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Abstract

Culicoides biting midge species (Diptera: Ceratopogonidae) of the Obsoletus Group and
the Pulicaris Complex are considered the major vectors of bluetongue and Schmallen-
berg viruses in Europe. Overwintering strategies of these arboviruses are controversially
discussed, with the ongoing activity of vector species and a non-disrupted transmission
cycle during winter being a plausible explanation. Although data on Culicoides winter
activity are relatively scant, a seasonal vector-free period (SVFP), during which adult Culi-
coides are not or hardly active, is questionable. To determine winter activity and define
SVFPs according to the EU Commission Regulation No 1266/2007, adult Culicoides were
trapped weekly with UV-light traps from October to April 2019/2020 and 2020/2021
inside and outside stables on 16 farms throughout Germany. Temperature measure-
ments were taken regularly at each trapping site since the temperature is a known driver
of biting midge activity. In 960 indoor and outdoor catches, 32,377 Culicoides were
trapped, with 90.9% of them belonging to the Obsoletus Group, 6.1% to the Pulicaris
Complex and 3.0% to ‘other Culicoides’ according to morphological identification. The
majority (61.3%) of Culicoides were trapped indoors, with substantial numbers of speci-
mens collected from October to December, in March and in April, and only a few or no
specimens in January and February. Obsoletus Group biting midges were active indoors
for almost the entire winter. Outdoors, Culicoides numbers decreased from October to
December, few or no specimens were caught from January to March, and high numbers
were captured in April. Of the collected Culicoides, 2028 were blood-fed, of which 94.6%
were trapped in the stables. The indoor SVFP, although calculated for blood-fed instead
of parous females, lasted for almost 4 months (late November until mid-March) in winter
2019/2020 and 2 months (January and February) in winter 2020/2021. The outdoor
SVFPs covered almost the entire study period in both winters, with slight differences
between the onsets and the ends. The Culicoides activity significantly depended on tem-
perature. Specimens of the Obsoletus Group were caught at an average temperature of
7.4°C (minimum 0.3°C) and of the Pulicaris Complex at an average temperature of
10.3°C (minimum 1.2°C). These temperatures were reached inside the stables over more
extended periods than outside. The average indoor temperatures were 1.2 K higher than
the average outdoor temperatures, although absolute temperature differences of up to
9.0 K were recorded. Based on Culicoides activity, the results of the present study
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indicate an almost continuous potential for virus transmission in winter within

livestock houses.
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INTRODUCTION

In Europe, biting midges of the genus Culicoides (Diptera: Ceratopogo-
nidae) are vectors of arboviruses pathogenic to domesticated and wild
ruminants, such as bluetongue virus (BTV), Schmallenberg virus (SBV)
and the recently emerged epizootic haemorrhagic disease virus
(Kampen & Werner, 2023).

BTV (family Sedoreoviridae, genus Orbivirus) was first described
in South Africa in the 18th century and has since spread worldwide
(Gerdes, 2004). In the 1950s, bluetongue disease broke out on the
Iberian Peninsula and was later also reported from other European
areas bordering the Mediterranean (Wilson & Mellor, 2009). Only
since the 1990s, disease cases have been diagnosed in Europe north
of 40° N latitude (Wilson & Mellor, 2009). The northward spread
became evident again when a large-scale epidemic occurred in central
and northern Europe from 2006 to 2009 (Wilson & Mellor, 2009).
This outbreak caused considerable harm to animals and had an enor-
mous economic impact on the livestock industry in the affected coun-
tries due to the management of infected animals, trade restrictions
and vaccination campaigns (Gethmann et al., 2020; Pinior et al., 2015;
Velthuis et al.,, 2010).

In 2011, SBV (family Peribunyaviridae, genus Orthobunyavirus)
was detected for the first time in Germany and the Netherlands
(Beer & Wernike, 2021; Hoffmann et al., 2012). Within 2 years, it
spread across numerous European countries (De Regge, 2017). Unlike
BTV, SBV did not disappear entirely, and new cases are reported
annually (Wernike & Beer, 2020).

During the European bluetongue epidemic from 2006 to 2009, it
became obvious that native Culicoides species were vector-competent
(Kampen & Werner, 2023). Various studies suggested Culicoides obso-
letus (Meigen, 1818), Culicoides scoticus Downes and Kettle, 1952,
Culicoides chiopterus (Meigen, 1830) and Culicoides dewulfi Goetghe-
buer, 1935, of the Obsoletus Group as well as Culicoides pulicaris
(Linnaeus, 1758) and Culicoides punctatus (Meigen, 1804) of the Puli-
caris Complex to be the most abundant livestock-associated species
and major potential viral vectors in Europe north of the Mediterra-
nean basin (Caracappa et al., 2003; De Regge et al, 2012, 2015;
Hoffmann et al., 2009; Larska et al., 2013; Mehlhorn et al., 2007;
Meiswinkel et al., 2007; Rasmussen et al, 2012; Saegerman
et al., 2008; Savini et al., 2005).

