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Summary
American foulbrood (AFB), caused by Paenibacillus
larvae, is the most damaging bacterial brood disease
of the honeybee (Apis mellifera), causing colony
deaths on all continents where honeybees are
managed. AFB has been a persistent problem in the
UK for over 70 years, with a fluctuating number of
cases discovered annually. Once diseased colonies
are identified, they are destroyed to reduce pathogen
spread. We investigated the pattern of AFB cases
recorded over the period 1994 to 2012 using spatialstatistical approaches, with a view to identifying the
nature of spread across England and Wales. Our
results indicated that AFB exhibits significant spatial
aggregation at distances from 10 to 30 km, with
aggregations lasting between 1 and 5 years. Kernel
smoothing indicated areas of elevated relative risk in
different years, and these were further detailed by
spatial-scan statistics. We identified disease clusters
and successfully estimated their size, location and
duration. The majority of clusters did not persist in all
years, indicating that management measures may
lead to localized extinction of the disease. Whilst less
common, persistent clusters likely indicate potential
endemic or exotic risk points. The application of
robust epidemiological approaches to improve the
control of AFB is discussed.
Introduction
Pollinators provide vital pollination services both to agriculture and to wild plant populations. The global value to
Received 29 April, 2013; accepted 22 September, 2013. *For correspondence. E-mail giles.budge@fera.gsi.gov.uk; Tel. (+44) 1904
462375; Fax (+44) 1904 462240.

agriculture alone was estimated at €153 billion in 2005
(Gallai et al., 2009). Managed pollinators are of particular
value because they service the specific needs of crop
production, supplement the natural bank of pollinators
and yet can be moved to sites as part of husbandry
regimes to facilitate pollination. The honeybee (Apis
mellifera) can be regarded as the most important commercial pollinator in the world, responsible for at least
90% of commercial pollination (McGregor, 1976; Allsopp
et al., 2008). However, honeybee populations are threatened globally by a number of endemic and emerging
diseases, and it is important to understand the epidemiological processes involved in pollinator disease to
minimize the impact of disease on pollination service
provision.
American foulbrood (AFB), caused by Gram-positive,
spore-forming bacterium Paenibacillus larvae, is one of
the most deleterious diseases of the honeybee and is a
serious problem in global apiculture, causing substantial
economic loss to beekeepers all over the world
(Genersch, 2010). AFB affects the honeybee larvae and is
usually lethal to the colony if left untreated (Hansen and
Brodsgaard, 1999). The main mode of AFB transmission
is horizontal (Fries and Camazine, 2001) via various bee
behaviours, beekeeping practices and infected honey, but
it is also known to be transmitted vertically as honeybees
swarm (Fries et al., 2006).
Maps of disease incidence over time suggest nonuniform patterns of AFB infection both temporally and
spatially (Otten et al., 1998; Wilkins et al., 2007). Investigations in some German states showed that 6% of honey
samples from randomly selected apiaries contained
spores (4% at a low level and 2% at a high level), whereas
24% of samples from areas with a previous history of AFB
contained them (6% at a low level and 18% at a high
level), suggesting local dispersal of the pathogen and the
possibility of symptomless infection (Otten, 2003). Contaminated honey has been recovered from diseased colonies 2–3 years before clinical symptoms were reported
(von der Ohe, 2003), although given that 60% of German
beekeepers do not recognize AFB (Otten, 2003), it is not
clear whether this represents a failure to report or a long
latent phase for the disease. It has been reported that
strains of P. larvae show different abilities to induce symptoms in laboratory-infected larvae (Genersch et al., 2006)

