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Abstract

Highly pathogenic (HP) avian influenza viruses (AIV) can spread globally through
migratory birds and cause massive outbreaks in commercial poultry. AlV outbreaks
have been associated with proximity to waterbodies, presence of waterfowl or wild
bird cases near poultry farms. In this study, we compared densities of selected HPAI
high-risk wild bird species around 7 locations (H farms) infected with HPAIV H5N8
in the Netherlands in 2016-2017 to densities around 21 non-infected reference
farms. Nine reference farms were in low-lying water-rich areas (R-W) and 12 in higher
non-water-rich areas (R-NW). Average monthly numbers/km? of Eurasian wigeons,
tufted ducks, Anatidae (ducks, geese and swans) and Laridae (gulls) were calculated
between September and April in rings of 0-1, 1-3, 3-6 and 6-10 km around the
farms. Linear mixed model analyses showed generally higher bird densities for H and
R-W compared to R-NW farms between October and March. This was most striking
for Eurasian wigeons, with in peak month December 105 (95% Cl:17-642) and 40
(7-214) times higher densities around H and R-W farms, respectively, compared to
R-NW farms. Increased densities around H farms for Eurasian wigeons and Anatidae
were more pronounced for distances up to 10 km compared to 0-1 km that mostly
consists of the farm yard, which is an unattractive habitat for waterfowl. This dis-
tance effect was not observed in gulls, nor in tufted ducks that live on large open
waterbodies which are unlikely to be within 0-1 km of farms. This study provides
insights into spatio-temporal density dynamics of HPAI high-risk birds around farms
and their associations with poultry outbreaks. The outcomes indicate that knowledge
of environmental and ecological drivers for wild bird presence and abundance may
facilitate identification of priority areas for surveillance and biosecurity measures

and decisions on establishments of poultry farms to reduce risk of HPAI outbreaks.
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1 | INTRODUCTION

Since 2014, highly pathogenic avian influenza A viruses (HPAIV) of
clade 2.3.4.4 have spread globally causing massive outbreaks in
commercial poultry (DeJesus et al., 2016; USDA-APHIS, 2015). The
movements of migratory birds have been shown to play and import-
ant role in inter-continental and intracontinental dissemination of
these HPAIVs (Lee, Bertran, Kwon, & Swayne, 2017; Lee et al., 2015;
Mine et al., 2019). In the Netherlands, HPAIV H5N8 occurred from
November 2014 onwards in commercial poultry holdings in water-rich
areas (Beerens et al., 2017). No increased wild bird mortality was ob-
served, but phylogenetically related virus was found in faeces of live
Eurasian wigeons (Anas penelope) in November 2014 (Poen et al., 2016;
Verhagen et al., 2015). A novel reassortant HPAIV H5N8 emerged in
2016 in Asia, Europe, Africa and the Middle East causing massive wild
bird die-offs (FAO, 2018; Lee et al., 2017). In the Netherlands, the first
wave of wild bird deaths due to H5N8 started on 8 November 2016
at large lakes in the middle of the country (Kleyheeg et al., 2017).
Tufted ducks (Aythya fuligula) dominated the first wave of mortality; it
was estimated that 85% of about 5,300 carcasses between 8 and 18

November consisted of tufted ducks, and the rest consisted of other

;[rqnsboundary and Emering Disea sgi 3
. i

species of the family of Anatidae, including ducks, swans and geese,
and coots, grebes and gulls (Kleyheeg et al., 2017). From 21 November
onwards, die-offs mostly occurred in water-rich agricultural areas and
were dominated by Eurasian wigeons. The highest peak mortality of
Eurasian wigeons occurred in the first half of December. Other spe-
cies found in the second wave included other Anatidae, and scaven-
gers such as gulls, raptors and corvids (Kleyheeg et al., 2017). The
last reported wild bird case was a mallard (Anas platyrhynchos) on 15
March 2017 (OIE, 2017). Despite immediate indoor confinement and
increased biosecurity, outbreaks in commercial poultry occurred be-
tween 25 November and 24 December 2016 in four fattening duck,
one broiler breeder and three laying hen farms and a backyard poultry
and waterfowl trading company. Ten outbreaks were reported in cap-
tive birds, that is backyard chickens and waterfowl, until the end of
March 2017. Phylogenetic analyses indicated separate introductions
from wild birds on most holdings (Beerens et al., 2017). Most commer-
cial holdings were located in water-rich areas, with lakes, sea shores,
river floodplains, waterways, streams and ditches, and large (water)
bird populations nearby (Figure 1).

Several studies have shown associations between proximity to

waterbodies and presence of waterfowl! or wild bird cases near farms
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and HPAI outbreaks (Bouwstra et al., 2017; Gilbert & Pfeiffer, 2012;
Gonzales, Stegeman, Koch, de Wit, & Elbers, 2013; Mulatti et al., 2018;
Napp, Majd, Sanchez-Génzalez, & Vergara-Alert, 2018; Shimizu,
Hayama, Yamamoto, Murai, & Tsutsui, 2018; Si, de Boer, & Gong, 2013;
Ward, Maftei, Apostu, & Suru, 2008, 2009). Evidence from these
studies suggests that wild bird density around farms could serve as
a measure of exposure to HPAIV and, consequently, may be used to
identify farms at high risk of virus introduction. For example, Galletti
et al. (2018) showed that the density of AlV-infected dabbling ducks
(DID) had a high probability to be a risk factor for AlV introduction in
poultry flocks and that 74% of primary (HP and LP) Al outbreaks over
17 years in Italy occurred in areas with a high DID. This suggests that
the density of potentially AlV-infected wild birds can be used to help
identify risk areas for virus introduction.

The situation for the Netherlands is rather different from the coun-
tries where associations between wild birds and AIV were previously
studied. A large part of the country consists of low-lying water-rich
areas; however, poultry farms are mostly located in non-wetland areas.
As the 2016-2017 HPAI H5N8 epidemic in the Netherlands was char-
acterized by mostly primary outbreaks on poultry farms, mainly occur-
ring in wetland areas, the focus of this study was especially to identify
differences in bird densities between outbreak farms and other farms
located in wetland or non-wetland areas. With only a limited number
of HPAI H5N8 outbreaks in 2016-2017, a large-scale analysis was not
possible, so we used linear regression models to compare the average
monthly density of specific wild bird species in autumn and winter
months around seven HPAI H5N8 outbreak locations in 2016 in the
Netherlands and 21 reference farms.

We specifically focused on four groups of wild birds, including
the Eurasian wigeons and tufted ducks, Anatidae (including geese
and swans, in addition to ducks) and gulls. In these bird groups,
H5N8 virus was detected, but die-offs occurred at different times
during the epidemic, suggesting that they may have played different
roles in the complex transmission dynamics at the wildlife/domes-
tic interface and may include birds that introduced the virus to the
Netherlands through migration, or acted like spreaders, maintenance
or bridge hosts of the virus (Alarcon et al., 2018; Caron, Grosbois,
Etter, Gaidet, & de Garine-Wichatitsky, 2014; Lisovski et al., 2018).
This approach helped to identify in which months and parts of the
Netherlands specific birds were present in high densities. This study
provides relevant insights into the spatio-temporal density dynam-
ics of HPAI high-risk birds and their potential association with out-
breaks in poultry.