Following the BTV outbreak in Europe in 2006, the European
Union launched a surveillance programme to gain more knowledge
about the occurrence and ecology of Culicoides species (Commission
Regulation (EC) No 1266/2007). In addition, various regulations were
introduced to prevent the virus from spreading, including restrictions

of movement and trade in ruminants and their products. These strict
control measures are subject to reduction or suspension during a sea-
sonal vector-free period (SVFP) (Brugger et al., 2016; Carpenter
et al., 2009) when vectors are considered inactive or active at a very
low level. According to the Commission Regulation, the SVFP is
defined as follows: Culicoides imicola Kieffer, 1913, must be
completely absent and less than five parous Culicoides specimens be
captured per trap, although no details are provided on the number
and type of traps to be used and about the places where the trap(s)
should be operated. This definition applies in the absence of sound
evidence for establishing another threshold that can be used to deter-
mine the SVFP.

It has been hypothesised that BTV cannot be passed from one
vector season to the next in central and northern Europe because
winter conditions, such as low temperatures, are unfavourable for the
vectors, and virus replication and transmission come to a standstill
(Takamatsu et al., 2003; Wilson et al., 2008). Epidemiologic data, how-
ever, reveal that virus transmission cycles continue early in a year,
without evidence of new introduction, at places where the virus circu-
lated in the previous year (Collins et al., 2016; Hoffmann et al., 2008;
Wernike et al., 2013; Wilson et al., 2007). These observations suggest
that the virus can persist locally during winter. While studies con-
cluded that transovarial transmission of BTV and other orbiviruses
does not occur in Culicoides (Mellor et al, 2000; Nunamaker
et al., 1990), several possible overwintering mechanisms have been
proposed. For example, the virus might latently persist in the host
population longer than the maximum duration of detectable viremia
or be maintained by an alternative transmission cycle involving one or
more unknown host populations or vector species/groups (Takamatsu
et al., 2003; Wilson et al., 2008). Furthermore, infected but inactive
adult Culicoides may survive the winter. While the virus does not repli-
cate in infected biting midges at low temperatures as found in winter,
it may continue replication to transmission level as soon as tempera-
tures rise again (Mullens et al., 1995; Paweska et al., 2002; Wellby
et al., 1996). The threshold temperature for orbivirus replication in
Culicoides is about 11-13°C (Carpenter et al., 2011), such as found in
spring. It has also been shown that calves and lambs from infected
mothers became infected intauterinally and were born viraemic.
Transplacental virus transmission in domestic animals is therefore
another way for the virus to overwinter (Menzies et al, 2008;
Rasmussen et al., 2013; Van der Sluijs et al., 2013). Another possibility
could be the continuous virus circulation between active midges and
susceptible livestock during winter, facilitated by suitable climatic con-
ditions (Clausen et al, 2009; Hoffmann et al., 2008; Magliano
et al,, 2018; Takamatsu et al., 2003; Wernike et al., 2013). SBV was
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demonstrated in nulliparous Culicoides adults suggesting transovarial
transmission (Larska et al., 2013), although this finding still awaits con-
firmation. As with BTV, it is more likely that SBV persists in livestock
or in adult Culicoides that survive the winter (De Regge, 2017; Doceul
et al., 2013). This hypothesis is supported by studies in which BTV
and SBV were detected in blood samples from livestock and in active
Culicoides caught during wintertime (Baldet et al, 2008; Clausen
et al, 2009; Hoffmann et al., 2008; Kiel et al., 2009; Losson
et al., 2007; Vorsprach et al., 2009; Wernike et al., 2013). Additional
PCR-confirmed BTV infections were diagnosed in the winters of
2018/2019, 2019/2020 and 2020/2021 in Central Europe (Belgium,

Germany, Switzerland) (WOAH, 2024).

Based on these findings, virus overwintering in Culicoides seems
possible, and it was pointed out that the concept of an SVFP should
be reconsidered as such a period might not exist (Clausen et al., 2009;
Hoffmann et al.,, 2008; Mehlhorn et al., 2009; Meiswinkel, Baldet,
et al, 2008). Consequently, more data are necessary to assess
whether biting midges are active during winter to maintain the trans-
mission cycle and to investigate whether an SVFP exists. Hence, Culi-
coides collections were carried out indoors and outdoors of livestock
stables in Germany during the winters of 2019/2020 and 2020/2021.
The study focused on the Obsoletus Group and the Pulicaris Complex,
which contain the major putative BTV and SBV vector species. Fur-
thermore, the minimum temperature required for the flight activity of
Culicoides was determined. Special attention was given to evidence of
winter blood-feeding by Culicoides and temperature differences inside

and outside the stables.

