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Abstract: Public health risks associated with the intensification of dairy farming are an emerging concern.
Dairy cattle are a reservoir for a number of pathogens that can cause human illness. This study examined the
spatial distribution of dairy cattle density and explored temporal patterns of human campylobacteriosis and
cryptosporidiosis notifications in New Zealand from 1997 to 2015. Maps of dairy cattle density were produced,
and temporal patterns of disease rates were assessed for urban versus rural areas and for areas with different
dairy cattle densities using descriptive temporal analyses. Campylobacteriosis and cryptosporidiosis rates
displayed strong seasonal patterns, with highest rates in spring in rural areas and, for campylobacteriosis,
summer in urban areas. Increases in rural cases often preceded increases in urban cases. Furthermore, disease
rates in areas with higher dairy cattle densities tended to peak before areas with low densities or no dairy cattle.
Infected dairy calves may be a direct or indirect source of campylobacteriosis or cryptosporidiosis infection in
humans through environmental or occupational exposure routes, including contact with animals or feces,

recreational contact with contaminated waterways, and consumption of untreated drinking water. These results

have public health implications for populations living, working, or recreating in proximity to dairy farms.
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INTRODUCTION AND PURPOSE

Dairy cattle numbers have increased substantially in New
Zealand in recent decades (MacLeod and Moller 2006;
Statistics New Zealand 2012). Dairy cattle are a known
reservoir for a number of different pathogens that can cause
human illness (FAO et al. 2006; Toth et al. 2013; Grout
et al. 2020), including Campylobacter spp. and Cryp-
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tosporidium spp. (Cavirani 2008; Toth et al. 2013; Whitfield
et al. 2017; Grout et al. 2020). It is possible that increases in
dairy cattle numbers and densities could lead to increased
exposure to zoonotic pathogens and increased disease rates
in humans. However, there have been relatively few studies
examining the potential health effects of the intensification
of dairy farming in the country.

Campylobacteriosis is the most commonly notified
disease in New Zealand (ESR 2017). Case rates appear to be
highly seasonal and tend to peak in the spring or summer
(Spencer et al. 2012). Potential drivers of seasonality are
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thought to include increased shedding in animal reservoirs
and higher contamination in the food chain, as well as
changes in human behaviors (Spencer et al. 2012). In urban
areas, notification of campylobacteriosis cases is thought to
be driven by the consumption of contaminated food
products (Spencer et al. 2012). Specifically, poultry was
identified as the primary source of human campylobacte-
riosis due to C. jejuni infection in New Zealand (Mullner
et al. 2009). Several interventions were introduced in the
poultry industry in late 2006, and by 2008, the annual
campylobacteriosis rate had dropped by 54% compared to
the average annual rate for the period from 2002 to 2006
(Sears et al. 2011). Despite reductions in the contribution
of poultry after intervention it remained the dominant
source of human infection, with an estimated 84% of cases
in New Zealand infected with strains attributed to a poultry
source and 14% infected with strains attributed to cattle
(Lake et al. 2021). Environmental exposures, including
direct contact with animals, contact with feces, recreational
contact with contaminated waterways, and consumption of
untreated drinking water, may play a larger role in trans-
mission in rural areas (Spencer et al. 2012).

Cryptosporidiosis notifications tend to peak in the
spring (September—November in New Zealand) (Snel et al.
2009; Lal et al. 2016), predominantly in rural areas (Snel
et al. 2009). A smaller late summer or early autumn peak is
also occasionally seen in urban areas (Snel et al. 2009).
Evidence suggests that the spring peak in cryptosporidiosis
cases may be due to spring calving and zoonotic or indirect
environmental transmission of Cryptosporidium parvum,
while the autumn peak in urban areas is consistent with
anthroponotic transmission of C. hominis, often through
contaminated swimming pools (Learmonth et al. 2004; Snel
et al. 2009).

While the seasonality of these diseases has been widely
acknowledged, the drivers of seasonal patterns are not well
understood. Social and environmental factors, including
climate, land use, and livestock density variables, can
interact across spatial and temporal scales to influence
disease risk (Lal et al. 2013; Lal 2014; Cherrie et al. 2018).
Few studies have examined temporal patterns of disease in
urban and rural areas, and even fewer have examined sea-
sonality in areas with different livestock densities (Lal et al.
2012). Establishing temporal trends for zoonotic enteric
diseases allows for the identification of potential risk factors
(Lal 2014; Chen et al. 2015). Identifying seasonal trends
also allows for the monitoring of changes in disease pat-
terns, which is useful for understanding how environ-

mentally sensitive diseases will respond under future
scenarios of climate change or land use change (Patz 2002;
Lal 2014). Therefore, this study seeks to review and describe
spatial trends in dairy cattle density from 2000 to 2014 and
to explore the temporal patterns of disease notifications
from 1997 to 2015 across New Zealand.