2 | METHODS
2.1 | Study population

Seven infected commercial holdings (three duck farms located on
the same road within 2.7 km were considered as one) were defined
as outbreak (‘hotspot’, H) locations (OIE, 2017). We randomly se-

lected uninfected poultry farms from the Netherlands Food and

Consumer Product Safety Authority (NVWA) database. With the
constraints of the limited number of H locations, we chose to use
a stratified sample of 21 uninfected farms (‘reference’, R) for com-
parisons. Stratification was based on coverage of all provinces and
various poultry types. Broiler farms were excluded, as HPAI (H5N8)
outbreaks are rare in broilers (EFSA AHAW Panel, 2017; Napp
et al., 2018). This may be related to genetically reduced suscepti-
bility of broilers compared to layers, ducks or turkeys, in combina-
tion with factors related to the production system, such as fewer
outside-to-on-farm exposure to contacts, or enhanced biosecurity
(Bertran et al., 2016, 2018). The final selection of 21 R farms in-
cluded layer, broiler (grand)parent, layer parent, rearing hen, broiler
breeder rearing, fattening duck and meat turkey farms (Table S1). For
all farms, a geodetic reference frame for land height, the Amsterdam
Ordnance Datum (AOD, also used as a reference for the European
Vertical Reference System), was determined using Geoweb NAPinfo
(Rijkswaterstaat, the Netherlands). Farms with AOD level below 1.5,
with reference level O corresponding approximately to sea level,
were considered to be located in low-lying parts of the Netherlands
which are generally water-rich and attractive for waterfowl. Nine R
farms were located in low-lying water-rich areas (R-W: AOD -1.9;
+1.5). Twelve R farms were located in higher non-water-rich areas (R-
NW: AOD +4.8; +133.7). One of the seven H farms was not located
in a low part of the Netherlands (AOD +4.6) but was located near
many small waterways (Figure 1; Table S1).

2.2 | Wild bird data

The bird groups Eurasian wigeons, tufted ducks, Anatidae and
Laridae (Table S2) were chosen to represent ‘high-risk’ birds, as more
than 91% of the Dutch H5N8 wild bird cases in 2016-2017 were
confirmed in ducks, geese or swans (family of Anatidae) and 7% in
gulls (family of Laridae). Eurasian wigeons and tufted ducks were af-
fected most often (Kleyheeg et al., 2017; OIE, 2017).

For these bird groups, data from standardized wild bird counts,
from 2011/2012 to 2015/2016, collected by means of systematic
regular bird census schemes, and waterfowl and midwinter counts
of Sovon (Nijmegen, the Netherlands) were used. These data were
not collected for the purpose of this study, but are part of national
census schemes, which are in place to meet requirements of the
EU Habitat and Bird Directive (EU, 1992) to assess bird population
numbers, distribution and their fluctuation over years (population
trends). The Dutch Network for Ecological Monitoring (NEM) con-
tains monitoring schemes for different species groups, including
the Dutch Waterbird Monitoring Scheme (DWMS). These schemes
follow a highly standardized (inter)nationally approved protocol,
validated by independent bodies, that is for the Netherlands by
the national statistical office (Statistics Netherlands, CBS). In
the DWMS, migrating and overwintering waterbirds are counted
monthly between September and April on important waterbod-
ies nationwide throughout the year (van Roomen, Koffijberg,
Noordhuis, & Soldaat, 2006). The scheme grants high levels of
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standardization of data collection as well as intense coverage in
space and time. Although the whole of the Netherlands is divided
into a fine grid of hundreds of counting areas, not all of these areas
can actually be counted. Bird counts are available for most areas
from September to April. The number of areas that are counted,
that is the counting coverage, is highest every year in January
during the international midwinter count. A complete overview of
the census schemes for the Netherlands, and counting coverage,
can be found in Figure S1.

When there are incidentally missing data points in either space
or time (Soldaat, Visser, van Roomen, & van Strien, 2007), for in-
stance when a counter is unavailable in a certain month, the data in
the monitoring scheme are completed by means of imputation. This
is a statistical technique developed by the national statistical office
(Statistics Netherlands, CBS) that uses average numbers from other
months in the same area, bird counts in the same month of previous
years and counts in comparable (counted) areas. Imputation is part
of the standard validated trend analysis procedure of the DWMS
(Soldaat et al., 2007).

In addition, when in some areas in the Netherlands no counts or
very few counts are available, long-term data of similar sites, months
or years are used to extrapolate these missing values, which is an
internationally approved technique within wildlife census schemes
(Méndez et al., 2015; Musgrove et al., 2011). With this technique,
population densities are estimated based on a predictive model that
uses cumulative long-term information and environmental stratifi-
cation based on different variables of the habitat for that specific
geographical area, as described by Méndez et al. (2015). In our study,
extrapolation was mostly done for non-water-rich areas with low
counting coverage.

Around each of the H and R locations, independent buffer rings
with a radius of 0-1, 1-3, 3-6 and 6-10 km, representing a surface
of 3.14, 25.13, 84.82 and 201.06 km?, respectively, were defined.
For each of the buffer rings around these locations, the average bird
counts/km? were obtained from the DWMS census data for each
month from September to April. For the purpose of this study, we
used the average bird densities calculated over a period of 5 years
(the winter periods of 2011/2012 to 2015/2016) to obtain a robust
dataset. As fluctuations in counts between years, due to adverse
weather conditions or other disturbances on counting days are in-
evitable, using average numbers of several years in analyses is an
accepted method for long-term monitoring to buffer fluctuations be-
tween years due to extreme effects of missing values or accidental
‘zero’ values (Musgrove et al., 2011, 2013). As a buffer ring transects
multiple counting areas, the degree of overlap between the buffer
ring and the underlying counting areas was determined. The average
bird densities within the buffer ring were defined by the relative con-
tribution of these areas to the buffer ring. For this, we assumed that
birds have an even distribution in space within counting areas, that
is that (a) bird density was equal within a counting area and (b) that
the spatial share of different counting areas represents the share of
birds from that particular area within the buffer ring. The density of

birds per km?2, and not the absolute standardized bird counts, was
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used for further analyses to exclude effects due to differences in
ring surfaces. All bird densities per km? were log10-transformed to
normalize the data.

2.3 | Data analysis

Linear mixed model analyses were done with the Ime function from
the nlme package (Pinheiro, Bates, DebRoy, & Sarkar, 2019) in R
version 3.3.0 (R Core Team, 2017). For each of the four bird groups,
that is the Eurasian wigeon, tufted duck, Anatidae and Laridae,
separate models were built with the log10-transformed mean bird
densities per km? as outcome variable. The fixed factors entered
into the full model included farm type (H, R-W and R-NW, with
R-NW as reference class), month (September, October, December,
January, March and April, with the first month of the available bird
counts, September, as reference), distance from farm (buffer rings
0-1, 1-3, 3-6 or 6-10 km, with the immediate surroundings of the
poultry house at 0-1 km as reference) and the interaction terms
farm type x month, farm type x distance and distance x month.
Model selection was based on Akaike's Information Criterion
(AIC), with the lowest AIC indicating the best fit (Burnham &
Anderson, 2010).