MATERIALS AND METHODS
Collection sites, trapping and recording of temperature

Field collections of Culicoides biting midges were conducted on 14 live-
stock farms holding ruminants (sheep, goat or cattle) and two horse
farms in the German federal states of Baden-Wuerttemberg, Branden-
burg, Lower Saxony, North Rhine-Westphalia and Thuringia (Figure 1
and Table 1).

Biting midges were collected during the winters of 2019/2020
and 2020/2021 from October to April using 12 V-ultraviolet(UV)-light
traps (Biogents, Regensburg, Germany). Attracted insects were aspi-
rated by the ventilator of the trap and collected in a beaker filled with
approx. 200 mL ethanol (75% v/v). After removal from the trap, the
samples were stored in the collection medium in a dark environment
until morphological identification. On each farm, one UV-light trap
was operated indoors and one outdoors. Traps were hung at about
1.5-2-m height (top edge) in the immediate vicinity of the animals
(<10 m) inside the stables and close to the stables (<50 m) outside. If
trapping was carried out on the same farm in both winters, traps were
placed at the very same positions. The two traps on each farm
were operated simultaneously once a week for 24 h.

During the trapping periods, livestock was mainly kept in the sta-

bles on all farms. Constructional openings (doors and windows) of the
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livestock buildings were closed in late autumn as soon as outdoor
temperatures became chilly and cold wind began to enter the stables.
Except for doors being opened several times a day to supply the ani-
mals with food, routes of entry into the stables for biting midges were
limited to cracks between doors and walls or other crevices.

To record the temperatures on an hourly basis, data loggers (EBI
20-TH1; Xylem Analytics, Ingolstadt, Germany) were installed directly
on each UV-light trap during exposure.

Morphological biting midge identification

Collected Culicoides were separated from other insects and mor-
phologically identified under a stereo-microscope (M205 C; Leica
Microsystems GmbH, Wetzlar, Germany) according to the identifi-
cation keys of Delécolle (1985) and Mathieu et al. (2012). Due to
isomorphism of the females of some species (e.g., C. obsoletus and
C. scoticus), specimens were not identified to species level but were
assigned to the following species groups or complexes: Obsoletus
Group (including Culicoides obsoletus s.s., Culicoides scoticus, Culi-
coides dewulfi, and Culicoides chiopterus), Pulicaris Complex (includ-
ing Culicoides pulicaris s.s., Culicoides punctatus, Culicoides
impunctatus Goetghebuer 1920, Culicoides newsteadi Austen, 1921,
and Culicoides lupicaris Downes and Kettle, 1952) and ‘other Culi-
coides’ (all other Culicoides species). The determined Culicoides spe-
cies were subdivided into male and female specimens. Female
Culicoides were further classified as freshly blood-fed (engorged)

and non-blood-fed.

Data analyses

To compare the number of Culicoides collected indoors and outdoors,
the average numbers of specimens per location were calculated as
absolute number of specimens per location over the total number of
captures per location. In this way, variations in the number of samples
taken indoors and outdoors or at different sites were taken into
account. In order to determine and compare the monthly numbers of
Culicoides collected indoors and outdoors, the numbers of specimens
were converted into average numbers of specimens per month: abso-
lute numbers of Culicoides specimens collected at the respective loca-
tions per month in relation to the total number of captures at the
respective location per month. Both calculations were additionally
done for blood-fed females at each location and every month.

The SVFPs were determined for each trapping location indoors
and outdoors for both winters, based on the finding of active
culicoids as required by Annex V of the Commission Regulation
(EC) No 1266/2007, although blood-fed instead of parous females
were considered (c.f. discussion).

A Poisson generalised linear model (GLM) was applied to deter-
mine if the abundance of all Culicoides and the three distinct Culicoides
species groups (Obsoletus Group, Pulicaris Complex, ‘other Culi-

coides’) were temperature-dependent. The response variable in the
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FIGURE 1 Map showing the locations of the study farms in Germany where Culicoides biting midges were collected by UV-light traps in the
winters 2019/2020 and 2020/2021. The numbers correspond to the farm IDs according to Table 1.

model was the number of counted Culicoides (per group), and the pre-
dictor variable was the average temperature of the trapping day.

To calculate the lowest temperature at which Obsoletus Group
and Pulicaris Complex specimens were active, the average tempera-
ture of a 7-day period before each trapping day was determined (t;).
To gain more precise information about the temperature requirement
of Obsoletus Group and Pulicaris Complex activity, the same calcula-
tions were performed with the lowest temperatures of the first day of
capture (tq).

Measured indoor and outdoor temperatures were checked for
significant differences. For this purpose, the average, median, mini-
mum and maximum temperatures per calendar week were calculated

separately for indoors and outdoors.