© 2013 Crown copyright. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

3754 A. C. Mill et al.
and that strain prevalence may vary regionally (Otten
et al., 1998; Pentikainen et al., 2009). However, a lack of
consistent approaches to classifying strains has restricted
anything more than local epidemiological studies of
P. larvae (Genersch, 2010). Experimental work on the
epidemiological processes involved in disease transmission at the landscape scale in honeybee disease is practically impossible, yet there exists a need to understand
the epidemiology of AFB if we are to develop methodologies for predicting the dynamics of disease and investigate the efficacy of disease control methods (Genersch,
2010).
Burning of diseased colonies and contaminated material is widely considered to be the most appropriate control
measure (Genersch, 2010); however, approaches to
treatment and control vary across the world. The instigation of an artificial swarm is common, where the frames
containing the brood are destroyed and the adult bees are
transferred to a new colony (Shimanuki and Knox,
1997b). Oxytetracycline has been used to treat AFB for
more than 50 years, and use continues on some continents despite strong evidence that antibiotic resistance
has developed in multiple pathogen haplotypes (Evans,
2003). Promoting hygienic behaviour (where adult bees
remove dead larvae) through breeding has been shown to
reduce disease prevalence in an experimental apiary
(Spivak and Reuter, 2001), and candidate genes associated with this behaviour have been identified (Oxley et al.,
2010). Indeed, it has also been demonstrated that
increased strain virulence at the larval level drives down
colony-level virulence of P. larvae due to remediation of
killed larvae by the hygienic behaviour of nurse bees
(Rauch et al., 2009).
The monitoring and control of AFB is under statutory
control by a government-funded apiary inspection programme in England and Wales, operated by the National
Bee Unit (NBU; http://www.nationalbeeunit.com). The
inspection programme uses measures that seek to eradicate infection and any associated AFB spores by burning
infected colonies and instigating strict biosecurity measures, such as the sterilization of beekeeping equipment
(Wilkins et al., 2007). AFB cases have fallen in recent
decades, from over 2000 cases per annum in the 1950s to
typically 100–200 cases per annum today (Wilkins et al.,
2007). The apiary inspection programme has been in
existence in some form since 1942; however, apiary
inspection data were not digitized until 1994, when data
began being collated in the NBU database, BeeBase.
These data now offer an unrivalled opportunity to monitor
the seemingly sporadic incidence of AFB from over
400 000 honeybee colony inspections across 19 years.
This study set out to use extant data from the apiary
inspection programme in England and Wales to examine
the pattern and spread of AFB in order to understand

whether AFB occurs spatially and temporally at random or
whether patterns exist that may infer proximity to potential
risk points that may represent disease sources. We use
complementary spatial point process models to detect
global clustering and characterize local clusters of AFB
across England and Wales between 1994 and 2012 with
the aim to improve our understanding of the epidemiology
of this damaging disease.
Data on disease incidence in apiaries of registered
beekeepers were obtained from BeeBase. All colonies
testing positive for AFB or another bacterial brood
disease, European foulbrood (EFB), and the geographical
locations of apiaries sampled in England and Wales were
collated for the period 1994–2012. Testing effort (the
number of colonies inspected per apiary) and the number
of positive cases were also recorded.
Results
Incidence of cases and controls
There were a total of 107 967 apiary inspections between
1994 and 2012; an average of 4.9 colonies were
inspected per apiary (range 1–300). There were a total of
1144 cases of AFB recorded over the 19 year period at
819 unique apiary sites. These apiaries had a mean of 9
colonies (range 1–245). Apiaries with fewer colonies
(< 10) were less likely to have disease than apiaries with
more colonies (10–50 and > 50; AFB, χ2 = 151.70, df = 2,
P < 0.001; EFB, χ2 = 1837.012, df = 2, P < 0.001). In contrast, there were a total of 7614 cases of EFB recorded
over the study period from 3559 unique apiary sites. The
overall incidence of AFB and EFB declined over the study
period (Fig. 1).
Spatial clustering of AFB cases
Evidence was found that AFB shows a greater degree of
spatial aggregation than EFB at distances of 10–20 km
using both the 95% confidence envelope and the random
labelling envelope methods (Fig. 2). The differences
between the K-functions are outside the envelope in both
cases, indicating significant clustering. At distances of
greater than 23 km. the incidence of AFB becomes comparable to that of the control population of EFB cases.
Space–time K-function. Given that the bivariate
K-function tests indicated significant clustering of AFB up
to a distance of 23 km, the occurrence of space–time
clustering at this scale was also investigated.
The space–time K-function showed significant evidence of clustering of AFB at distances of 10–30 km and
over a 3 year period (Fig. 3a). The Monte Carlo significance test statistic (1760 × 109) was significantly greater
than the random permutations (Fig. 3b).
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Fig. 1. Annual proportion of inspected apiaries that were found to have American foulbrood (AFB) or European foulbrood (EFB) in England
and Wales from 1994 to 2012.