METHODS

Dairy Cattle Data Collection

Dairy Cattle Density

Dairy cattle numbers were obtained from the Agribase™
database for the years 2000, 2006 and 2014 at the mesh-
block level (AsureQuality 2019). Meshblocks are the
smallest geographic unit for which statistical data are col-
lected and processed by Statistics New Zealand (2014). A
meshblock is a defined area that varies in size from part of a
city block to large areas of rural land (Statistics New
Zealand 2014). Dairy cattle numbers for each farm were
mapped to a single meshblock according to the location of
the main farmgate or to the physical location of the home
(i.e., even if a farm spanned across multiple meshblocks,
the dairy cattle numbers were assigned to a single mesh-
block in the database). Dairy cattle density per square
kilometer was calculated for each year. Average dairy cattle
density was also calculated across the three years for which
data were obtained and meshblocks were categorized as
areas with no dairy, low dairy density (> 0-13.3 cows/
km?), medium dairy density (> 13.3-102.3 cows/km?),
and high dairy density (> 102.3 cows/km?). The categories
of dairy cattle density were based on tertiles for all mesh-
blocks with a dairy cattle density greater than zero.

Change in Dairy Cattle Densities

The change in dairy cattle density was calculated by sub-
tracting the calculated densities for 2000 from the densities
for 2014. The change in dairy cattle density was then
mapped at both the meshblock and census area unit (CAU)
levels. CAUs are the second smallest geographic unit for
which statistical data are collected and processed by
Statistics New Zealand (2014). A CAU is a defined area that
varies in size and is comprised of multiple meshblocks
(Statistics New Zealand 2014). The change in dairy cattle
density was examined at the CAU level in order to smooth
dairy cattle density and partially account for the fact that
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dairy cattle numbers were allocated to a single meshblock
even if a farm spanned multiple meshblocks.

Human Data Collection

Human Case Data

Notified cases of campylobacteriosis and cryptosporidiosis
from 1997 to 2015 in New Zealand were obtained from the
National Notifiable Disease Surveillance system. No major
changes were made to the surveillance of these notifiable
diseases from 1997 to 2007, but direct laboratory notifi-
cation began in 2008 (Ministry of Health 2007). Notified
cases were assigned to a meshblock based on the home
address of the patient. When the address for a case was
unknown, it was geocoded to the address of the regional
Public Health Service.

Census Data

Meshblock level population estimates were obtained for
census years 2001, 2006, and 2013 from Statistics New
Zealand. Population estimates were used to calculate dis-
ease incidence rates per 100,000 population.

Urban/Rural Profile

Statistics New Zealand classifies meshblocks as either (i)
main urban areas, (ii) satellite urban areas, (iii) indepen-
dent urban areas, (iv) rural areas with high urban influence,
(v) rural areas with moderate urban influence, (vi) rural
areas with low urban influence, (vii) highly rural/remote
areas, or (viii) areas outside urban/rural profile. For the
purposes of this study, the three categories for urban areas
were combined into a single ‘Urban’ category and the four
categories for rural areas were combined into a single
‘Rural’ category.

Assessing the Spatial Distribution of Dairy Cattle
Density

First, dairy cattle density was mapped at the meshblock
level for the years 2000, 2006, and 2014. These years were
chosen as they most closely matched the dates for the
census (see ’Census Data’ above). Next, the change in dairy
cattle density from 2000 to 2014 was mapped at the
meshblock and CAU levels. Specifically, the change in dairy
cattle density was categorized as those areas with (i) no

dairy, (ii) a decrease in dairy density, (iii) no change in
dairy cattle density, (iv) a small increase in dairy cattle
density, (v) a medium increase in dairy cattle density, and
(vi) a large increase in dairy cattle density from 2000 to
2014. Categories of increased dairy cattle density were
based on tertiles for all areas with an increase in density.
ArcGIS was used to produce all maps (ESRI 2018).

Assessing Temporal Patterns in Human Campy-
lobacteriosis and Cryptosporidiosis Cases

Seasonal Trend Decomposition by Regression

Disease notification data were aggregated to week, month,
and year. Then, a seasonal-trend decomposition by
regression (STR) was undertaken using disease notification
data aggregated at the weekly level to smooth the day-of-
the-week effect (i.e., cases are not typically reported on
Saturday or Sunday, due to weekend closures). Analyses
were conducted using the R package stR (Dokumentov
2013).

Monthly Plots

Next, monthly plots were created in order to further
examine the difference between monthly incidence rates
across urban versus rural areas, and across categories of
dairy cattle density (see ‘Dairy Cattle Density’ above).
However, campylobacteriosis data were restricted to the
period 2010-2015 in order to examine seasonal patterns
after the implementation of interventions in the poultry
industry in 2006. First, the average campylobacteriosis case
counts for each month were calculated for the period 2010—
2015 and the average cryptosporidiosis case counts for each
month were calculated for the period 1997-2015. Then,
monthly incidence rates were calculated by dividing the
average monthly case counts for campylobacteriosis by the
2013 population, while the monthly case counts of cryp-
tosporidiosis were divided by the population estimate for
2006. The most central census estimates were used for each
dataset. The mean monthly incidence rates per 100,000
population were then plotted, with 95% confidence inter-
vals for the means calculated through the default method in
SPSS Statistics.
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RESULTS

Spatial Distribution of Dairy Cattle Density

In New Zealand, many producers have relied on higher
stocking rates to increase production; using the same land
area to support more cattle has increased livestock density.
Stocking rates for dairy cattle have increased rapidly since
1990 (Fig. 1) (MacLeod and Moller 2006), and the number
of dairy cattle increased by more than one million from
2007 to 2012 (Statistics New Zealand 2012). Average herd
size has also increased, while the number of herds in New
Zealand has fallen (Fig. 2) (LIC et al. 2019), and in 2016,
there were 11,918 dairy herds and approximately 5 million
milking cows in New Zealand (DairyNZ 2016).