The raw data were managed in Microsoft Excel 2013 (Microsoft,
Readmond, WA, USA) and analysed in R version 4.1.3 (R Core
Team, 2022) using the packages readxl (Wickham & Bryan, 2019) and
tidyverse (Wickham et al., 2019). For all statistical analyses, a p-value

<0.05 was considered significant.

RESULTS

Within the two study periods, 32,377 Culicoides were caught in
960 trap collections (480 both indoors and outdoors, respectively).
Biting midges of the Obsoletus Group were most abundant

(n = 29,429; 90.9%), followed by specimens of the Pulicaris Complex
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TABLE 1 Characteristics of the study farms where UV-light traps for the collection of Culicoides were operated inside and outside stables.

Winter 2019/2020 Winter 2020/2021

Farm ID Study location Type of livestock Oct-Dec Jan-Apr Oct-Dec Jan-Apr Total number of indoor/outdoor collections
1 Grof3 Kreutz Sheep 12/12 12/12
2 Heidesee Horse 12/12 12/12
3 Platkow Cattle 7/7 7/7

4 Beerfelde Cattle 11/11 16/16 27/27
5 Quappendorf Sheep 13/13 16/16 29/29
6 Dahmsdorf Horse 8/8 10/10 6/6 10/10 34/34
7 Lychen Goat 13/13 18/18 12/12 17/17 60/60
8 Zulpich Cattle 14/14 17/17 12/12 13/13 56/56
9 Oberried Cattle 16/16 16/16
10 Geeste Cattle 6/6 10/10 16/16
11 Kiliansroda Cattle 12/12 13/13 13/13 38/38
12 Kleve Cattle 11/11 12/12 16/16 39/39
13 Paulinenaue Sheep 17/17 10/10 14/14 41/41
14 Schmie Cattle 15/15 13/13 16/16 44/44
15 Miihlenbach Cattle 13/13 17/17 30/30
16 Braunschweig Cattle 7/7 12/12 19/19

Total number of samples 90/90 154/154 108/108 128/128 480/480

Note: Numbers of indoor/outdoor collections are specified per period and farm. Farm IDs correspond to the locations as indicated on the map in Figure 1.

(h = 1962; 6.1%) and of ‘other Culicoides’ (n = 986; 3.0%) (Table 2).
More than half, 61.3% (nh = 19,831), of all Culicoides were caught
inside the stables, whereas 38.7% (n = 12,546) were collected out-
doors (Table 2). The ratio between the number of specimens collected
indoors and outdoors was 1.7:1 for the Obsoletus Group, 1:1.1 for
the Pulicaris Complex and 1:3.4 for ‘other Culicoides’. Almost all
caught Culicoides (98.6%) were female. Of the Obsoletus Group
females, 6.7%, and of the Pulicaris Complex females, 0.2% were
blood-fed. Of these, 94.8% and 88.5%, respectively, were caught
indoors.

The number of Culicoides specimens caught per location varied
between calendar weeks and winters (Figure 2). Specimens were con-
tinuously trapped indoors during all study months and both winters,
with relatively high numbers from October to December and in March
and April. In January and February, numbers of Culicoides collected
inside the stables were much lower, but only in a few calendar weeks
no Culicoides were caught (Figure 2 and Table 3). Numbers of individ-
uals caught outdoors gradually decreased from October to December
in both winters, followed by no to low numbers of Culicoides at any
location in January and February. Relative high numbers of Culicoides
were trapped outdoors in March and April (Figure 2 and Table 3).

When species groups are considered separately, differences
became obvious. Representatives of the Obsoletus Group were
trapped inside and outside the stables almost continuously through-
out both study periods (Figure 3). By contrast, specimens of the Puli-
caris Complex were caught indoors until the beginning of December
(49th calendar week) and—after a break of several weeks (except for

two individuals in the 1st calendar week of January 2020)—again in

April in 2020 and the last week of February in 2021, respectively.
Qutdoors, specimens of this complex were caught until mid-
November (46th calendar week) and again early April in 2020 and
early March in 2021 (Figure 3).

Even though more Culicoides were caught outdoors, blood-fed speci-
mens were mostly caught indoors (Table S1). While the latter happened
only occasionally or not at all in January and February, up to more than
100 blood-fed specimens were collected in all other study months
(Table 3 and Figure 4). Outdoors, blood-fed Culicoides were mainly cap-
tured in October and April, whereas only sporadic or no blood-fed speci-
mens were caught in the other study months of both winters (Table 3
and Figure 4). Only at one farm (Paulinenaue, farm 13), no blood-fed Culi-
coides were caught inside or outside (Table S1).