by Trun was highly significant: all 100 Monte Carlo
simulations resulted in a Trun two orders of magnitude
lower than that seen using the true data. The pattern
appears to be one of sporadic infection and reinfection rather than a sustained outbreak over multiple
years.
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Cuzick–Edwards runs test. In total, 163 AFB clusters
were identified with at least two cases, 57 had five
or more members, and 19 had 10 or more (Fig. 4,
filled circles). Clusters tended to persist over time,
with 94 of the 163 clusters having cases in more than
one year. The observed clustering pattern represented
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Fig. 2. K-function difference between American foulbrood (AFB) and the background population (European foulbrood) in England and Wales
(solid line). Clear evidence of significant AFB clusters, demonstrated by the solid line rising above the 95% confidence envelopes (dashed
lines) and relabelling envelopes (dotted lines).
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Fig. 3. Space–time clustering of AFB using K-function tests.
A. Three-dimensional plot of the D(s,t) function. High values on the z axis indicate there are more outbreaks within the given spatial and
temporal separation than would be expected if there were no clustering.
B. Monte Carlo significance test of a space–time interaction. The bold line indicates the data statistic, which is larger than that of all of the
Monte Carlo samples, indicating significant space–time clustering.

Space–time clustering in SATSCAN. The spatial scan
identified the most significant cluster and 30 other significant clusters, where likelihood of AFB was greater than
background at-risk population. SATSCAN identified 697
records of AFB (61%) that were associated with a significant cluster. These clusters varied in time and space, size
and duration (Fig. 4, Table 1).
The most likely cluster (ID = 1) was located in the South
East and was small in size (9.7 km radius) and had 86
cases over an 8 year period. The next most likely clusters
were larger in area (12–20 km) but varied in duration and
number of AFB cases. Cluster ID 1 appeared to be a
cluster with recurrence or latent infection at the same
apiaries, because the number of infected apiaries was
lower than the number of cases observed over the time
period. Other clusters (e.g. ID 2–5) appeared not to have
high recurrence rates, as the number of apiaries and
number of cases were similar.
Spatial scan and runs test clusters. Clusters identified by
the space–time scan in SATSCAN correlated well with
those identified by the runs test method (Fig. 4). These
methodologies differ in their cluster identification methodologies, yet they identified similar clusters. Although there
is disagreement in the total number and size of identified
clusters, both the methods overlap in identification of
cluster occurrence. In some cases, SATSCAN detects a
single large cluster in space and time, whereas the runs
test identifies multiple smaller clusters that are more geo-

