattle

density (0.2) (P < 0.001). Dairy cattle density was posi-

tively correlated with drinking water quality (0.1)

Table 1. Characteristics of Reported Cryptosporidiosis in Children Under 5 Years (N = 3869) by Urban–Rural Domicile, Neigh-

bourhood Socio-Economic Deprivation, Presence of Dairy Cattle and Quality of Drinking Water Supplies, 1997–2008.

Category No (%) Population size Average annual incidence

risk per 100,000 population

Urban–rural

Rural 1596 (41%) 39,300 338.4

Urban 2273 (59%) 246,140 76.9

Deprivationa

Least deprived areas 1522 (39%) 79,825 158.8

Intermediate 1442 (37%) 88,420 135.9

Most deprived areas 905 (23%) 117,195 64.3

Drinking water quality

Good 1360 (35%) 126,835 89.3

Intermediate/poor 2279 (58%) 121,675 156.0

Unknown 230 (6%) 36,930 51.8

Dairy cattle density

Cattle absent 1769 (46%) 214,525 68.7

Density >0–100/km2 1546 (40%) 59,240 217.4

Density >100/km2 554 (14%) 11,675 395.4

2006 estimates used to calculate deprivation scores and density (number of dairy cattle per square kilometre).
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(P < 0.001). Thus, the final analysis was performed with

all the variables to adjust for confounding (Model 2).

Multi-Level Model Analyses

Results from the two-level Poisson regression analysis

(Table 3) show that compared to rural areas with no dairy

cattle, the incidence risk of cryptosporidiosis in children

less than 5 years old were significantly, positively associated

with medium and high dairy cattle density: IRR 1.7 (95%

CI 1.3, 2.3) and 2.0 (95% CI 1.5, 2.8) respectively. Com-

pared to rural areas with microbiologically safe drinking

water quality, drinking water of unknown quality was in-

versely associated with cryptosporidiosis risk: IRR 0.5 (95%

Figure 2. Spatial distribution of

cryptosporidiosis risk and dairy

cattle density. a Incidence risk of

cryptosporidiosis per 100,000 pop-

ulation per year in preschool

children in New Zealand, 1997–

2008. b Census Area Units cate-

gorized into 2006 dairy cattle

densities; 0 (no cattle), Medium

(0.1–100 cattle/km2), and High

(>100 cattle/km2).The inset in

the maps shows Hamilton city

and surrounding Waikato District

with respect to average annual

cryptosporidiosis incidence risk

(Fig. 2a) and dairy cattle density

categories (Fig. 2b).
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CI 0.3, 0.8). Areas with poor drinking water quality were

not significantly associated with cryptosporidiosis risk: IRR

1.1 (95% CI 0.9, 1.3). The variance explained at the TA

level was 0.56.

Compared to urban areas with no dairy cattle, the risk

of cryptosporidiosis in children less than 5 years old was

significantly, positively associated with medium and high

dairy cattle density IRR 1.3 (95% CI 1.2, 1.5) and 1.5 (95%

CI 1.2, 1.9), respectively. The variance explained at the TA

level was 0.54.

DISCUSSION

In New Zealand, rates of cryptosporidiosis are among the

highest reported for any developed country (Snel et al.

2009a, b) and are a substantial economic concern (Moore

et al. 2010). We have found that the intensification of

livestock production, as measured by increasing dairy cattle

stocking densities, are associated with a greater risk of re-

ported cryptosporidiosis in children under 5 years old,

after controlling for area-level socio-economic status and

public drinking water quality. However, in rural areas,

drinking water of unknown quality was inversely associated

with disease risk, when compared to areas with microbio-

logically adequate water supplies.

Our finding of a greater risk of reported illness in

children under 5 years with increasing dairy cattle densities

in New Zealand is supported by results from cryp-

tosporidiosis outbreak investigations due to farm visits

(Stefanogiannis et al. 2001) and direct contact with calves

(Grinberg et al. 2011). Molecular analyses implicating cattle

Table 2. Correlations Between Reported Illnesses in Children Under 5 Years and Census Area Unit (CAU)-Level Characteristics.