Significant differences exist between the numbers of blood-fed
specimens of the Obsoletus Group and the Pulicaris Complex col-
lected inside and outside the stables regarding the periods in which
they were trapped. Inside, no blood-fed specimens of the Obsoletus
Group were caught in February only, while blood-fed Pulicaris Com-
plex specimens were not caught for 5 months in either winter
(November to March in 2019/2020 and December to April in
2020/2021). Outside the stables, blood-fed specimens of both groups
were captured only occasionally (Figure 3).

Based on the indoor catches, an SVFP should have lasted for
almost 4 months (late November to mid-March) in the winter
2019/2020 and 2 months (January and February) in the winter
2020/2021 (Figures 3 and 4). Outdoors, the SVFP would have com-
prised almost the whole study period in both winters, with slight dif-
ferences between the two winters (Figures 3 and 4).
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TABLE 2 Numbers of Culicoides and of blood-fed females in 480 indoor and outdoor UV-light trap catches, respectively, carried out in the
winters of 2019/2020 and 2020/2021 (percentages relative to total number of collected biting midges).

. . Indoors
Culicoides species

Outdoors

Total indoors and

group Non-blood fed  Blood-fed Total Non-blood-fed Blood-fed Total outdoors
Obsoletus Group 16,814 (51.9%) 1868 (5.8%) 18,682 (57.7%) 10,644 (32.9%) 103 (0.3%) 10,747 (33.2%) 29,429 (90.9%)
Pulicaris Complex 878 (2.7%) 46 (0.2%) 924 (2.9%) 1033 (3.2%) 6 (<0.05%) 1038 (3.2%) 1962 (6.1%)
Other Culicoides 221 (0.7%) 4 (<0.05%) 225 (0.7%) 759 (2.3%) 2 (<0.05%) 761 (2.3%) 986 (3.0%)
Total 17,913 (55.3%) 1918 (6.0%) 19,831 (61.3%) 12,436 (38.4%) 110 (0.3%) 12,546 (38.7%) 32,377 (100%)
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FIGURE 2 Boxplots of the numbers of Culicoides caught indoors and outdoors per location by calendar week (x-axis) in the winter periods
2019/2020 (a) and 2020/2021 (b). The y-axis is log-transformed. The black solid lines in the boxes represent the medians. Boxes show the 25th
and 75th percentiles, and error bars reflect the 10th and 90th percentiles. Black dots mark the minimum and maximum data points outside the

10th and 90th percentiles.
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TABLE 3 Monthly averages + standard deviations of total and blood-fed Culicoides (in parentheses) from 480 indoor and outdoor UV-light
trap catches in the winters of 2019/2020 and 2020/2021.

Indoors Outdoors
2019/2020 2020/2021 2019/2020 2020/2021
October 29.16 £ 2.38(1.38 + 0.17) 62.04 +8.10 (6.65 + 1.10) 44.56 + 4.15 (0.03 + 0.01) 32.21 +£4.98 (0.58 + 0.07)
November 2.58 +0.34 (0.19 +£ 0.18) 30.06 + 4.83 (16.34 + 3.18) 2.84 +0.32 (0.03 + 0.01) 7.81+1.80(0.13 £ 0.02)
December 2.42 +0.44 (0.04 £ 0.02) 24.70 + 4.39 (9.57 + 2.24) 211 +0.77 (0£0) 3.82 +£0.62(0.03 + 0.01)
January 0.49 £ 0.10 (0.02 + 0.01) 1.41 + 0.21 (0.03 + 0.02) 0.26 +0.06 (0 £ 0) 0.03+0.02(0+0)
February 0.40 £0.10(0 £ 0) 0.36 +0.16 (0 = 0) 0.35+0.13 (0 £ 0) 0.14 £ 0.07 (0 £ 0)
March 8.04 + 2.69 (0.82 + 0.40) 10.43 + 1.33(0.37 £ 0.17) 3.18 +0.87 (0 £ 0) 3.06 +0.49 (0.14 + 0.05)
April 225.86 + 44.50 (11.80 + 1.79) 17.67 + 2.59 (0.18 + 0.04) 157.71 + 35.30 (1.69 + 0.35) 7.30+1.49 (0+0)
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FIGURE 3 AQualitative overview of Culicoides occurrence in general and of blood-fed females inside (a) and outside (b) of stables. Grey tiles
indicate that at least one Culicoides was collected at any one of the trapping locations. White tiles indicate that no Culicoides were caught at any
trapping location. Hatched tiles mark calendar weeks not existing in the respective month or year. x: up to four freshly blood-fed females were
caught at any one trapping location; o: at least five freshly blood-fed females were caught at any one trapping location. The SVFPs ascertained for
the respective winters are marked by arrows.