graphically isolated within the SATSCAN cluster. There
were only a few runs test clusters with five or more cases
that were not identified as significant SATSCAN clusters.
The SATSCAN clusters give a likely time domain to the
AFB cluster observed, which cannot be determined from
the runs test method. However, the space–time cluster
method does not report repeat clusters occurring at the
same geographic location at a different time period; only
the most likely cluster at that location is identified.
Kernel density relative risk. The relative risk maps of the
kernel-smoothed density show general areas of elevated
risk in each year. The red and orange areas are at
increased relative risk of AFB, and the yellow and white
areas are at low risk (Fig. 5). Significant clusters of
increased risk are indicated by contour P values of 0.05
and 0.01. In general, AFB risk across the whole region
was lower in 2003 compared with other years. Most years
had between three and six discrete clusters of AFB, with
locations at increased risk varying between years (Fig. 5).
An animation of these colour contour maps is available as
(Supporting Information Fig. S1).
Discussion
Reports of the local reoccurrence of AFB have taken
place over several centuries (Rocca, 1790; Pentikainen
et al., 2009); however, the absence of comprehensive,
spatially explicit disease distribution data has prevented
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Fig. 4. Correlation between runs test clusters (filled circles; large, ≥ 10 cases and small, ≥ 5 cases) and significant SATSCAN clusters (open
circles of approximate radius). Numbers refer to cluster rank 1 being the most likely cluster. Clusters presented are for all year combinations; a
particular cluster may not have been in that location for all years (see Table 1 for full description of each cluster). Inset graphs show disease
intensity of American (solid line) and European (dashed line) foulbrood in numbered clusters over time.

full understanding of the epidemic status of this disease.
For the first time we demonstrate that AFB shows
significant spatial and temporal clustering related to
epidemiological processes across England and Wales.
Furthermore, we quantify cluster sizes, measure frequency of occurrence and even observe possible localized extinction to provide new and important information
about the epidemiology and control of this damaging pollinator disease.
The methodologies used in the current study have
advanced the field of honeybee pathology beyond
repeated incidental observations of apparent clustering to
epidemiologically significant inference. The most informative works currently in the literature (Genersch & Otten,
2003; Peters et al. 2006; Pentikainen et al., 2009) all infer
that strains of P. larvae may differ between different geographical locations; they do not, however, confirm disease
clustering in any formal epidemiological sense as they are

not based on rigorous sampling of the population at risk.
Understanding clustering is essential to assess the extent
to which disease risk is dependent on apiary density,
husbandry practices or environmental factors.
Clusters occurred at a peak of 10–20 km, providing
strong evidence of local between-apiary spread facilitated
by honeybee or beekeeping behaviours. Honeybee
colonies can produce daughter colonies by splitting to
produce a swarm. Swarms tend to disperse locally, often
within a few hundred metres of the parent colony (Seeley
and Morse, 1977), and have the potential to explain some
local spread. However, such vertical transmission events
rarely result in clinically diseased daughter colonies (Fries
et al., 2006), and because swarming is initiated as a
response to overcrowding, heavily diseased colonies are
less likely to swarm, suggesting this route of local AFB
spread is unlikely to be of major importance (Fries and
Camazine, 2001). The honeybee behaviours of drifting

© 2013 Crown copyright. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
Environmental Microbiology, 16, 3753–3763

3758 A. C. Mill et al.
Table 1. Space–time clusters of American foulbrood in England and Wales from 1994 to 2012 identified by SaTScan.

Cluster
ID

Radius
(km)

Start
year

End
year

Number of
apiaries in
cluster

Test
statistic

P value
of cluster

Observed
number of
cases

Expected
number of
cases

Ratio of
observed to
expected cases

Relative
risk
ratio

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

9.7
19.9
19.8
16.0
18.3
18.8
19.5
15.2
12.3
12.1
17.3
19.2
12.3
14.4
18.4
6.6
11.3
18.5
13.9
17.8
12.8
8.5
3.8
15.0
4.8
18.1
12.7
2.0
0.7
11.1
10.9

1994
2000
1997
2002
1997
1996
2000
2005
1994
2003
1994
1997
1995
2006
1994
2009
2001
2003
1997
2002
2006
1994
2007
1994
1994
1997
1997
2003
1995
2001
2001

2002
2004
2004
2006
2005
2004
2006
2012
2002
2011
1996
2002
2000
2011
1999
2012
2009
2009
2002
2005
2012
1995
2012
1995
1995
1999
1998
2005
1996
2009
2008

31
59
55
39
21
34
39
16
33
19
37
26
10
10
20
11
14
17
13
6
27
28
11
24
12
71
14
2
4
5
10