First, the random part of the model (intercept and slope) was
tested in the full models based on the restricted maximum-like-
lihood (REML) method (Harville, 1977). The models with a ran-
dom intercept for the farm location, and a random intercept for
distance within the farm location, showed the best fit for each
of the bird groups. Subsequent maximume-likelihood (ML) estima-
tion with the full models including these random effects showed
that an autoregressive correlation structure of order 1 (AR1), to
correct for correlations of observations between distances within
the same farm location, improved model fit for all bird groups.
Also, inclusion of a constant variance error function (varldent)
(Pinheiro et al., 2019), to take into account the heterogeneity in
variances between farm types, resulted in the lowest AIC for all
bird groups.

Next, to select the relevant fixed factors for the final models for
each of the bird groups, we used a stepwise backward approach with
single-term deletions. All of these models were fitted with the pre-
viously determined random effects and AR(1) correlation structure,
varldent variance function and ML method.

To allow for comparisons of densities of birds around R-NW, R-W
and H farms for the different months, the final model was reformu-
lated by nesting farm type within month (Nelder, 1994). Geometric
mean ratios (MR) were computed by applying an anti-log transfor-
mation of the linear regression model coefficients, and predicted
values were generated for the mean geometric bird densities for the
different months and distances, within each of the different farm
types.

Model assumptions were evaluated by QQ-plots and a scatter
plot of the residuals versus the predicted values and the fixed fac-

tors, respectively. Confidence intervals around the MR estimates



VELKERS ET AL.

® | wiLEY

;[Ecnsboundcry and Emering Disea s::} Pz

were compared to evaluate differences between farm types, months
and distances.

3 | RESULTS

For all farm types, that is for H, R-W and R-NW farms, predicted
bird densities were higher between October and March (Eurasian
wigeons, Anatidae and Laridae) and October and April (tufted ducks)
compared to September (Table 1, Figure 2). The highest densities
for the waterfowl group Anatidae were found between November
and February, and for Laridae, maximum densities were not found
until March (Figure 2a-c). The densities of tufted ducks were highest
around H farms in November and of Eurasian wigeons in December
(Figure 2a).

The best-fitting linear models for Eurasian wigeons, Anatidae
and tufted ducks included the interaction term between farm type
and month (Table 1A-C). This indicates that, although for all farm
types bird densities were higher during the fall and winter months
for these waterfowl groups, the magnitude of the increase in mean
densities was different between farm types. Generally, higher pre-
dicted densities were found around H and R-W farms compared to
R-NW farms (Figure 2a-c).

We also observed differences in the magnitude of the effects of
farm type on bird density levels between the bird groups. Depending
on the month, geometric mean densities ratios (MR, Table 1A)
showed 21 (95% Cl: 4-114 in April) to 40 (7-217 in February) times
higher densities of Eurasian wigeons around R-W compared to
R-NW farms. For H farms, the differences compared to R-NW farms
were even larger, ranging from 78 (13-476 in April) to 105 (17-642
in December) times higher densities. For Anatidae, bird densities
between October and April were between 4 (95% Cl: 2-8) and 11
(5-25) times higher for R-W or H farms compared to R-NW farms
(Table 1B). For tufted ducks, densities around R-W and H farms were
up to 4 times higher, but the 95% Cl around the MR in most cases in-
cluded 1, suggesting that mean densities for R-W and H farms were
not significantly different from R-NW farms (Table 1C). The final
model for Laridae did not include an interaction term for farm type
and month, but based on the MR for farm type alone, R-W and H
farms had 2 (95% Cl: 1-5) to 3 (2-7) times higher densities compared
to R-NW farms (Table 1D).

Bird densities in the buffer rings at 1-3, 3-6 and 6-10 km dis-
tance from the farm were generally higher for all farm types for
Eurasian wigeons (Table 1A; Figure 3a-c) and Anatidae (Table 1B)
at increasing distances from the farm. Such a clear trend of higher
densities at increasing distances was not found for Laridae nor for
tufted ducks. For Laridae, distance was not a relevant factor in the
model (Table 1D). The best-fitting model for tufted ducks included
the interaction term between farm type and distance, indicating
that distance effects were different per farm type (Table 1C),
which is also visualized in Figure 3. Especially for R-NW farms,
the higher densities were most clear from buffer ring 3-6 km on-
wards (Figure 3d), but for R-W (Figure 3e) and H farms (Figure 3f),

higher densities were also found at shorter distances from the
farm (Table 1C; Figure 3).

4 | DISCUSSION

This study has shown that a marked increase in HPAI high-risk birds
around poultry farms occurs from October to April. This increase
was much more pronounced for farms in wetlands compared to
farms not located in wetlands. Also, large differences between bird
groups with regard to the magnitude of the increase in density were
identified. The most striking increase was found for the Eurasian
wigeons, with several tenfolds higher bird densities compared to
farms not located in wetland areas. Eurasian wigeons were one of
the predominant species with massive mortality in 2016-2017 and
were also found in the vicinity of poultry farms with phylogenetically
related H5N8 virus (Beerens et al., 2017).

Within the wetland areas, a clear difference in bird densities be-
tween H and R-W farms could not be shown. This may be due to
the small number of outbreak farms and reference farms in wetland
areas combined with the large variations in bird densities between
farms, limiting the power of the study. Another explanation may be
that bird densities were similarly high around outbreak and refer-
ence farms in wetland areas, but that other unknown environmental
or farm-related factors, such as differences in the level of biosecu-
rity, may have played a role.

Densities around H farms for Eurasian wigeons and Anatidae,
that is waterfowl species, and not gulls, were significantly higher
for the different buffer rings compared to the 0-1 km buffer ring,
showing an almost linear trend of higher densities at increasing dis-
tances. This is not surprising, as a large part of the 0-1 km buffer ring
around the farm is likely to consist of the farm yard, which included
farm buildings and paved roads, which is an unattractive habitat for
waterfowl, but not so unattractive for gulls. For tufted ducks, also
waterfowl of the Anatidae family, such a linear trend was not seen.
Tufted ducks are found on large open waterbodies such as lakes, and
rarely fly over land between foraging and roosting sites (Kleyheeg
et al., 2017). Consequently, it is likely that the tufted duck densities
were strongly influenced by the coincidental presence of a large lake
near the farms. A large lake is more likely to be nearby H and R-W
farms in the wetland areas than nearby R-NW farms, but unlikely to
be within the 0-1 and 1-3 km buffer rings for all farm types, which
is consistent with our findings. Although it is unlikely to change the
main conclusions of this study, it should be noted that bird densities
in non-wetland areas were generally based on a less fine-meshed
counting area grid with lower counting coverage compared to
wetlands. This may have affected accuracy of estimated densities
around R-NW farms to different extents between birds that require
a specific localized habitat, such as tufted ducks, and species like
gulls and many terrestrial Anatidae species.