The temperature significantly affected the total number of collected the Pulicaris Complex and ‘other Culicoides’ were significantly more
Culicoides, as demonstrated by a Poisson GLM (Table S2), which was also affected than those of the Obsoletus Group (Table S3).
true for the three Culicoides groups (Obsoletus Group, Pulicaris Complex On the first trapping day, the average temperatures at which
and ‘other Culicoides’) when analysed individually. Collection numbers of Obsoletus Group or Pulicaris Complex specimens were trapped were
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FIGURE 4 Boxplots of the numbers of blood-fed Culicoides caught indoors and outdoors per location by calendar week (x-axis) in the winter
periods 2019/2020 (a) and 2020/2021 (b). The horizontal line represents the proposed treshold of five blood-fed Culicoides used for defining an
SVFP. The SVFP lasts as long as the values are below the solid line. The y-axis is log-transformed. The boxes shows the 25th and 75th percentiles
with the black solid lines marking the medians. The error bars on the boxes represent the 10th and 90th percentiles. The black dots mark the

minimum and maximum data points outside the 10th and 90th percentiles.

7.4°C (minimum 0.3°C) and 10.3°C (minimum 1.2°C), respectively.
The average temperature for the 7 day-period before capture was
7.8°C (minimum 1.1°C) for Obsoletus Group specimens and 10.1°C
(minimum 3.2°C) for the Pulicaris Complex (Table 4).

The difference between the weekly average indoor and outdoor
temperatures over both study periods was, on average, 1.2°C in all
stables (median: 1.0°C, minimum: —4.3°C, maximum: 9.0°C). The dif-
ferences between indoor and outdoor weekly average temperatures

were most significant from December to February (Figure 5), in which
average indoor temperatures were higher than average outdoor tem-
peratures. In some weeks in October and November 2019/2020 and
in March 2021, however, the average indoor temperature was lower
than the average outdoor temperature (Figure 5). Generally, the high-
est average indoor and outdoor temperatures were recorded in April
and October (up to 15.0°C). The lowest temperatures were recorded

from December to February, with the weekly average indoor and
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TABLE 4 Lowest temperatures at which specimens of the Obsoletus Group and the Pulicaris Complex were caught.

First trapping day (t4) Seven-day period before trapping (t;)
Obsoletus Group Pulicaris Complex Obsoletus Group Pulicaris Complex
Average 7.4°C 10.3°C 7.8°C 10.1°C
Median 7.5°C 10.1°C 7.6°C 11.1°C
Minimum 0.3°C 1.2°C 1.1°C 3.2°C
Maximum 15.7°C 17.1°C 14.5°C 15.0°C

Note: Average temperatures of the first trapping day (t;) and of a 7-day period before the trapping day (t;) are displayed, including medians, minimum and
maximum.
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FIGURE 5 Average indoor (dashed line) and outdoor temperatures (dotted line) of the trapping sites according to calendar week during the
winters 2019/2020 (a) and 2020/2021 (b). The shaded areas show the respective minimum and maximum temperatures, with dark grey
representing indoor temperatures and light grey outdoor temperatures.
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outdoor temperatures dropping below freezing point only in calendar
week 6 in February 2021 (Figure 5). In the other weeks during these
3 months, the outside temperatures only occasionally fell below 0°C,

but never inside the stables.

DISCUSSION

This study investigated the flying activity of biting midges of the
genus Culicoides during wintertime in Germany. Culicoides adults were
trapped in considerable numbers inside and outside of stables har-
bouring ruminants or horses, including blood-fed females that were
mainly caught indoors.

The majority (more than 90%) of the captured Culicoides belonged
to the Obsoletus Group. This was expected, as members of this group
live and breed in various kinds of environments, are widely distributed
and are usually predominant in the European biting midge fauna
(Cuéllar et al., 2018). By contrast, the Pulicaris Complex seems to
exhibit a more stenoecious and specialised adaptation to eco-climatic
conditions (Werner et al., 2020). This might be one of the reasons
why members of the Pulicaris Complex are usually caught in lower
numbers than those of the Obsoletus Group.

Due to the adverse weather conditions (such as wind, precipita-
tion or low temperatures), typical for the winter season in temperate
regions, Culicoides flight activity is more suppressed outdoors than
indoors (Baylis et al., 2010). On the other hand, in protected indoor
areas, where there is little wind and higher temperatures, light traps
could be more efficient, resulting in higher numbers of Culicoides col-
lected (Baylis et al., 2010). Therefore, a much higher proportion of
Culicoides specimens was trapped inside the stables than outside, in
agreement with other European studies conducted during the cold
season in temperate regions (Baldet et al., 2008; Brugger et al., 2016;
Clausen et al., 2009; Kameke et al., 2017). This proportion is mainly
attributable to the high number of Obsoletus Group specimens caught
inside the stables, although the proportion of Pulicaris Complex speci-
mens was higher than that in other studies conducted indoors (Baldet
et al., 2008; Meiswinkel, Goffredo, et al., 2008).