168.65
103.73
80.18
63.46
47.01
45.01
44.13
40.99
36.98
34.71
29.00
28.73
26.52
26.52
26.52
24.73
24.48
21.09
20.39
18.35
17.82
17.39
16.31
16.31
15.26
15.26
15.24
14.27
14.27
14.27
14.27

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.001
0.002
0.004
0.004
0.010
0.010
0.011
0.034
0.034
0.034
0.034

86
56
55
31
23
24
29
22
20
17
16
19
13
13
13
15
12
12
10
9
15
12
8
8
10
10
9
7
7
7
7

11.5
7.71
9.01
4.05
3
3.27
4.57
3
2.74
2.22
2.22
3
1.7
1.7
1.7
2.22
1.57
1.7
1.31
1.18
2.87
1.96
1.05
1.05
1.57
1.57
1.31
0.91
0.91
0.91
0.91

7.48
7.27
6.1
7.65
7.65
7.35
6.34
7.32
7.29
7.65
7.2
6.32
7.65
7.65
7.65
6.75
7.65
7.07
7.65
7.65
5.22
6.12
7.65
7.65
6.38
6.38
6.89
7.65
7.65
7.65
7.65

8.01
7.59
6.36
7.84
7.79
7.48
6.48
7.45
7.4
7.76
7.29
6.41
7.73
7.73
7.73
6.83
7.73
7.13
7.71
7.71
5.28
6.18
7.7
7.7
6.43
6.43
6.94
7.7
7.7
7.7
7.7

The cluster ID cross-references with locations in Fig. 4.

(where adult bees move between colonies) and robbing
(where adult bees steal honey from weaker colonies) are
more likely to be important for local, horizontal transmission of AFB.
Drifting is a common occurrence in apiaries; its intensity
is influenced by colony arrangement, hive colour and
environmental factors (Pfeiffer and Crailsheim, 1998).
Hornitzky (1998) reported no apparent risk of disease
spread by drifting bees, whereas Goodwin and colleagues
(1994) reported an AFB transmission rate to 8% of neighbouring healthy colonies when the quantity of drifting was
low. Robbing is considered to be of major importance for
local AFB transmission (Shimanuki and Knox, 1997a) and
occurs when foragers from a strong colony remove honey
from a weaker colony. The likelihood of a colony being
robbed increases as it is weakened by disease, and the
resilient spores of P. larvae are frequently found to be
viable in the honey from diseased colonies (de Graaf
et al., 2001). The quantity of viable P. larvae spores is
directly related to the disease intensity within a beekeeping operation (Pernal and Melathopoulos, 2006). Furthermore, when AFB-killed colonies were allowed to be
robbed, disease was readily transmitted to the robbing

colonies less than 1 km away, and spores were detected
in colonies at greater distances (Lindstroem, 2008). The
honeybee behaviour of robbing can therefore be seen as
an important contributory factor in the localized spread of
AFB.
The observed pattern of disease must be linked to bee
management by humans, which operate across different
spatial scales reflecting apiary ownership. Cluster size
and the association of AFB with larger apiaries could
reflect the activity of local beekeeping networks. Exchanging material between colonies and managing numerous
colonies in a confined area are known to facilitate disease
spread (Genersch, 2010). Reoccurrence of AFB within the
same beekeeping operation and long-distance transmission of AFB through apicultural practices have both been
demonstrated by typing P. larvae isolates (Pentikainen
et al., 2009). The apiculture sector in the UK is dominated
by amateur beekeepers who manage an average of only
five colonies, often on a single apiary site close to their
home (Wilkins et al., 2007). Single-beekeeper apiaries
must have a lower chance of becoming diseased than
multi-beekeeper apiaries. Larger apiaries frequently
belong to one of the few professional beekeepers or to
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Fig. 5. Kernel density relative risk by year (1994–2012); increased-risk areas are shown in red, whereas low-risk areas are white/yellow.
Tolerance P values of 0.05 (dashed line) and 0.01 (solid line) are shown as contours.