Although it was shown that high densities of the studied bird
groups were present around farms, this study does not provide

data on how many of these birds were infected, and to what extent
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their presence contributed to disseminating virus in the farms’ sur-
roundings. Hence, we cannot draw conclusions on exact roles of
specific wild bird species in the epidemiological processes at the
wildlife/domestic interface, nor on that of other birds not included
in this study. Nevertheless, the combined data of our study and
published reports do suggest involvement of these bird groups in
the HPAI outbreaks. Beerens et al. (2017) showed that the HPAIV
from H farms was genetically closely related to virus detected in
tufted ducks, greylag geese (Anser anser), mallards and Eurasian
wigeons found dead within 3-20 km of the farms and that for the
seven outbreaks used in this study, lateral spread between farms
could be ruled out. The timing of events provides further support
for wild bird to poultry transmission, rather than spill over from
poultry to the wild birds around the farms (Alarcon et al., 2018). In
fact, an important outcome of this study is that the timing of peak

densities around the farms coincided with the timing of outbreaks
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in poultry, between late November and late December 2016 and
also with most wild bird cases between half November and half
December (OIE, 2017). The first massive wave of wild bird die-
offs started early November and consisted mainly of tufted ducks,
with the majority (95%) of tufted duck cases being reported to
OIE between 8 and 20 November. This was followed by the first
reported deaths in Eurasian wigeons from 21 November onwards,
with most (92%) of Eurasian wigeon cases reported between 5 and
18 December (OIE, 2017). This temporal pattern corresponds with
the peak densities around H farms for tufted ducks in November
and for Eurasian wigeons in December according to our analyses.
Also from late November onwards, until March, deaths in Laridae
species and other scavengers such as raptors and corvids were
increasingly reported, but in much smaller numbers and without
a clear pattern in time (Kleyheeg et al., 2017; Poen et al., 2018;
OIE, 2017). Backyard poultry were of limited epidemiological

TABLE 1 Final model and model outputs for Eurasian Wigeon (A), Anatidae (B), tufted ducks (C) and Laridae (D). The model outputs
represent mean ratio (MR) and 95% confidence intervals (Cl) of the geometric mean bird densities/km? obtained after anti-log

transformation of the linear regression model coefficients

A. Model estimates based on final model for Eurasian Wigeon with
factors: Farm type + month + distance + farm type x month

B. Model estimates based on final model for Anatidae with factors:
Farm type + month + distance + farm type x month

Factor MR 95% Cl

Intercept = September, distance 0-1 km. R-NW farms = 0.01 (0-0.04)

Oct? 4.32 3.77-4.96
Nov 7.12 5.96-8.52
Dec 7.82 6.39-9.58
Jan 7.83 6.30-9.74
Feb 7.67 6.10-9.63
Mar 6.57 5.20-8.31
April 0.56 0.44-0.71
Distance 1-3 km" 1.98 1.03-3.82
Distance 3-6 km &35 1.74-6.46
Distance 6-10 km 4.44 2.30-8.56
Sept: R-W farms®© 33.03 6.13-177.90
Oct: R-W farms 33.40 6.20-179.88
Nov: R-W farms 35.08 6.50-188.67
Dec: R-W farms 39.78 7.39-214.24
Jan: R-W farms 37.34 6.93-201.12
Feb: R-W farms 40.23 7.47-216.67
Mar: R-W farms 28.92 5.37-155.75
April: R-W farms 21.24 3.94-114.42
Sept: H farms® 86.36 14.17-526.34
Oct: H farms 86.82 14.24-529.16
Nov: H farms 104.68 17.17-638.00
Dec: H farms 105.26 17.27-641.53
Jan: H farms 102.24 16.77-623.14
Feb: H farms 99.95 16.40-609.21
Mar: H farms 96.23 15.79-586.50
April: H farms 78.16 12.82-476.37

Factor MR 95% ClI

Intercept = September, distance 0-1 km, R-NW farms = 4.01 (2.32-6.92)

Oct? 1.37 1.26-1.49
Nov 2.16 1.95-2.39
Dec 2.76 2.48-3.08
Jan 3.55 3.18-3.97
Feb 2.77 2.48-3.10
Mar 1.18 1.06-1.33
April 0.55 0.49-0.62
Distance 1-3 km® 1.42 1.04-1.93
Distance 3-6 km 2.07 1.51-2.82
Distance 6-10 km 2.43 1.78-3.32
Sept: R-W farms® 3.68 1.68-8.08
Oct: R-W farms 4.45 2.03-9.77
Nov: R-W farms 4.35 1.98-9.55
Dec: R-W farms 4.07 1.85-8.94
Jan: R-W farms 3.89 1.77-8.53
Feb: R-W farms 4.25 1.94-9.34
Mar: R-W farms 5.26 2.40-11.56
April: R-W farms 4.63 2.11-10.17
Sept: H farms®© 4.60 1.97-10.74
Oct: H farms 8.38 3.59-19.57
Nov: H farms 9.63 4.12-22.49
Dec: H farms 8.16 3.49-19.06
Jan: H farms 6.13 2.63-14.33
Feb: H farms 794 3.4-18.53
Mar: H farms 10.84 4.64-25.33
April: H farms 6.29 2.69-14.70
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C. Model estimates based on final model for Tufted ducks with factors: Farm type + month + distance + farm type x month + farm type x

distance

Factor MR 95% ClI Factor MR 95% ClI
Intercept = September, distance 0-1 km = 0.16 (0.08-0.35)

Oct® 1.74 1.64-1.84

Nov 2.23 2.07-2.39

Dec 2.45 2.27-2.65

Jan 2.57 2.37-2.78

Feb 2.52 2.32-2.73

Mar 2.20 2.03-2.39

April 1.38 1.27-1.50

Sept: R-W farms® 1.64 0.50-5.37 Sept: H farms*® 3.09 0.86-11.16
Oct: R-W farms 1.38 0.42-4.51 Oct: H farms 3.36 0.93-12.11
Nov: R-W farms 1.40 0.43-4.56 Nov: H farms 3.60 1.00-12.99
Dec: R-W farms 1.44 0.44-4.72 Dec: H farms 2.98 0.83-10.73
Jan: R-W farms 1.33 0.41-4.35 Jan: H farms 3.09 0.86-11.14
Feb: R-W farms 1.28 0.39-4.17 Feb: H farms 291 0.81-10.49
Mar: R-W farms 1.24 0.38-4.04 Mar: H farms 2.87 0.79-10.33
April: R-W farms 1.44 0.44-4.69 April: H farms 2.57 0.71-9.25
Distance 1-3 km¢ 0.94 0.49-1.81

Distance 3-6 km 1.43 0.74-2.75

Distance 6-10 km 2.05 1.07-3.95

Distance 1-3 km: R-W farms® 4.98 1.82-13.59 Distance 1-3 km: H farms® 1.42 0.48-4.24
Distance 3-6 km: R-W farms 4.97 1.82-13.58 Distance 3-6 km: H farms 3.55 1.19-10.58
Distance 6-10 km: R-W farms 3.38 1.24-9.24 Distance 6-10 km: H farms 2.59 0.87-7.72
D. Model estimates based on final model for Laridae with factors: Farm type + month

Factor MR 95% Cl
Intercept = September, R-NW farms = 4.40 (2.78-6.96)

R-W farms' 2.18 1.04-4.54
H farms 3.37 1.53-7.43
Oct® 1.32 1.26-1.39
Nov 1.47 1.39-1.56
Dec 1.30 1.22-1.38
Jan 1.78 1.68-1.90
Feb 1.62 1.52-1.73
Mar 2.02 1.89-2.15
April 0.72 0.67-0.77

Note: The footnote symbols are given behind the first item of each factor (specific month, distance, etc.), but relate to all items of that factor.