Blood-fed Culicoides were also captured much more frequently
and for extended periods inside the stables than outside, even if a
higher total number of Culicoides specimens was trapped outdoors
(e.g., on farms 3 or 9). Other studies (Baldet et al., 2008; Magliano
et al., 2018; Sarvasova et al., 2016) also registered more blood-fed
specimens indoors, for which Magliano et al. (2018) propose two
explanations. First, females having fed on blood outdoors enter sta-
bles immediately after the blood meal. On farms included in this study,
the livestock was kept inside closed stables for extended periods,
while no domesticated animals were outside. Therefore, it can be
assumed that the blood meals were taken indoors. This idea is sup-
ported by studies that show that keeping livestock indoors entails a
higher number of Culicoides indoors, but also that the number of live-
stock in the vicinity of a trap might influence the number of Culicoides
caught (Sanders et al., 2011; Zimmer et al., 2008). In particular, a sig-
nificantly higher number of blood-fed C. obsoletus was detected

. | et

indoors when livestock was present (Baylis et al., 2010), as probably
reflected by higher numbers of Obsoletus Group specimens in this
study. The second explanation by Magliano et al. (2018) is that nullip-
arous females try to avoid the lower temperatures outside and enter
the stables to take a blood meal. This behaviour seems to be unlikely
in this study, as the stables were relatively tightly closed and openings
to enter them were limited, except for times when the livestock was
provided with food.

In addition to climatic conditions in autumn and winter, which
cause a reduction of Culicoides activity outdoors, studies have shown
that UV-light trap collections do not reflect the actual abundance of
blood-fed Culicoides females and, thus, the biting rate (Baylis
et al.,, 2010; Viennet et al., 2011). Therefore, the relatively low number
of blood-fed Culicoides caught can also be attributed to the low sensi-
tivity of the trap type (Gerry et al., 2009). For comprehensive epidemi-
ological monitoring and the assessment of virus transmission risk,
biting rates should be determined by direct aspiration of Culicoides
from livestock (Gerry et al., 2009; Viennet et al., 2011).

Several studies have demonstrated that temperature has a deci-
sive impact on Culicoides activity and, thus, on the risk of biting
(Gubbins et al., 2008; Sarvasova et al., 2016; Silbermayr et al., 2011;
Vorsprach et al., 2009; Wittman et al., 2002). The significant influence
of temperature on Culicoides activity was confirmed in this study. Dur-
ing the coldest study months (December to February), a temperature
difference of up to 9.0 K was measured between indoor and outdoor
areas, with higher temperatures indoors. Compared to outdoors,
milder temperatures appear to lead to a constant or an extended flight
activity of Culicoides inside the stables, particularly of the putative
vector species of the Obsoletus Group. The lower number of Culi-
coides trapped outdoors, on the other hand, is likely to be caused by
the colder outdoor temperatures, which may result in a higher mortal-
ity rate (Magliano et al., 2018). This observation clearly shows that the
selection of trap positions (indoors or outdoors) considerably influ-
ences the results of monitoring programmes, which should be the
basis for the determination of an SVFP. As demonstrated by this
study, outdoor catches would clearly define longer SVFPs than indoor
catches. This is supported by results from an Austrian study, in which
indoor and outdoor catches were compared over some years (Brugger
et al., 2016). It is, therefore, crucial which trap results (inside or out-
side) are used as the basis for regulatory restrictions. Culicoides activ-
ity and blood-feeding in winter will probably only affect the situation
in a stable itself, since few biting midges are active outside. Virus
spread between farms, however, is driven by Culicoides outdoor activ-
ity which in turn depends on outside temperatures. Moreover, when
outdoor temperatures rise again, farmers will open the stables and
potentially infected Culicoides can leave and fly to other livestock
facilities.

In this study, the temperature was measured directly at the traps
and, even indoors, was often lower than 11-13°C, the temperature
required for virus replication in the biting midge (Carpenter
et al., 2011). However, temperatures at other places in the stables
may be higher and allow virus replication, the development and ovipo-

sition of eggs, and a second blood meal in winter. Therefore, studies

85U801 SUOWLLOD A1) 3|qeot(dde 8y Aq peusenob a1e SsoiLe VO ‘8sN JO S8|nJ o} Akeiq 1 8UljUQ 3|1 UO (SUOTIIPUOD-PUB-SWB 0O A3 1M A e1q | BU1|UO//:SdNY) SUONIPUOD pue SWS | 84} 88S *[7202/TT/90] U0 Akeiq1auljuo AB|1M ‘Pl 80UBPIAT 8URIYO0D ABXIN L AQ 95/ZT9AW/TTTT OT/I0p/W0D A8 | Ake.d 1 puluo'seunoa.//:sdny Wwolj pepeoumod ‘v ‘vZ0Z ‘ST6ZSIET



562 Enn?cgir(r:\%llggg Veterinary
on microclimatic conditions inside stables should be conducted to
investigate whether there are places with temperatures sufficient for
virus replication (e.g., in direct proximity to livestock).