Maps of dairy cattle density for 2000, 2006, and 2014
show that in the North Island, the regions that had higher
dairy cattle densities in 2000 (i.e., Waikato and Taranaki)
maintained higher densities over time (Fig. 3). However,
the maps also indicate that dairy cattle were introduced to
new regions throughout the North Island from 2000 to
2014.
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As in the North Island, dairy cattle density increased in
parts of the South Island where once there were no dairy
cattle. However, certain areas of the South Island witnessed
a very rapid increase in density. Rapid increases in dairy
cattle density were particularly evident in the Canterbury
Plains and Southland regions.

Aggregation to the CAU level helped to highlight re-
gional differences (Fig. 4). In the North Island there were
substantial increases in dairy cattle density in the Waikato
and Bay of Plenty regions, Taranaki, lower Manawatu-
Wanganui, and parts of Northland. In the South Island,
there were substantial increases in dairy cattle density in the
Canterbury Plains, Southland, and in parts of the West
Coast. Smaller increases were seen in many other parts of
the country.

Temporal Patterns in Human Campylobacteriosis
and Cryptosporidiosis Cases

Seasonal-Trend Decomposition by Regression

The seasonal decomposition of weekly incidence rates of
campylobacteriosis showed that the incidence peaked in the

1996 2001 2006 2011 2016

Year

Figure 1. Total dairy cattle in New Zealand (including bobby calves). There was no Agricultural Survey carried out in 1997 or 1998 Adapted

from Statistics New Zealand (2017).
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Figure 2. Total number of dairy herds and average herd size in New Zealand Adapted from LIC & DairyNZ (2019).
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Figure 3. Dairy cattle density in New Zealand in (a) 2000, (b) 2006, and (c) 2014 at the meshblock level. Adapted from AgribaseTM database.
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Change in Dairy Cattle Density in New Zealand 2000-2014,
by 2006 Census Area Units

R
*> :
) d Change in dairy cattle density
i (cows/sq. km.)
’ v Decrease (lowest - -1.0)
No change (-0.9 - 1.0)
Small increase (1.1 - 38.5)

- Medium increase (38.6 - 270.2)
- Large increase (270.3 - highest)
I No dairy (0 in 2000, 2006, & 2014)

I N Kilometers

Source: Agribase Database 0 55110 220 130 440

Figure 4. Change in dairy cattle density in New Zealand from 2000
to 2014 at the census area unit level. Adapted from Agribase™
database.

summer (Fig. 5), while the trend line displays the decrease
in incidence rates following poultry industry interventions
that were introduced in 2006. The seasonal decomposition
of the incidence of cryptosporidiosis indicated a bi-modal
seasonal pattern, with a large peak observed in the spring
and a smaller peak observed in the autumn (Fig. 6).

Monthly Plots

Monthly plots were created for urban and rural meshblocks
in New Zealand to further examine differences in the sea-
sonality of disease notification rates.

For campylobacteriosis, the plots below summarize the
average rates for each month from 2010 to 2015. In urban
areas, campylobacteriosis rates peaked in the summer (i.e.,
January), while in rural areas, rates began to increase in
August, exhibited a spring peak, and then remained rela-
tively high through most of the summer (Fig. 7, Table 1).

Cryptosporidiosis rates displayed a large spring peak in
rural areas (Fig. 8, Table 1). Urban areas also displayed a
small spring peak, as well as a very small autumn peak (i.e.,
March, April, and May) that was absent from rural areas.

Monthly plots were again created to examine the sea-
sonality of disease notification rates for meshblocks with
different average dairy cattle densities.

For campylobacteriosis, the plots below summarize the
rates for each month from 2010 to 2015. Areas with no
dairy cattle showed a small summer peak in campylobac-
teriosis rates, while areas with low, medium, and high dairy
densities displayed a spring peak in addition to elevated
summer rates (Fig. 9, Table 1). The spring peak was more
distinct in areas with medium and high dairy densities.
However, the highest mean rates were observed in areas
with low dairy cattle density, albeit with wider confidence
intervals due to greater year-to-year variability.

In the case of cryptosporidiosis, all areas showed a
marked spring peak (Fig. 10, Table 1). However, the spring
peak in areas with no dairy cattle was much smaller than in
areas with low, medium, or high dairy cattle density. Fur-
thermore, areas with no dairy, and low and medium dairy
density reached peak incidence in October, as opposed to
areas with high dairy density, which reached peak incidence
earlier (i.e., September). Meshblocks with no dairy cattle
also displayed a slight increase in autumn that was absent
from other areas.