H, hotspot farms infected with H5N8; R-NW, reference farms in non-water-rich area; R-W, reference farms in water-rich area; Sept, September; Oct,

October; etc.

?Ratio of geometric mean bird density (BD) of specific month for R-NW to the geometric mean BD in reference month Sept for R-NW farms.

PRatio of geometric mean BD of specific distance to the geometric mean BD for reference distance 0-1 km (for all farm types and months).

‘Ratio of geometric mean BD of specific month for R-W or H-W farms to the geometric mean BD of the same month for R-NW farms.

dRatio of geometric mean bird density of specific distance for R-NW farms to the geometric mean bird density for reference distance 0-1 km for

R-NW farms.

€Ratio of geometric mean BD of specific distance for R-W or H-W farms to the geometric mean BD of the same distance for R-NW farms.

fRatio of geometric mean BD of R-W or H farms to the geometric mean BD for R-NW farms.

8Ratio of geometric mean BD of specific month to the geometric mean BD in reference month Sept.



VELKERS ET AL.

FIGURE 2 Model predictions of bird (a)
density per km? between September and 35 - = 180
April for Eurasian wigeon (green), tufted ~ L 160
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(grey) around (a) hotspot locations (H), (b) : L 120
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relevance, with 10 reported outbreaks between 10 November
2016 and 22 March 2017 (OIE, 2017).

In contrast with the H5Né affecting poultry and wild birds
in 2017-2018 that evolved locally in wild birds from persisting
H5N8 2016-2017 viruses and reassortment with wild host reser-
voir LPAI viruses (Alarcon et al., 2018; Beerens et al., 2018; Poen
et al., 2019), H5N8 2016-2017 originated from poultry in South-
East Asia and was spread to Europe via migration of waterfowl|
with subsequent diffusion in wild birds (Lee et al., 2015, 2017;
Mine et al., 2019). Between bird groups in this study, but also
within the Anatidae family, the different species can have played

different roles in the wildlife/domestic interface. Tufted ducks

and wigeons are both known as long-distance migratory birds,
but which species introduced the virus through long-distance
migration has remained unknown to this date. Moreover, which
(migratory or resident) species acted like spreaders, maintenance
or bridge hosts or were merely dead-end hosts that quickly died
upon exposure to other infected birds, cannot be determined. An
increase in antibody incidence in mallards was found at the end
of the 2016-2017 outbreaks, corresponding with a shift from
mortality in tufted ducks and wigeons to mallards later in the
outbreak, suggesting that mallards might be more resistant to
disease and might act as reservoir species (Poen et al., 2018).
Dabbling ducks, like tufted ducks, generally show higher AIV
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FIGURE 3 Predicted density of birds per km? for the 0-1 (white), 1-3 (light grey, black border), 3-6 (darker grey, white border) and
6-10 km rings around the farms (black) for (a) Eurasian wigeon for reference farms in non-water-rich area (R-NW), (b) water-rich area (R-W)
and (c) around hotspot locations (H) and (d) for tufted ducks for R-NW, (e) R-W and (f) H farms. Note differences in scale on Y-axis due to

large differences in bird densities

prevalence, which may be related to higher risks of waterborne
infection due to their foraging behaviour, but also due to intrin-
sic differences in receptivity to AlV infection between species
(Gaidet et al., 2012). But even though prevalence of infection
was high in tufted ducks, they generally live at a considerable
distance from farms. Hence, other birds, including non-aquatic
species, may have acted as local spreaders or bridge species
between HPAI high-risk birds and domestic poultry (Caron
et al., 2014), including those not belonging to the Anatidae and
Laridae families included in this study. Also, exact mechanisms
and relative roles of animal and human vectors and fomites in
transmission of HPAIV from wild birds outside, to poultry inside
the farms, including rodents (Velkers, Blokhuis, Veldhuis Kroeze,
& Burt, 2017), are still poorly understood.

This work has contributed with some valuable insights into
the spatio-temporal density dynamics of a selection of HPAI
high-risk birds in the Netherlands. Especially where waterbodies
and foraging land are nearby, species, for example the Eurasian
wigeon, can reach densities tenfolds higher than elsewhere,
whereas tufted ducks are numerous where large open waterbod-

ies are nearby. This study also highlights large gaps in knowledge

needed to facilitate identifying priority areas for surveillance and
preventive measures (EFSA AHAW Panel, 2017). For instance, for
estimating the relative contribution of potential factors to the risk
of infection, for example the presence or density of certain spe-
cies, relative distance from the farm and different environmen-
tal or ecological drivers, more detailed analyses as for instance
done by (Gaidet et al., 2012; Galletti et al., 2018; Si et al., 2013)
are needed. This would require data on more (infected) farms,
by compiling data over multiple years, countries and perhaps
LPAIV infections as well. Also, studies combining all available
epidemiological, ecological and genetic data, for example such
as done by Mulatti et al. (2018) for the HPAI H5N8 outbreaks in
Northern Italy, can contribute to current knowledge. Moreover,
mathematical models to study the complex dynamics of host-
pathogen interactions in a multi-host system can help identify
transmission mechanisms, enabling prediction and possibly pre-
vention of outbreaks (Caron, De Garine-Wichatitsky, Ndlovu, &
Cumming, 2012; Lisovski et al., 2018). Such approaches have for
instance revealed the potential relevance of understudied bridge
hosts (Caron et al., 2014) and identified a more broad host range

of species to consider as maintenance hosts (Caron, Cappelle, &
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Gaidet, 2017; Lisovski et al., 2018). Lisovski et al. (2018) revealed
a key mechanism in virus amplification, that is the constant flow
and replacement of migratory birds during peak migration, and
stressed the need to collect host demographical parameters,
such as population density, timing of birth and turnover of mi-
grants in surveillance studies. Future active and passive surveil-
lance efforts would therefore highly benefit from data collection
informed by such eco-epidemiological models, and should in-
clude different actors at the wildlife/domestic interface, includ-
ing long- and short distance spreaders, maintenance or bridge
hosts (Alarcon et al., 2018; Caron et al., 2017).