enthusiastic amateurs who collaborate to form larger
shared apiary sites. Larger apiaries in the UK are likely
exposed to increased disease risk by either sharing ownership (large amateur sites) or having multiple apiaries
(locations) within the same operation (professional apiaries). The important observation that larger apiary sites are
more likely to suffer from AFB will inform training and
education efforts, which should concentrate on the
owners of such sites to reduce future disease risk.
Crucially, 87.5% of disease clusters failed to persist
(Table 1). This likely reflects the prolonged effort of
a risk-based inspection programme. The programme
design explicitly accounts for colony ownership and

proximity to previous known cases. Whilst it is known
that colonies can maintain low levels of spores for
several years without developing clinical disease
symptoms (Hansen and Rasmussen, 1986; Fries et al.,
2006) and viable spores can persist for long periods
(Hasemann, 1961), some disease clusters were last
observed 17 years ago, providing good evidence that
the activities of the disease management programme
have likely eradicated AFB from these areas. The ability
to eradicate disease locally suggests that a sustained
surveillance effort focused on previous disease can
overcome the mobility of this host and pathogen
combination.
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The extent to which the pathogen might go undetected
both within an apiary and in those adjacent remains
unknown. Current inspection policy is to maintain vigilance in an area affected by disease for 3 years after the
last remaining case was reported. The space–time clustering of AFB using K-function tests (Fig. 3) suggests that
3 years is appropriate. Some disease persisted for 8
years; this highlights two points of consideration for
control programmes: Firstly, no monitoring strategy is
guaranteed to be 100% successful, and there will be
some failure to detect disease (Table 1); secondly, the
implementation of control is based on the observation of
clinical symptoms, but colonies can maintain low levels of
P. larvae spores for several years and remain asymptomatic (Hansen and Rasmussen, 1986; Fries et al., 2006).
It is therefore likely that successful control will only result
from sustained surveillance efforts that extend well
beyond the longest latent period.
Whilst local spread of AFB may explain the spatial
aspects of disease clustering, it does not explain cluster
location or timing, which appears to be sporadic.
The global trade in honeybee products can facilitate
long-distance movement of P. larvae-infected material
(Genersch, 2010). The UK is not self-sufficient in honey or
apiary products such as beeswax, and over the last 30
years there has been an expansion in importations of hive
products and honey. UK beekeepers also import a vast
number of queens and caged bees from Europe and third
countries. Whilst this material is screened for clinical
symptoms at dispatch, no diagnostic procedures are used
to detect the hardy infectious endospore of P. larvae.
Movements of infected honeybee stocks within the UK
might also account for such disease movements. Whilst
migratory beekeeping, where hives are moved from one
location to another, is not common for the predominantly
amateur UK beekeeping community, sales of stocks occur
readily. Given the low level of disease, such movements
of infected material would likely be rare. It is therefore
possible that the haphazard importation of apiary products and within-territory movement of infected material
may cause the foci of AFB clusters, leading to the
observed sporadic pattern of outbreaks. An internationally
accepted typing scheme to characterize P. larvae would
help to determine whether the disease clusters within
England and Wales are related to each other or more
related to international pathogen populations. Such a
method should be developed as a priority in order to help
scientists understand the importance of importation in
AFB aetiology.
Persistent clusters occurring in the same location represent a particularly interesting observation with clear
management implications. BeeBase is a voluntary register of beekeepers and as such does not contain a complete list of apiary locations. Persistent clusters could