A continuous trapping rhythm with short time intervals
(e.g., weekly) is essential for the meaningful interpretation of collec-
tion data during wintertime, since Culicoides activity may change
quickly as has been demonstrated in this study. Brugger et al. (2016)
report that the vector season begins when a mean daily temperature
of 10°C is reached for seven consecutive days. The average daily tem-
perature triggering the activity of the Obsoletus Group, as measured
for seven consecutive days before trapping, was found to be even
lower in this study (7.4°C), while the average daily activity tempera-
ture for the Pulicaris Complex (10.1°C) corresponded to that sug-
gested by Brugger et al. (2016). Due to the almost continuously
higher average daily temperature in the stables, the temperature nec-
essary for Culicoides activity was achieved or exceeded more fre-
quently indoors than outdoors. At the same time, individuals of the
Obsoletus Group and the Pulicaris Complex were trapped at much
lower temperatures (0.3 and 3.2°C, respectively). Furthermore, the
number of blood-fed Culicoides caught each week in this study shows
short interruptions of the SVFP because the threshold was temporar-
ily exceeded (calendar week 12 in 2020, indoors) and undershot
(e.g., calendar weeks 13 and 14 in 2020, indoors). This could entail the
misleading assumption that either the SVFP has come to an end or
that an SVFP is declared, although not existing.

To determine the SVFPs in this study, blood-fed Culicoides speci-
mens were analysed instead of parous Culicoides, as required by the
Commission Regulation (EC), 1266/2007. Parous and nulliparous Culi-
coides are commonly classified according to the presence or absence of
burgundy-red pigmentation in the abdominal wall. This pigmentation is
generated during the first gonotrophic cycle in females, intensifies on
subsequent feedings, and remains lifelong (Dyce, 1969). This method of
determining previous blood-feeding of a female and the possibility of
being infected with a virus has some limitations and uncertainties,
though, since freshly hatched Culicoides, for example, may also have a
pigmented abdomen (Braverman & Mumcuoglu, 2009; Harrup
et al,, 2013). In addition, Goffredo et al. (2021) observed that abdominal
pigmentation in Culicoides was absent after artificial blood-feeding. To be
on the safe side, only females visibly blood-fed were therefore taken into
account in this study. It is, however, possible that some specimens con-
sidered non-blood-fed had in fact taken a blood meal and were parous.
Consequently, the SVFPs deduced from this study could actually have
been shorter than determined.

Location factors such as the surrounding landscape of farms, veg-
etation cover, land cover, and soil characteristics such as type, mois-
ture, or organic matter can influence the occurrence of Culicoides
(Conte, Goffredo, et al., 2007; Conte, Ippoliti, et al., 2007; De Regge
et al, 2015; Kameke et al, 2021; Luhken et al., 2015; Purse
et al., 2012; Zimmer et al., 2010). However, studies were mainly con-
ducted outdoors and in summer, and their results may only partly be
transferable to winter conditions. Therefore, conditions found indoors
may play a crucial role in the development and occurrence of Culi-

coides, although requirements of biting midges to indoor habitats are
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inadequately known. Zimmer et al. (2010) described dried dung adher-
ing to the walls inside stables as breeding substrate for Culicoides spe-
cies of the Obsoletus Group, and Steinke et al. (2016) noted dung
heaps as productive breeding sites. Fresh dung heaps may be found
indoors in winter when livestock is kept there. In addition, it is con-
ceivable that manure management and the building construction influ-
ence the occurrence of Culicoides. So far, no evident influence by
manure management has been demonstrated (Groschupp
et al., 2023), and studies on the effect of different types of building
construction, including air ventilation systems, on culicoids have yet

to be carried out.

CONCLUSION

The present study shows that species of the Obsoletus Group are
active in stables during wintertime, coexisting with, and feeding on,
livestock. By all means, Obsoletus Group species developing and
residing indoors could therefore play a role in virus persistence in the
cold months of the year. This hypothesis is supported by the demon-
stration of blood-fed specimens, which were trapped in significantly
higher numbers indoors than outdoors. Should infected Culicoides sur-
vive the winter, virus replication may proceed with increasing spring
temperatures and the virus be transmitted during the next blood meal.
Staying indoors could increase survival rates of biting midges, and the
vector capacity is higher indoors than outdoors. Further investigations
on winter activity should be conducted to find out how climate
change affects the occurrence and activity of Culicoides during the
cold season and whether the concept of an SVFP should be modified
to a regionally adaptable vector-poor period with respective restric-
tions. When defining an SVFP, it should be taken into account that
the location of traps used for collecting blood-fed or gravid-biting
midge females and the trapping regime will impact the results

substantially.
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