In conclusion, wild birds can pose a substantial risk for primary
introduction of AIV for commercial poultry, but means to influence
their presence or infection status are limited. Consequently, the
main focus should be on surveillance, biosecurity measures and de-
cisions on establishments of new poultry farms, to reduce risk of
HPAI outbreaks, using a risk-based targeted approach, based on
knowledge of environmental, ecological and epidemiological drivers
for wild bird presence and abundance, taking the complex multi-host
dynamics into account.

ACKNOWLEDGEMENTS

Bird density data originated from the Waterbirds Monitoring Network,
as part of the Network Ecological Monitoring (NEM), in which vari-
ous Dutch government institutions cooperate. We are grateful to bird
watchers and Menno Hornman and Erik van Winden (Sovon, Dutch
Center for Field Ornithology, Nijmegen, the Netherlands) for collection
and processing of the bird counts and to Jeroen Nienhuis (Sovon) for
his work on Figure 1 and Figure S1. We also thank the poultry farm-
ers, Carmen van Lierop (Utrecht University, Utrecht, the Netherlands)
and The Netherlands Food and Consumer Product Safety Authority
(NVWA, Utrecht, the Netherlands) for their cooperation with the gath-
ering of data and Rogier Bodewes (Utrecht University), Marjolein Poen
(Erasmus MC, Rotterdam, the Netherlands) for helpful discussions. This
work was partially funded by the Dutch Ministry of Agriculture, Nature
and Food Quality.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Francisca C. Velkers https://orcid.org/0000-0002-2923-3233

Johannes C. M. Vernooij https://orcid.
org/0000-0002-2646-9216

J. Arjan Stegeman https://orcid.org/0000-0003-4361-3846

REFERENCES

Alarcon, P., Brouwer, A., Venkatesh, D., Duncan, D., Dovas, C. |,
Georgiades, G., ... Brown, |. H. (2018). Comparison of 2016-17
and previous epizootics of highly pathogenic avian influenza H5
Guangdong lineage in Europe. Emerging Infectious Diseases, 24,2270~
2283. https://doi.org/10.3201/eid2412.171860

Beerens, N., Heutink, R., Bergervoet, S. A., Harders, F., Bossers, A., &
Koch, G. (2017). Multiple reassorted viruses as cause of highly

;[r,ansboundary and Emering -: 53:} Y3

pathogenic avian influenza A(H5N8) virus epidemic, the Netherlands,
2016. Emerging Infectious Diseases, 23(12), 1966-1973. https://doi.
org/10.3201/eid2312.171062

Beerens, N., Koch, G., Heutink, R., Harders, F., Vries, D. P. E., Ho, C,, ...
Elbers, A. (2018). Novel highly pathogenic avian influenza A(H5N6)
virus in the Netherlands, december 2017. Emerging Infectious
Diseases, 24, 770-773. https://doi.org/10.3201/eid2404.172124

Bertran, K., Lee, D. H., Balzli, C., Pantin-Jackwood, M. J., Spackman, E., &
Swayne, D. E. (2016). Age is not a determinant factor in susceptibility
of broilers to H5N2 clade 2.3.4.4 high pathogenicity avian influenza
virus. Veterinary Research, 47, 1-11. https://doi.org/10.1186/s1356
7-016-0401-6

Bertran, K., Lee, D. H., Criado, M. F., Smith, D., Swayne, D. E.,, &
Pantin-Jackwood, M. J. (2018). Pathobiology of Tennessee 2017
H7N9 low and high pathogenicity avian influenza viruses in com-
mercial broiler breeders and specific pathogen free layer chick-
ens. Veterinary Research, 49, 82. https://doi.org/10.1186/s1356
7-018-0576-0

Bouwstra, R., Gonzales, J. L., de Wit, S., Stahl, J., Fouchier, R. A. M., &
Elbers, A. R. W. (2017). Risk for low pathogenicity avian influenza
virus on poultry farms, The Netherlands, 2007-2013. Emerging
Infectious Diseases, 23(9), 1510-1516. https://doi.org/10.3201/eid23
09.170276

Burnham, K. P., & Anderson, D. R. (2010). Model selection and multimodel
inference: A practical information-theoretic approach. New York, NY:
Springer.

Caron, A., Cappelle, J., & Gaidet, N. (2017). Challenging the concep-
tual framework of maintenance hosts for influenza A viruses in
wild birds. Journal of Applied Ecology, 54, 681-690. https://doi.
org/10.1111/1365-2664.12839

Caron, A., De Garine-Wichatitsky, M., Ndlovu, M., & Cumming, G.
S. (2012). Linking avian communities and avian influenza ecol-
ogy in southern Africa using epidemiological functional groups.
Veterinary Research, 43, 73. https://doi.org/10.1186/1297-9716-
43-73

Caron, A., Grosbois, V., Etter, E., Gaidet, N., & de Garine-Wichatitsky,
M. (2014). Bridge hosts for avian influenza viruses at the wildlife/
domestic interface: An eco-epidemiological framework implemented
in southern Africa. Preventive Veterinary Medicine, 117, 590-600.
https://doi.org/10.1016/j.prevetmed.2014.09.014

Delesus, E., Costa-Hurtado, M., Smith, D., Lee, D.-H., Spackman, E.,
Kapczynski, D. R, ... Pantin-Jackwood., M. J. (2016). Changes in ad-
aptation of H5N2 highly pathogenic avian influenza H5 clade 2.3.4.4
viruses in chickens and mallards. Virology, 499, 52-64. https://doi.
org/10.1016/j.virol.2016.08.036

EU (1992). Council Directive 92/43/EEC of 21 May 1992 on the conser-
vation of natural habitats and of wild fauna and flora. Official Journal
of the European Union. https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A31992L0043

European Food Safety Authority (EFSA), AHAW panel (EFSA Panel on
Animal Health and Welfare) (2017). Urgent request on avian influ-
enza. EFSA Journal, 15(1), 4687.

Food and Agriculture Organization of the United Nations (FAO) (2018).
H5N8 HPAI Global situation update 28 November 2018. Retrieved from
http://www.fao.org/ag/againfo/programmes/en/empres/H5N8/
situation_update.html

Gaidet, N., Caron, A., Cappelle, J., Cumming, G. S., Balanca, G.,
Hammoumi, S., ... Dodman, T. (2012). Understanding the ecolog-
ical drivers of avian influenza virus infection in wildfowl: A conti-
nental-scale study across Africa. Proceedings of the Royal Society
B: Biological Sciences, 279, 1131-1141. https://doi.org/10.1098/
rspb.2011.1417