Variable Incidence Dairy cattle density Deprivation index Drinking water quality

Incidence 1.0

Dairy cattle density 0.2*** 1.0

Deprivation index -0.1*** -0.2*** 1.0

Drinking water quality -0.01 0.1*** -0.05* 1.0

*P < 0.05.

**P < 0.01.

***P < 0.001.

Table 3. Multivariable Modelling for Cryptosporidiosis for Each Independent Environmental and Social and Demographic Variable in

Urban and Rural Areas.

Explanatory variable Rural IRR (95% CI) Urban IRR (95% CI)

Socio-economic factor

Least deprived 1.0 1.0

Intermediate deprivation 1.1 (0.9, 1.3) 0.8 (0.7, 0.9)*

Most deprived 0.7 (0.5, 1,0) 0.6 (0.5, 0.7)***

Environmental factors

Cattle density (per km2): 0 1.0 1.0

0.1–100 1.7 (1.3, 2.3)*** 1.3 (1.2, 1.5)***

>100 2.0 (1.5, 2.8)*** 1.5 (1.2, 1.9)***

Drinking water quality: good 1.0 1.0

Poor 1.1 (0.9, 1.3) 1.0 (0.8, 1.1)

Unknown 0.5 (0.3, 0.8)* 0.9 (0.7, 1.0)

TA variance 0.5 0.5

Bold values are statistically significant.

*P < 0.05.

**P < 0.01.

***P < 0.001.
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as a source of human cryptosporidiosis in spring and as a

potential reservoir for human infection, presenting a threat

to both animal and human health, have also been docu-

mented (Learmonth et al. 2001, 2003; Abeywardena et al.

2012; Mawly Al et al. 2015).

In our study, urban areas included satellite towns and

independent urban communities, which, in New Zealand,

are commonly surrounded by farmland, providing a bio-

logically plausible explanation for the statistically significant

association of disease risk with dairy cattle density in urban

areas. Dairy farming in New Zealand is primarily a pastoral

activity with outdoor gazing of cows which are moved be-

tween pastures and tomilking sheds on a daily basis, and thus

opportunity to spread contamination through the environ-

ment is high. For instance, open grazing allows faecal de-

posits on pasture potentially being mobilised into surface

water via a rainfall event. The number of human illnesses

from contact with recreational water is increasing (Yoder

et al. 2012), and this may be related to runoff from pastures

contaminating waterways. Degraded water quality is a

common feature of streams in intensively farmed pastoral

catchments inNewZealand (Davies-Colley et al. 2004, 2008).

Such an environmental risk is particularly important in New

Zealand, where much recreation is based on access to the

outdoors and water activities.

Another possible explanation is that intensive farming

systems rely on genetic selection of stock and management

practices such as high animal densities. Low genetic diversity

and high animal numbers create optimal conditions for pa-

thogens to amplify and evolve into more pathogenic strains

(Jones et al. 2013) and greater opportunities for contact and

zoonotic spread (Murray et al. 2016). However, restricting

livestock access to waterways, such as via stream bank fenc-

ing, can reduce microbial pollution to streams (Davies-

Colley et al. 2004). Vegetated strips when placed near dairy

calf areas significantly reduced the concentration of another

water-borne parasite, Giardia, in runoff during storm events

(Miller et al. 2007). It is reasonable to conclude that changes

to farm management, such as maintaining vegetative buffer

strips along river banks and reducing stock access to water

sources can be considered an intervention point to reduce

environmental contamination with benefits to both veteri-

nary and public health.

We found that in rural regions, drinking water of un-

known quality was inversely associated with cryptosporid-

iosis risk, when compared to areas with microbiologically

adequate water supplies. This is in contrast to previous

findings where the lowest mean rates of notified cryp-

tosporidiosis were observed in communities served by

drinking water supplies with completely satisfactory public

health gradings and the highest rates in communities served

by ungraded drinking water supplies (Duncanson et al.

2000). However, Duncanson et al. were unable to account for

other common risk factors in small communities such as

animal densities, which may have confounded their results.