DiscussIioN

Clear seasonal patterns of campylobacteriosis and cryp-
tosporidiosis incidence were observed in this study, in line
with previous research. There were distinct patterns in
average monthly disease rates across urban and rural areas,
during a period of greatly increased dairy intensification in
rural New Zealand. Furthermore, to our knowledge, this
study was one of the first to assess differences in disease
incidence across areas with different livestock densities.

Spatial Distribution of Dairy Cattle Density

The intensification of the New Zealand dairy sector has
varied regionally, but maps of dairy cattle density indicate
that most areas experienced increases in dairy cattle density
from 2000 to 2014. The Waikato and Taranaki regions have
long-established, major agricultural sectors (MacLeod and
Moller 2006). Warmer winters and reliable rainfall have



Dairy Cattle Density and Temporal Patterns of Human Campylobacteriosis

279

STR decomposition
5 fold 52 gap MSE = 0.06639, Lambdas = (0.306,0,0) (114,0.0872,3.54)
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Figure 5. Seasonal decomposition of the weekly incidence of campylobacteriosis in New Zealand (1997-2015). MSE = mean squared error;

Lambdas = smoothing parameters; Trend = the long-term temporal trend; Seasonality = a repeating seasonal pattern that changes slowly or

remains constant over time; Random = the remainder of the data after the Trend and Seasonality components are removed; Fit/

Forecast = Trend + Seasonality. The original data can be obtained by adding the Trend, Seasonality, and Random components.

also allowed for the development of dairy farming in
Northland, Bay of Plenty, Manawatu, Nelson, and the West
Coast (Moran 1997; Smith and Montgomery 2004; Ma-
cLeod and Moller 2006). However, the dairy industry has
also expanded into some regions that have not historically
supported dairy cattle (MacLeod and Moller 2006). The
Canterbury Plains, Otago, and Southland, which were
previously considered unsuitable for dairy farming due to a
lack of adequate rainfall and pasture, have seen the recent
introduction and rapid growth of dairy farming (Smith and
Montgomery 2004). These regions are largely reliant on

irrigation to support their pastures (Smith and Mont-
gomery 2004).

Additionally, a number of farms in New Zealand have
transitioned away from other forms of agricultural pro-
duction and into dairy farming (Smith and Montgomery
2004). There was a steady conversion of beef and sheep
farms into dairy farms in the 1980s (Smith and Mont-
gomery 2004; MacLeod and Moller 2006). It has been
estimated that the area of dairy farming in New Zealand
increased by 46% between 1972 and 1990 (MacLeod and
Moller 2006). By 2016, New Zealand had an estimated 1.8
million hectares of dairy land (DairyNZ 2016). The maps of
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STR decomposition
5 fold 52 gap MSE = 0.3294, Lambdas = (0.379,0,0) (5.8,1.16,0.768)
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Figure 6. Seasonal decomposition of the weekly incidence of cryptosporidiosis in New Zealand (1997-2015). MSE = mean squared error;
Lambdas = smoothing parameters; Trend = the long-term temporal trend; Seasonality = a repeating seasonal pattern that changes slowly or
remains constant over time; Random = the remainder of the data after the Trend and Seasonality components are removed; Fit/
Forecast = Trend + Seasonality. The original data can be obtained by adding the Trend, Seasonality, and Random components.

(a) Seasonal pattern of campylobacteriosis notifications in rural areas of New Zealand, 2010-2015 (b) Seasonal pattern of campylobacteriosis notifications in urban areas of New Zealand, 2010-2015
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Figure 7. Seasonal pattern of human campylobacteriosis rates stratified by (a) rural and (b) urban and status. Error bars represent 95%

confidence intervals for the means.
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Table 1.

Average Monthly Campylobacteriosis and Cryptosporidiosis Incidence Rates per 100,000 for Urban Versus Rural Areas, and
for Areas with Different Dairy Cattle Densities in New Zealand for the Period 2010-2015 and 1997-2015, Respectively.