Galletti, G., Santi, A., Guberti, V., Paternoster, G., Licata, E., Loli
Piccolomini, L., ... Tamba, M. (2018). A method to identify the areas
at risk for the introduction of avian influenza virus into poultry flocks


https://orcid.org/0000-0002-2923-3233
https://orcid.org/0000-0002-2923-3233
https://orcid.org/0000-0002-2646-9216
https://orcid.org/0000-0002-2646-9216
https://orcid.org/0000-0002-2646-9216
https://orcid.org/0000-0003-4361-3846
https://orcid.org/0000-0003-4361-3846
https://doi.org/10.3201/eid2412.171860
https://doi.org/10.3201/eid2312.171062
https://doi.org/10.3201/eid2312.171062
https://doi.org/10.3201/eid2404.172124
https://doi.org/10.1186/s13567-016-0401-6
https://doi.org/10.1186/s13567-016-0401-6
https://doi.org/10.1186/s13567-018-0576-0
https://doi.org/10.1186/s13567-018-0576-0
https://doi.org/10.3201/eid2309.170276
https://doi.org/10.3201/eid2309.170276
https://doi.org/10.1111/1365-2664.12839
https://doi.org/10.1111/1365-2664.12839
https://doi.org/10.1186/1297-9716-43-73
https://doi.org/10.1186/1297-9716-43-73
https://doi.org/10.1016/j.prevetmed.2014.09.014
https://doi.org/10.1016/j.virol.2016.08.036
https://doi.org/10.1016/j.virol.2016.08.036
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A31992L0043
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A31992L0043
http://www.fao.org/ag/againfo/programmes/en/empres/H5N8/situation_update.html
http://www.fao.org/ag/againfo/programmes/en/empres/H5N8/situation_update.html
https://doi.org/10.1098/rspb.2011.1417
https://doi.org/10.1098/rspb.2011.1417

VELKERS ET AL.

“ | wiLEy

through direct contact with wild ducks. Transboundary and Emerging
Diseases, 65, 1033-1038. https://doi.org/10.1111/tbed.12838

Geoweb NAP info. Rijkswaterstaat, the Netherlands. Retrieved from
https://geoservices.rijkswaterstaat.nl/geoweb51/index.html?viewe
r=NAPinfo

Gilbert, M., & Pfeiffer, D. U. (2012). Risk factor modelling of the spa-
tio-temporal patterns of highly pathogenic avian influenza (HPAIV)
H5N1: A review. Spatial and Spatio-temporal Epidemiology, 3, 173-
183. https://doi.org/10.1016/j.sste.2012.01.002

Gonzales, J. L., Stegeman, J. A, Koch, G., de Wit, S. J., & Elbers, A. R.
W. (2013). Rate of introduction of a low pathogenic avian influ-
enza virus infection in different poultry production sectors in the
Netherlands. Influenza and Other Respiratory Viruses, 7, 6-10. https://
doi.org/10.1111/j.1750-2659.2012.00348.x

Harville, D. A. (1977). Maximum likelihood approaches to variance com-
ponent estimation and to related problems. Journal of the American
Statistical Association, 72, 320-338. https://doi.org/10.1080/01621
459.1977.10480998

Kleyheeg, E., Slaterus, R., Bodewes, R., Rijks, J. M., Spierenburg, M. A. H.,
Beerens, N., ... van der Jeugd, H. P. (2017). Deaths among wild birds
during highly pathogenic avian influenza A(H5N8) virus outbreak,
the Netherlands. Emerging Infectious Diseases, 23(12), 2050-2054.
https://doi.org/10.3201/eid2312.171086

Lee, D. H., Bertran, K., Kwon, J. H., & Swayne, D. E. (2017). Evolution,
global spread, and pathogenicity of highly pathogenic avian influ-
enza H5Nx clade 2.3.4.4. Journal of Veterinary Science, 18, 269-280.
https://doi.org/10.4142/jvs.2017.18.51.269

Lee, D. H., Torchetti, M. K., Winker, K., Ip, H. S., Song, C. S., & Swayne,
D. E. (2015). Intercontinental spread of asian-origin HSN8 to North
America through Beringia by migratory birds. Journal of Virology,
89(12), 6521-6524. https://doi.org/10.1128/JV1.00728-15

Lisovski, S., van Dijk, J. G. B., Klinkenberg, D., Nolet, B. A., Fouchier, R.
A. M., & Klaassen, M. (2018). The roles of migratory and resident
birds in local avian influenza infection dynamics. Journal of Applied
Ecology, 55, 2963-2975. https://doi.org/10.1111/1365-2664.13
154

Méndez, V., Austin, G. E., Musgrove, A. J., Ross-Smith, V. H., Hearn, R. D.,
Stroud, D. A, ... Holt, C. A. (2015). Use of environmental stratification
to derive non-breeding population estimates of dispersed waterbirds
in Great Britain. Journal for Nature Conservation, 28, 56-66. https://
doi.org/10.1016/j.jnc.2015.09.001

Mine, J., Uchida, Y., Sharshov, K., Soboley, I., Shestopalov, A., & Saito,
T. (2019). Phylogeographic evidence for the inter- And intraconti-
nental dissemination of avian influenza viruses via migration fly-
ways. PLoS ONE, 14(6), e0218506. https://doi.org/10.1371/journ
al.pone.0218506

Mulatti, P., Fusaro, A., Scolamacchia, F., Zecchin, B., Azzolini, A.,
Zamperin, G., ... Marangon, S. (2018). Integration of genetic and ep-
idemiological data to infer HSN8 HPAI virus transmission dynamics
during the 2016-2017 epidemic in ltaly. Scientific Reports, 8, 18037.
https://doi.org/10.1038/s41598-018-36892-1

Musgrove, A., Aebischer, N., Eaton, M., Hearn, R., Newson, S., Noble, D.,
... Stroud, D. (2013). Population estimates of birds in Great Britain
and the United Kingdom. British Birds, 106, 64-100.

Musgrove, A. J., Austin, G. E., Hearn, R. D., Holt, C. A., Stroud, D. A,
& Wotton, S. R. (2011). Overwinter population estimates of British
waterbirds. British Birds, 104, 364-397.

Napp, S., Majo, N., Sanchez-Goénzalez, R., & Vergara-Alert, J. (2018).
Emergence and spread of highly pathogenic avian influenza A(H5N8)
in Europe in 2016-2017. Transboundary and Emerging Diseases, 65,
1217-1226. https://doi.org/10.1111/tbed.12861

Nelder, J. A. (1994). The statistics of linear models: Back to basics.
Statistics and Computing, 4, 221-234. https://doi.org/10.1007/BF001
56745

;[Ecnsboundcry and Emering Disea s::} Pz

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2019). nime: Linear and
nonlinear mixed effects models. Retrieved from https://CRAN.R-proje
ct.org/package=nlme

Poen, M. J., Bestebroer, T. M., Vuong, O., Scheuer, R. D., van der Jeugd,
H. P, Kleyheeg, E., ... Fouchier, R. A. M. (2018). Local amplification
of highly pathogenic avian influenza H5N8 viruses in wild birds in
the Netherlands, 2016 to 2017. Eurosurveillance, 23(4), 17-00449.
https://doi.org/10.2807/1560-7917.ES.2018.23.4.17-00449

Poen, M. J., Venkatesh, D., Bestebroer, T. M., Vuong, O., Scheuer, R. D,
Oude Munnink, B. B, ... Lewis, N. S. (2019). Co-circulation of ge-
netically distinct highly pathogenic avian influenza A clade 2.3.4.4
(H5N6) viruses in wild waterfowl and poultry in Europe and East
Asia, 2017-18. Virus Evolution, 5(1), vezO04. https://doi.org/10.1093/
ve/vez004