The ‘‘unknown’’ category in our study includes smaller

public water supplies that are not routinely tested and

private water supplies. It is possible that these supplies are

of better quality; however, this aspect is not addressed by

the grading used in the current study. Also, many rural

areas have roof water supplies, which are less likely to be

contaminated by dairy effluent compared to groundwater

supplies, especially in areas with major irrigation schemes

(Close et al. 2008, 2010). It is also possible that the high

awareness of drinking water contamination in these areas

have led to increased protection of water sources. As con-

tamination of drinking water sources is an important

pathway for Cryptosporidium spp., especially C. parvum in

rural areas, clarifying the role of these smaller water sup-

plies in transmission may help develop interventions such

an enhanced drinking water infrastructure to reduce disease

burden in areas dominated by intensive cattle farming.

Our study uses disease surveillance data, known to suffer

from significant under-ascertainment (Arshad et al. 2007).

This bias is highlighted in the results, where, living in urban,

more deprived areas are inversely associated with risk of

disease. Such patterns could be due to poorer access to health

resources resulting in lower rates of reported cryptosporid-

iosis in socio-economically deprived populations (Baker

et al. 2007). However, by creating independent exposure

measures we also reduce the potential for misclassification

bias whereby area-level exposures are incorrectly assigned.

The patterns reported here could differ by pathogen strain

(McCarthy et al. 2012), particularly for cryptosporidiosis,

where clear differences in seasonal patterns of cryp-

tosporidiosis across urban and rural areas indicate different

dominant strains (Learmonth et al. 2001, 2003). Strain

specific information was not available for this study. The

main aim of this study was to examine the potential public

health implications of increasing stocking densities. Similar

to previous studies in New Zealand, a key strength of this

study is that by integrating different data sources intended

for unrelated purposes, we provide a resource-efficient but

data-intensive method to identify a public health problem

that may be exacerbated by dairying intensification in New

Zealand (Snel et al. 2009a, b; Britton et al. 2010).
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It is possible that the association with dairy cattle

density is confounded by the presence of other livestock in

the same area. However, a previous study which included

sheep, poultry, pig, deer and dairy cattle density at the CAU

level found that only dairy cattle density was significantly,

positively associated with cryptosporidiosis risk in New

Zealand (Lal 2014). Our results are consistent with other

studies in New Zealand (Snel et al. 2009a, b; Brock 2011;

Thorburn 2011) and elsewhere (Pollock et al. 2009; Jagai

et al. 2010), conducted across different spatial scales and

using varying methodologies. Our finding of a significant

relationship between cryptosporidiosis in children under

5 years and increasing stocking densities for dairy cattle is

novel and is likely to be causal. A concerted effort between

the human health and animal sector in rural and fringe

areas, where person-to-person transmission is unlikely to

be the major pathway for disease spread is needed.

Our findings have implications for the planning of

zoonoses prevention strategies as the most effective inter-

ventions may not necessarily emerge from the health sector

(Zinsstag et al. 2005). Efforts should be made to

strengthen the links between the animal and public health

sectors and promote inter-disciplinary surveillance of

zoonoses (Wendt et al. 2016). At the same time, carrying

out public health awareness campaigns on zoonoses and

promoting behaviour change could help reduce the

implications of zoonotic infections in human–domestic

animal interface areas. Finally, information to increase

farmers’ awareness of zoonotic disease risks and farm-level

responses to reduce such risk could help uptake of mea-

sures to reduce disease.

CONCLUSION

Even in an industrialized nation like New Zealand,

reducing the vulnerability of children to infectious, zoo-

notic disease remains a challenge. When the underlying

neighbourhood socio-economic characteristics are ac-

counted for, we found a significant relationship between

cryptosporidiosis risk and increasing densities of dairy

cattle. This study adds to the growing concern about the

public health impacts of high-density livestock produc-

tion. These findings highlight the importance of devel-

oping strategies across the animal and public health

sectors to address specific risk factors for children living

on and in proximity to intensively stocked dairy cattle

farms.
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