represent repeated escapes from non-registered beekeepers into the registered population. Alternatively, business premises that receive a constant supply of imported
hive products (in particular honey) such as restaurants or
honey importers could also explain the persistent clusters.
A comprehensive screen of import risk pathways could be
conducted to determine whether the presence of such
industries tallies with those regions exhibiting persistent
AFB clusters.
Our results clearly indicate the occurrence of local
disease clusters of AFB in England and Wales over the
last 19 years and provide important new insight into AFB
epidemiology. Future work will concentrate on understanding the risk associated with disease cluster location
and the development of typing methods for P. larvae to
help identify the extent of local epidemics.
Experimental procedures
Data
Sampling. The NBU operates a combined prioritized riskbased inspection protocol for the control of AFB and EFB.
Each apiary within BeeBase is allocated a different class of
risk based on proximity to previously known cases of disease
or known exotic pest risk points (e.g. shipping ports or airports). Apiaries are designated as high-risk if they are within
3 km of a focal case of disease and/or within 10 km of a
known exotic risk point, medium-risk if they are between 3
and 10 km from a focal case of disease, and low-risk if they
are further than 10 km from any known disease or exotic risk
point.
Disease risk classifications are retained for 3 years after
the initial report of disease, and the discovery of new disease
cases or exotic pest risk points leads to a modification of the
risk designation. The discovery of disease raises the risk to
high for all other apiaries possessed by the same owner.
Given the large number of apiaries in England and Wales
(approximately 30 000), 40% of known high- and mediumrisk apiaries were inspected.
Clinical disease was confirmed after visual identification
combined with a positive lateral flow test and/or microscopic
confirmation using published protocols (Wilkins et al., 2007;
Tomkies et al., 2009).
Case–control data. All of the clustering and cluster detection
methods that we explore require knowledge of a background
population or control group. Complete census data are not
available for apiaries in England and Wales, so the true
background population is not known. Commonly in epidemiological studies of this nature, a group of controls is selected
from the population at risk by random allocation of a similar
disease (Diggle et al., 2007). BeeBase data show that apiary
distribution is not uniform in space. Apiaries that tested positive for EFB were selected as controls because, although the
disease aetiology differs, EFB is subject to the same nonrandom stratified inspection regime as AFB. EFB is endemic
in the UK and, over the same time frame, was recorded at
13.5% (n = 3500) of known apiary locations in England and
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Wales, giving a good approximation of the background apiary
population distribution.
All colony disease data were transposed into binomial
apiary level data [i.e. 1–9 positive colonies present (1) or no
positive colonies (0)]. The data were summarized to the locations of positive AFB tests (cases) and the locations of positive EFB tests (controls) over the 19 year period.

Analysis of spatial clustering
K-function. First, a bivariate K-function test (Ripley, 1977)
was used to estimate the extent to which cases of AFB were
clustered in space. We then went on to investigate spatiotemporal clustering, using the spatial range identified from
the first analyses as a guide. The K-function, K(s), is defined
as the expected number of events within a given distance, s,
of an arbitrary event (Diggle and Chetwynd, 1991). The
bivariate K-function method estimates the spatial dependence of the two diseases within a region, identifying distances
within which spatial dependence is evident. The significance
of clustering was tested relative to expected distribution of
points if there was no spatial dependence. Simulation envelopes, used to assess the peaks of significance, were calculated in two ways: firstly as 95% confidence intervals (the
standard error of the differences between the K(s) cases and
K(s) controls) and secondly by a random permutation of
cases and controls.
To consider clustering in both time and space, the
K-function was extended to K(s,t), which is defined as the
expected number of events within distance s and time t of an
arbitrary event. The K(s,t) can be calculated for any range of
time and space over the upper and lower limits of the data
set; however, this can be computationally demanding for
large data sets collected at fine scales.
Analysis of the data for clusters occurring over larger distances may be influenced by edge effects, where the spatial
distance approaches the magnitude of the geographic range
of the data. An upper limit of 33% of the ranges of s and t was
selected to ensure that the edge correction factors did not
become unbounded. The lower limit of the spatial range was
set to 10 km, as clusters detected between 0 and 10 km may
be an effect of the testing regime.
Analyses were undertaken over a spatial range of 0–30 km
in 1 km increments and over a time range of 1–19 years in 1
year increments. Significance testing of clustering was
carried out using 999 randomizations in each test, giving
significance values to three significant figures. To take
account of edge effects, we defined all apiaries within a
convex polygon enclosing all points. We used the splancs
package (Rowlingson and Diggle, 1993) in the public-domain
statistical package R (R Development Core Team, 2012) to
analyse the spatial aspects of disease clustering within the
time and spatial domains of the dataset.
Cuzick-Edwards. The Cuzick–Edwards analysis of nearest
neighbours (Cuzick and Edwards, 1990) was used to investigate the extent to which cases of AFB were clustered spatially, relative to the known disposition of apiaries reported as
having EFB. The Cuzick–Edwards runs test takes the
ordered sequence of proximity to each case or control in turn
and records the number of consecutive cases from the index