Month Urban areas Rural areas Areas with no  Areas with Areas with Areas with
dairy cattle low dairy medium high dairy
cattle den- dairy cattle cattle den-
sity density sity
Mean inci- Mean inci- Mean inci- Mean inci- Mean inci- Mean inci-
dence rate dence rate dence rate dence rate dence rate dence rate
per 100,000 per 100,000 per 100,000 per 100,000 per 100,000 per 100,000
(95% CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI)
Campylobacteriosis January 36.23 (32.85t0  67.95 (60.48 37.35 (33.69 80.38 (66.06 53.31 (45.78 42.75 (36.96
(2010-2015) 39.61) to 75.42) to 41.00) to 94.71) to 60.84) to 48.54)
February 26.98 (24.48 to  47.52 (42.30 28.00 (25.28 54.89 (46.38 35.48 (29.76 31.97 (26.94
29.49) to 52.74) to 30.73) to 63.40) to 41.20) to 37.00)
March 23.87 (20.86 to  47.32 (40.91 24.98 (21.67 53.92 (43.05 36.57 (31.12 28.38 (22.13
26.88) to 53.74) to 28.29) to 64.79) to 42.01) to 34.62)
April 20.45 (1793 to  31.75 (27.42 20.98 (18.29 38.52 (30.31 24.26 (19.88 21.70 (17.63
22.96) to 36.09) to 23.67) to 46.73) to 28.65) to 25.78)
May 20.62 (19.18 to  35.33 (30.83 21.14 (19.55 43.86 (35.53 26.79 (22.46 22.88 (18.31
22.06) to 39.83) to 22.72) to 52.20) to 31.12) to 27.44)
June 18.21 (17.06 to  30.42 (26.20 18.51 (17.41 39.67 (29.98 24.51 (19.95 17.62 (13.37
19.35) to 34.66) to 19.62) to 49.37) to 29.06) to 21.87)
July 20.15(17.95to  32.62 (28.19 20.58 (18.23 39.08 (30.25 23.81 (19.80 24.83 (20.25
22.35) to 37.05) to 22.93) to 47.91) to 27.81) to 29.41)
August 23.64 (22.29to  64.15 (58.08 23.46 (21.91 61.16 (51.45 54.78 (48.31 56.72 (48.75
24.99) to 70.21) to 25.01) to 70.88) to 61.25) to 64.70)
September 25.88 (22.88 to  73.75 (66.93 25.04 (21.85 72.44 (60.38 69.10 (60.68 61.01 (53.32
28.89) to 80.57) to 28.24) to 84.50) to 77.52) to 68.70)
October 27.14 (24.73 to  76.51 (68.88 27.79 (25.15 79.17 (64.42 69.40 (61.51 46.66 (40.44
29.54) to 84.14) to 30.42) to 93.93) to 77.30) to 52.89)
November 32.73 (30.39to 68.81 (62.54 32.93 (30.35 73.65 (63.85 60.98 (53.78 49.87 (43.37
35.07) to 75.08) to 35.52) to 83.44) to 68.18) to 56.36)
December 35.48 (34.03to  75.94 (67.35 36.20 (34.30 84.21 (68.45 66.93 (59.09 47.17 (40.88
36.93) to 84.53) to 38.09) to 99.97) to 74.77) to 53.46)
Cryptosporidiosis January 4.28 (3.32 to 5.64 (3.62to 499 (3.85to0  8.44 (3.95to  2.55 (1.41 to 1.46 (0.70 to
(1997-2015) 5.25) 7.67) 6.12) 12.93) 3.69) 2.21)
February  4.45 (3.91 to 3.75 (2.06 to  4.59 (4.00 to  4.66 (2.33 to  4.35 (1.25 to 1.64 (1.00 to
5.00) 5.44) 5.17) 6.98) 7.45) 2.27)
March 7.52 (6.40 to 4.06 (2.85to  7.95 (6.73to  6.20 (3.51 to  2.75 (1.77 to  2.69 (1.56 to
8.64) 5.28) 9.17) 8.90) 3.73) 3.83)
April 6.65 (579 to 323 (233to  7.01 (6.07to 494 (328 to  2.03 (130 to  2.58 (1.42 to
7.52) 4.14) 7.96) 6.59) 2.75) 3.74)
May 6.53 (5.19to  4.66 (2.88t0  6.78 (534 to  5.66 (273 to  3.43 (1.97 to  4.58 (1.10 to
7.86) 6.43) 8.21) 8.60) 4.89) 8.06)
June 375 (299 to  4.00 (226 to  4.00 (3.17 to  4.15 (1.85t0  3.43 (0.64 to  2.78 (0.74 to
451) 5.75) 4.82) 6.45) 6.22) 4.82)
July 337 (2.61to  3.56 (256 to  3.55 (2.73to  3.47 (145to  2.81 (1.87to  3.26 (1.75 to
4.13) 4.57) 4.37) 5.50) 3.75) 4.78)




282 L. Grout et al.

Table 1. continued
Month Urban areas Rural areas Areas with no Areas with low Areas with med-  Areas with high
dairy cattle dairy cattle ium dairy cattle dairy cattle
density density density
Mean incidence Mean incidence Mean incidence Mean incidence Mean incidence Mean incidence
rate per 100,000 rate per rate per rate per rate per rate per
(95% CI) 100,000 100,000 100,000 100,000 100,000
(95%CI) (95%CI) (95%CI) (95%CI) (95%CI)
August 501 (4.20 to 5.82) 17.64 (1435 to  4.41(3.59t05.22) 14.13 (6.36 to 15.14 (12.58 to  21.30 (17.05 to
20.93) 21.89) 17.70) 25.56)
September 9.98 (9.28 to 58.36 (50.91 to 9.55 (8.62 to 49.17 (31.63 to 42.72 (37.51 to 63.27 (54.82 to
10.69) 65.81) 10.48) 66.72) 47.93) 71.71)
October 15.16 (13.60 to 58.60 (50.36 to 15.01 (13.55 to 67.36 (46.89 to 47.35 (40.00 to 42.25 (34.12 to
16.72) 66.84) 16.47) 87.83) 54.70) 50.37)
November 7.61 (6.51 to 8.70) 25.69 (21.47 to 7.83 (6.68 to 8.97) 29.72 (20.40 to 19.39 (15.25 to 18.61 (13.36 to
29.91) 39.05) 23.53) 23.86)
December 2.77 (2.42 to 3.13) 5.83 (4.55t07.12) 3.00 (2.59 to 3.40) 8.68 (5.85 to 3.15(2.18 to 4.12) 3.43 (1.84 to 5.03)
11.51)