Poen, M. J., Verhagen, J. H., Manvell, R. J., Brown, |., Bestebroer, T. M.,
van der Vliet, S., ... Fouchier, R. A. M. (2016). Lack of virological
and serological evidence for continued circulation of highly patho-
genic avian influenza H5N8 virus in wild birds in the Netherlands,
14 November 2014 to 31 January 2016. Eurosurveillance, 21(38),
303491. https://doi.org/10.2807/1560-7917.ES.2016.21.38.30349

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.R-project.org/

Shimizu, Y., Hayama, Y., Yamamoto, T., Murai, K., & Tsutsui, T. (2018).
Matched case-control study of the influence of inland waters sur-
rounding poultry farms on avian influenza outbreaks in Japan.
Scientific Reports, 8, 3306. https://doi.org/10.1038/s41598-018-
21695-1

Si, Y., de Boer, W. F., & Gong, P. (2013). Different environmental drivers
of highly pathogenic avian influenza H5N1 outbreaks in poultry and
wild birds. PLoS ONE, 8(1), e53362. https://doi.org/10.1371/journ
al.pone.0053362

Soldaat, L., Visser, H.,van Roomen, M., & van Strien, A. (2007). Smoothing
and trend detection in waterbird monitoring data using structural
time-series analysis and the Kalman filter. Journal of Ornithology, 148,
351-357. https://doi.org/10.1007/s10336-007-0176-7

US Department of Agriculture (USDA-APHIS) (2015). Epidemiologic and
other analyses of HPAI-affected poultry flocks: September 9, 2015 re-
port. Retrieved from https://www.aphis.usda.gov/animal_healt
h/animal_dis_spec/poultry/downloads/Epidemiologic-Analysis-
Sept-2015.pdf

van Roomen, M., Koffijberg, K., Noordhuis, R., & Soldaat, L. (2006).
Long-term waterbird monitoring in The Netherlands: A tool for pol-
icy and management. In G. C. Boere, C. A. Galbraith, & D. A. Stroud
(Eds.), Waterbirds around the world (pp. 463-470). Edinburgh, UK: The
Stationary Office.

Velkers, F. C., Blokhuis, S. J., Veldhuis Kroeze, E. J. B., & Burt, S. A.
(2017). The role of rodents in avian influenza outbreaks in poul-
try farms: A review. Veterinary Quarterly, 37, 182-194. https://doi.
org/10.1080/01652176.2017.1325537

Verhagen, J., van der Jeugd, H., Nolet, B., Slaterus, R., Kharitonoyv, S.,
de Vries, P, ... Fouchier, R. (2015). Wild bird surveillance around
outbreaks of highly pathogenic avian influenza A(H5N8) virus
in the Netherlands, 2014, within the context of global flyways.
Eurosurveillance, 20(12), 21069. https://doi.org/10.2807/1560-7917.
ES2015.20.12.21069

Ward, M. P., Maftei, D., Apostu, C., & Suru, A. (2008). Environmental
and anthropogenic risk factors for highly pathogenic avian influ-
enza subtype H5N1 outbreaks in Romania, 2005-2006. Veterinary
Research Communications, 32, 627-634. https://doi.org/10.1007/
s11259-008-9064-8

Ward, M. P.,Maftei,D.N.,Apostu,C.L.,&Suru,A.R.(2009). Associationbe-
tween outbreaks of highly pathogenic avian influenza subtype H5N1
and migratory waterfowl (family anatidae) populations. Zoonoses and


https://doi.org/10.1111/tbed.12838
https://geoservices.rijkswaterstaat.nl/geoweb51/index.html?viewer=NAPinfo
https://geoservices.rijkswaterstaat.nl/geoweb51/index.html?viewer=NAPinfo
https://doi.org/10.1016/j.sste.2012.01.002
https://doi.org/10.1111/j.1750-2659.2012.00348.x
https://doi.org/10.1111/j.1750-2659.2012.00348.x
https://doi.org/10.1080/01621459.1977.10480998
https://doi.org/10.1080/01621459.1977.10480998
https://doi.org/10.3201/eid2312.171086
https://doi.org/10.4142/jvs.2017.18.S1.269
https://doi.org/10.1128/JVI.00728-15
https://doi.org/10.1111/1365-2664.13154
https://doi.org/10.1111/1365-2664.13154
https://doi.org/10.1016/j.jnc.2015.09.001
https://doi.org/10.1016/j.jnc.2015.09.001
https://doi.org/10.1371/journal.pone.0218506
https://doi.org/10.1371/journal.pone.0218506
https://doi.org/10.1038/s41598-018-36892-1
https://doi.org/10.1111/tbed.12861
https://doi.org/10.1007/BF00156745
https://doi.org/10.1007/BF00156745
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://doi.org/10.2807/1560-7917.ES.2018.23.4.17-00449
https://doi.org/10.1093/ve/vez004
https://doi.org/10.1093/ve/vez004
https://doi.org/10.2807/1560-7917.ES.2016.21.38.30349
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41598-018-21695-1
https://doi.org/10.1038/s41598-018-21695-1
https://doi.org/10.1371/journal.pone.0053362
https://doi.org/10.1371/journal.pone.0053362
https://doi.org/10.1007/s10336-007-0176-7
https://www.aphis.usda.gov/animal_health/animal_dis_spec/poultry/downloads/Epidemiologic-Analysis-Sept-2015.pdf
https://www.aphis.usda.gov/animal_health/animal_dis_spec/poultry/downloads/Epidemiologic-Analysis-Sept-2015.pdf
https://www.aphis.usda.gov/animal_health/animal_dis_spec/poultry/downloads/Epidemiologic-Analysis-Sept-2015.pdf
https://doi.org/10.1080/01652176.2017.1325537
https://doi.org/10.1080/01652176.2017.1325537
https://doi.org/10.2807/1560-7917.ES2015.20.12.21069
https://doi.org/10.2807/1560-7917.ES2015.20.12.21069
https://doi.org/10.1007/s11259-008-9064-8
https://doi.org/10.1007/s11259-008-9064-8

VELKERS ET AL.

Public Health, 56, 1-9. https://doi.org/10.1111/j.1863-2378.2008.01
150.x

World Organisation for Animal Health (OIE) (2017). Immediate notifica-
tions and follow-up reports of highly pathogenic avian influenza (types H5
and H7). Report Date: 16/05/2017. Retrieved from http://www.oie.
int/en/animal-health-in-the-world/update-on-avian-influenza/2017

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

lransboundary and Emeriné Diseases:f )
b, 5

How to cite this article: Velkers FC, Manders TTM, Vernooij
JCM, Stahl J, Slaterus R, Stegeman JA. Association of wild
bird densities around poultry farms with the risk of highly
pathogenic avian influenza virus subtype H5N8 outbreaks in
the Netherlands, 2016. Transbound Emerg Dis. 2021;68:76-
87. https://doi.org/10.1111/tbed.13595



https://doi.org/10.1111/j.1863-2378.2008.01150.x
https://doi.org/10.1111/j.1863-2378.2008.01150.x
https://doi.org/10.1111/tbed.13595