3761

location, with the expectation that a cluster will have more
consecutive cases than controls. The test statistic Trun is the
sum of each run of cases over all cases or controls.
Significance of Trun was determined using a Monte Carlo
approach. Cases and controls were randomly reassigned
100 times, and the test statistic was recalculated each time.
The number of occasions where the calculated statistic for
the real cases was higher than the randomly permuted statistic was recorded.
The sequences of consecutive cases from other cases
were used to build a network of cases based on ‘hot spots’
identified using the Cuzick–Edwards methodology. First,
each sequence was curtailed by restricting the maximum
distance between case-pairs to an arbitrary distance of
20 km. All remaining case-pairs formed the links (or ‘edges’)
of a network, while the cases themselves formed the nodes
(or ‘vertices’). Clusters were identified from the resultant
network by identifying maximal connected components of the
network (Newman, 2003), i.e. components of the network
from which it was possible to reach some vertices but not
others. These fragments of the network were clusters of the
presence of AFB in the landscape, though independent of
time. All network operations were performed in R using the
‘igraph’ package (Csárdi and Nepusz, 2006).
Detection of local clusters.
Spatial scan statistic. We used Kulldorff’s spatial scan statistic, implemented in the SATSCAN software program
(Version 9.1.1; www.satscan.org) to test for local clusters in
time and space (Kulldorff, 1997). For case–control data
SATSCAN uses a Bernoulli model to calculate local rates
within circular scans of various sizes, ranging from the smallest interpoint distance to a user-defined maximum. This
method is extended to include a temporal element by adding
a height to the circular base to correspond to time (Kulldorff,
1997). This cylindrical window is then moved though time and
space to identify potential clusters. Each potential cluster is
tested with a likelihood ratio test, assuming the alternative
hypothesis that there is elevated risk within the window as
compared to outside. The likelihood function is maximized
across all window locations and sizes, and the one with the
maximum likelihood constitutes the most likely cluster, i.e. the
least likely cluster to occur by chance. P Values are generated using Monte Carlo hypothesis testing. Subsequent likely
clusters are identified according to their likelihood ratio statistic. No spatially overlapping clusters were reported as
these would be numerous and very similar. To avoid detection
of artificially large clusters the scan size was limited to a
maximum of 20 km and up to 33% of the temporal extent of
the data frame in the first instance.
Kernel density relative risk. The spatial variation of disease
risk was estimated using kernel-smoothed relative risk functions for case–control data (Kelsall and Diggle, 1995). Kernel
smoothing is used to estimate the density of case and control
data and then the log relative risk for a given location on a
grid. When all points on a grid are considered this gives a
surface relative risk. The kernel function requires a bandwidth
to determine the kernel size and resulting smoothness. We
used a Gaussian bivariate kernel in the ‘sparr’ package in R
(Davies et al., 2011). Bandwidth was determined from the
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pooled data set, and smoothing was carried out over a
100 × 100 grid over the study area. Pointwise P values are
estimated by asymptotic theory (Hazelton and Davies, 2009)
and are displayed on risk maps as tolerance contours.
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Fig. S1. An animation of the Kernel density relative risk by
year (1994–2012), increased risk areas are shown in red low
risk areas are white/yellow. Tolerance p values of 0.05
(dashed line) and 0.01 (solid line) are shown as contours.
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