Average dairy cattle density was calculated across 2000, 2006, and 2014. Meshblocks were categorized as areas with no dairy, low dairy density (> 0-13.3
cows/km?), medium dairy density (> 13.3-102.3 cows/km?), and high dairy density (> 102.3 cows/km?). The categories of dairy cattle density were based
on tertiles for all meshblocks with a dairy cattle density greater than zero.

(a) Seasonal pattern of cryptosporidiosis notifications in rural areas of New Zealand, 1997-2015

60.00

40.00

20.00

H

60.00

40.00

20.00

(b) Seasonal pattern of cryptosporidiosis notifications in urban areas of New Zealand, 1997-2015

Mean cryptosporidiosis rate per 100,000
Mean cryptosporidiosis rate per 100,000

3 =

3
3 T z z = x = = x

3 3 3 T 3

March May July
February April June

January March May July

February April

September
August October

November January September

August October

November

June December December

Figure 8. Seasonal pattern of human cryptosporidiosis rates stratified by (a) rural and (b) urban status. Error bars represent 95% confidence
intervals for the means.

dairy cattle density generated for this study are potentially High dairy cattle density represents a significant

useful to researchers investigating the links between dairy = potential exposure to pathogens. Cattle can excrete pa-
cattle density and potential public health or environmental ~ thogens in their manure, and the pathogens can persist in
the environment (FAO et al. 2006; Cavirani 2008; Toth
et al. 2013; McDaniel et al. 2014). Cattle produce an

average of 28 kg of manure (wet weight) each day (Van-

issues (e.g., other zoonotic diseases, nitrate contamination
of drinking water resources, etc.) in New Zealand.
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(b) Seasonal pattern of campylobacteriosis notifications in areas with low dairy cattle density in New
Zealand, 2010-2015
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(c) Seasonal pattern of campylobacteriosis notifications in areas with medium dairy cattle density in
New Zealand, 2010-2015
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(d) Seasonal pattern of campylobacteriosis notification in areas with high dairy cattle density in New
Zealand, 2010-2015
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Figure 9. Seasonal pattern of human campylobacteriosis rates stratified by average dairy cattle density: (a) no dairy, (b) low dairy density, (c)

medium dairy density, and (d) high dairy density. Error bars represent 95% confidence intervals for the means.

derholm et al. 1984, Haynes and Williams 1993), the bulk
of which goes untreated and is directly deposited to pasture
(Bolan et al. 2009; FAO 2006; Ministry for the Environment
2016). Only a small proportion of dairy cattle excreta is
collected and treated in New Zealand. It has been estimated
that one dairy cow excretes fecal bacteria equivalent to that
excreted by approximately 14 humans (Environment
Waikato 2008; Foote et al. 2015), representing a nationwide
equivalent of over 90 million people (Foote et al. 2015).
However, the majority of human wastewater in New
Zealand is treated to some extent before release (Taylor
et al. 1997). The volume of untreated manure produced by
New Zealand’s dairy cattle is of concern both for the
environment and for public health.

Temporal Patterns in Human Cases

Clear seasonal patterns were observed for human campy-
lobacteriosis and cryptosporidiosis cases. Furthermore,
there were notable differences between urban and rural
areas, and between areas with and without dairy cattle. The
seasonality of disease notifications can be explained by a

number of different factors, such as climate, social and
behavioral patterns, agricultural or environmental changes,
and other drivers (Cherrie et al. 2018).

Weather has been linked to the seasonality of certain
infectious diseases and can influence pathogen or vector
survival and abundance, as well as host characteristics, such
as behavior and susceptibility (Cherrie et al. 2018). In
particular, research suggests that warmer temperatures
could lead to increased pathogen proliferation and en-
hanced survival (Kovats et al. 2004; Fleury et al. 2006; Lal
et al. 2012). This could in turn increase pathogen loads in
animal reservoirs (Lal et al. 2012) and increase the length of
transmission seasons (Semenza and Menne 2009; Lal et al.
2012).

The seasonal variation in the pathogen carriage rate in
livestock, including dairy cattle, could also influence the
seasonality of disease rates (Stanley and Jones 2003; Men-
rath et al. 2010; Williams et al. 2010). Evidence indicates
that Campylobacter jejuni and Cryptosporidium parvum are
widespread in newborn dairy calves in New Zealand
(Grinberg et al. 2005; Al Mawly et al. 2015). Infected dairy
calves may be a direct or indirect source of campylobac-
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(a) Seasonal pattern of cryptosporidiosis in areas with no dairy cattle in New Zealand, 1997-2015
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(b) Seasonal pattern of cryptosporidiosis notifications in areas with low dairy cattle density in New
Zealand, 1997-2015
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Figure 10. Seasonal pattern of human cryptosporidiosis rates stratified by average dairy cattle density: (a) no dairy, (b) low dairy density, (c)
medium dairy density, and (d) high dairy density. Error bars represent 95% confidence intervals for the means.

teriosis or cryptosporidiosis infection in humans (Grinberg
et al. 2005; Snel et al. 2009), which may explain the sea-
sonality of human disease rates associated with the spring
calving period in New Zealand. Furthermore, certain
farming management practices, such as grazing, overwin-
tering, and herd movements, could influence pathogen
shedding in cattle (Stanley and Jones 2003) and in turn
influence human exposures and the seasonality of disease
rates. The observed temporal patterns could also differ by
pathogen strain (Learmonth et al. 2004; McCarthy et al.
2012; Friedrich et al. 2016), although strain specific data
were unavailable for this study.

Campylobacteriosis

Seasonal decomposition indicated that campylobacteriosis
rates exhibit a distinct seasonal peak. The observed summer
peak in campylobacteriosis may be due to a peak in
Campylobacter jejuni clonal complex CC45. A time series
study of genotyped human campylobacteriosis cases in
Manawatu, New Zealand, from 2005 to 2013 found that

CC45 was the only prevalent clonal complex to display a
summer peak (Friedrich et al. 2016). However, CC45 is
associated with a wide range of potential hosts and envi-
ronmental sources (Levesque et al. 2008; Gripp et al. 2011;
Sheppard et al. 2014; Friedrich et al. 2016).

In New Zealand, the literature has shown mixed results
for the relationship between campylobacteriosis and cli-
mate (Lal et al. 2013), with both a time series analysis (Lal
et al. 2013) and spatial analyses of campylobacteriosis
determinants (Rind and Pearce 2010; Spencer et al. 2012)
indicating that climatic factors were not significantly
associated with long-term campylobacteriosis incidence in
New Zealand. Furthermore, a review of the seasonality of
campylobacteriosis in New Zealand and Europe indicated
that the seasonal campylobacteriosis peak in New Zealand
was more variable than in other countries (Nylen et al.
2002), which may indicate that there is a seasonal driver
unrelated to climate (Lal et al. 2013). However, positive
temporal associations between campylobacteriosis and
temperature have been reported in a number of countries
(Kovats et al. 2005), including the USA (Naumova et al.
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2007) and the UK (Nichols et al. 2012; Abdelmajid et al.
2017; Cherrie et al. 2018). Campylobacteriosis was associ-
ated with temperature in the previous two weeks in a study
in England and Wales (Nichols et al. 2012). A review of
pathogen seasonality in England and Wales also indicated
that Campylobacter had positive correlations with higher
temperatures, sunshine, and vapor pressure in the previous
month (Cherrie et al. 2018).

Box plots of average monthly campylobacteriosis rates
displayed distinct patterns between urban and rural areas.
Additionally, campylobacteriosis rates in rural areas were
higher than in urban areas during most months. This
finding suggests that there are different drivers of disease in
urban versus rural areas, in line with previous research. For
example, a campylobacteriosis source attribution study in
New Zealand reported that poultry-associated cases were
more likely to be reported in urban areas than in rural
areas, whereas ruminant-associated cases were more likely
to be reported in rural areas than in urban areas (Mullner
et al. 2010). Ruminant strains were reported to pose a
greater threat to children in rural areas in particular
(Mullner et al. 2010). Box plots of average monthly
campylobacteriosis rates by average dairy cattle density also
showed a slightly different pattern between areas with no
dairy cattle and areas with dairy cattle. Areas with dairy
cattle displayed greater amplitude and higher seasonal
peaks than areas without dairy cattle. Additionally, the
spring peak occurred earlier in areas with medium or high
dairy density than in areas with low density. The spring
peak in rural areas and in areas with dairy cattle coincides
with the calving season in New Zealand, and evidence
indicates that Campylobacter spp. are widespread in new-
born dairy calves and young cattle (Nielsen 2002; Grinberg
et al. 2005). This pattern suggests that environmental
exposure may play an important role in campylobacteriosis

cases in rural areas.

Cryptosporidiosis

Seasonal decomposition indicated that cryptosporidiosis
rates exhibit a large spring peak in New Zealand. This
finding is in line with several previous studies that reported
a spring peak in cryptosporidiosis incidence in New Zeal-
and (Lake et al. 2008; Snel et al. 2009; Lal et al. 2013).
Box plots of average monthly cryptosporidiosis rates dis-
played distinct patterns between urban and rural areas,
with a strong spring peak in rural areas and a smaller spring
peak in urban areas. Urban areas also displayed a small

peak in the autumn. The box plots also showed a distinct
pattern between areas with no dairy cattle and areas with
dairy cattle. Areas with dairy cattle displayed greater
amplitude and higher seasonal peaks than areas without
dairy cattle. However, areas with low dairy cattle density
appeared to have higher seasonal peaks than areas with
medium or high dairy cattle density, which may be due to
the influence of other ruminants (i.e., sheep or beef cattle)
or notification bias.

Evidence suggests that the autumn peak is predomi-
nantly Cryptosporidium hominis cases, while the spring peak
is predominantly composed of C. parvum cases (Learmonth
et al. 2004; Snel et al. 2009). Specifically, a study that
examined Cryptosporidium oocysts isolated from human
fecal specimens using the PCR-restriction fragment length
polymorphism technique found that C. hominis was
dominant in urban areas, while C. parvum was dominant in
rural areas (Learmonth et al. 2004). Furthermore, a sea-
sonal shift in transmission cycles was observed, with an
anthroponotic cycle in the autumn and a zoonotic cycle in
the spring (Learmonth et al. 2004; Knox et al. 2021).

In addition, monthly box plots indicated that the
spring peak was earlier in rural areas than in urban areas.
The spring peak was also earlier in areas with dairy cattle
than in areas with no dairy cattle. This finding suggests that
rural areas and areas with dairy cattle either have different
drivers of disease, or that exposures in those areas may
contribute to the burden of disease in urban areas and areas
without dairy cattle. The spring peak is likely associated
with agricultural practices, specifically the birth of newborn
livestock (Learmonth et al. 2001; Snel et al. 2009). Calves
younger than two months old are a major host for C.
parvum (Grinberg et al. 2005; Al Mawly et al. 2015), but
fewer than 1% of post-weaned calves and adult dairy cattle
shed C. parvum oocysts in feces (Snel et al. 2009). There-
fore, the spring peak may be due to calving (Snel et al.
2009).

Cryptosporidiosis has also been associated with
weather and climatic conditions. In New Zealand, cryp-
tosporidiosis has been associated with rainfall (Britton et al.
2010; Lal et al. 2013) and temperature (Lake et al. 2008;
Britton et al. 2010; Lal et al. 2013). Specifically, a study that
examined associations between regional climate variability
and enteric disease incidence in New Zealand using Sea-
sonal AutoRegressive Integrated Moving Average models
found that the average temperature of the previous month
was positively associated with cryptosporidiosis incidence
(Lal et al. 2013). Similar findings have been reported in the
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US (Naumova et al. 2007), Australia (Hu et al. 2007), and
the UK (Lake et al. 2005). A review of pathogen seasonality
in England and Wales found that cryptosporidium had
positive correlations with lower temperature variables (e.g.,
snow cover, ground frost, and air frost), precipitation,
mean wind speed, and relative humidity in the previous
month (Cherrie et al. 2018).

Strengths and Limitations

A key strength of this study is the integration of different
data sources to identify a potential public health issue that
may be associated with the rapid intensification of dairy
farming in New Zealand. However, there are limitations
associated with the use of passive disease surveillance data
to assess disease distribution, including underreporting,
notification bias, and the misallocation of cases to geo-
graphic areas. Additionally, the patterns of disease de-
scribed in this study could be strongly influenced by
pathogen strain (Learmonth et al. 2004; Snel et al. 2009;
McCarthy et al. 2012). However, strain-specific data were
not available for this study. Additionally, population factors
that influence disease risk (e.g., demographics, socioeco-
nomic status, immunity status) were not accounted for in
this study. While these factors are unlikely to change sig-
nificantly over shorter time periods (e.g., monthly), they
may vary on a longer timescale and could confound long-
term temporal patterns.

CONCLUSIONS

Campylobacteriosis and cryptosporidiosis rates displayed
clear seasonal patterns. This finding was in line with pre-
vious research which has indicated that in temperate,
higher-income nations, infectious enteric zoonoses exhibit
seasonal patterns associated with weather conditions
(Naumova 2006; Lal et al. 2012). This is also one of the first
studies to assess differences in seasonality for urban versus
rural areas, and for areas with different dairy cattle densi-
ties. Clear seasonal differences between disease notifications
in urban and rural areas were apparent, suggesting that the
determinants of disease differ for different sub-sections of
the New Zealand population. Additionally, areas with dairy
cattle had higher notification rates for both campylobac-
teriosis and cryptosporidiosis than areas that had no dairy
cattle, with a peak in the spring that is likely due to in-
creased exposure to cattle and fecal matter during the

calving period. However, for both diseases, rates were
highest in areas with low dairy cattle density, which may be
due to the influence of other exposures or notification bias.

Results of this study support policies and practices to
reduce and mitigate the environmental and public health
harms of intensified agriculture in New Zealand. Specifi-
cally, given the links between animal and public health,
interdisciplinary efforts are needed to monitor and control
campylobacteriosis, cryptosporidiosis, and other zoonotic
diseases. The promotion of behavioral changes in the hu-
man-animal-environment interface may help to reduce
infection rates.

This study provides as starting point for additional
research to determine the importance of livestock hosts,
particularly dairy cattle, to human infections, and to
ascertain the precise transmission pathways by which hu-
mans are exposed to zoonotic pathogens in New Zealand.
Future research should also investigate the relationship
between notified human cases, weather and climatic con-
ditions, livestock management practices, environmental
characteristics, and other variables that may help to explain
seasonal patterns.
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