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Abstract. Planthoppers (Delphacidae), leafhoppers (Cicadellidae) and froghoppers (Aphrophoridae) (Hemiptera: Auchenorrhyn-
cha) caught during day and night sampling at a height of 200 m above ground at Cardington, Bedfordshire, UK, during eight
summers (between 1999 and 2007) were consolidated with high-altitude catches made over England in the 1930s. Comparisons
were made with other auchenorrhynchan trapping results from northwest Europe, which were indicative of migration. The migra-
tory abilities in the species concerned were then interpreted in terms of various life-history traits or ecological characteristics, such
as ontogenetic, diel and seasonal flight patterns, voltinism, habitat preferences, and host plant affinity. In contrast to some other
areas of the world (North America, East Asia), the migratory abilities of most Auchenorrhyncha species in northwest Europe is
poorly understood, and thus the present study draws together, and complements, fragmentary information on this topic as a basis

for further research.

INTRODUCTION

Some members of the Auchenorrhyncha (Hemiptera)
are noted long-distance migrants — they can ascend to high
altitudes (Glick, 1939, 1960; Riley et al., 1991; Reyn-
olds et al., 1999; Drake & Reynolds, 2012), and are able
to maintain continuous wing-beating for long periods of
time while the wind transports them over great distances.
In fact, the migration of the delphacid rice pests Sogatella
Sfurcifera (Horvath) (white-backed planthopper), Nilapa-
rvata lugens (Stal) (brown planthopper) and Laodelphax
striatella (Fallén) (small brown planthopper) from the East
Asian mainland to Japan each year (Kisimoto & Rosen-
berg, 1994; Otuka et al., 2010; Otuka, 2013), covering an
overwater movement of ~1000 km, is one of the longest
non-stop journeys in relation to body size of any animal
migrant. Another remarkable instance was the mass inva-
sion of the mid-Atlantic Ascension Island by the cicadel-
lid Balclutha pauxilla Lindberg, probably from southwest
Africa, more than 3000 km away (Ghauri, 1983). In North
America, the annual long-distance migrations of the ci-
cadellids Empoasca fabae (Harris) (potato leafthopper),
Macrosteles quadrilineatus Forbes (= M. fascifrons; six-
spotted or aster leathopper) and Circulifer tenellus (Baker)
(beet leafthopper) are well-known (Glick, 1960; Johnson,
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1969; Taylor, 1985, 1989; Carlson et al., 1992; Taylor et
al., 1995; Shields & Testa, 1999).

Some of these plant- and leathopper species make long-
range poleward movements each summer from continuous
breeding zones at lower latitudes, and they can be of im-
mense economic importance due to their role as vectors
of plant viruses, bacteria, and other pathogens or, in some
cases, due to direct feeding damage to crops (e.g. Heong &
Hardy, 2009; Otuka, 2013; Chasen et al., 2014). In Africa,
Cicadulina leathoppers are major vectors of maize streak
disease; Rose (1978) investigated the flight durations of
various species and morphs and found that some of the
long-flying forms could fly continuously for several hours,
although the frequency distribution of durations was mark-
edly skewed towards short-duration flights.

In Europe, damage to crops due to migrant Auchenor-
rhyncha is less significant than in the above-mentioned
regions (but see Bréak, 1979; Lindsten, 1979) and, con-
sequently, migration has been less intensively studied.
Moreover, most of the detailed studies that have been
made (Raatikainen, 1967, Raatikainen & Vasarainen,
1973; Waloff, 1973; della Giustina & Balasse, 1999), have
involved trapping at relatively low heights above ground
(£12.3 m); sampling Auchenorrhyncha above the atmos-
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pheric surface layer is seldom undertaken. An exception
was the study by Giinthart (1988) who analysed the verti-
cal distribution of leathoppers, trapped up to 155 m above
ground on a meteorological mast near Basle in Switzerland,
but here the fauna was very different to that found in the
studies in Britain, with only Conosanus obsoletus (Kirsch-
baum) (one specimen caught by Freeman, 1939) in com-
mon. We also note the capture of the leathopper Arthaldeus
pascuellus (Fallén) (referred to as Deltocephalus pascuel-
lus) at 1000—1200 m over northern France in June 1934
during trapping from an aeroplane (Berland, 1935).

Even among macropterous flight-capable Auchenor-
rhyncha, the majority of flights undertaken are short dura-
tion ‘flits’ (sensu Southwood, 1960; Waloff, 1973) which
are ‘appetitive’ in nature (i.e. low-altitude local flights
concerned with feeding and reproduction) or, perhaps,
some very short-range dispersal events. The present paper
is concerned with windborne migratory movements, and
we adopt the individual-based behavioural definition of
migration formulated by J.S. Kennedy and developed by
H. Dingle (see Dingle, 2014 pp. 14-15). For it to be likely
that Auchenorrhyncha individuals are engaged in wind-
borne migration, aerial samples must be taken well above
an insect’s ‘flight boundary layer’ (Taylor, 1974) — the
layer of the atmosphere near the ground surface or plant
canopy where the ambient wind speed is lower than the
insect’s self-powered flight speed. Drawing upon the work
of L.R. Taylor and others, Teraguschi (1986) in his study
of leafthoppers of an old-field site in Ohio, USA, espouses
the view “that the crossing of the flight boundary layer in-
terface is a highly programmed event” so that “aerial abun-
dances are not simple functions of terrestrial abundances”
— a standpoint with which we agree (see e.g. Reynolds et
al., 2014). Giinthart’s (1988) samples were taken at sev-
eral heights simultaneously and extended high above the
ground, so she was able to estimate the thickness of the
leathopper flight boundary layer (viz. ~20-30 m). South-
wood (1962) considered that Heteroptera caught above
~15 m would be migrants rather than individuals engaged
in short-duration ‘flitting’. In the aerial sampling studies
considered here, the Auchenorrhyncha trapped were flying
at least several tens of metres above ground and were thus
well above their flight boundary layer.

Some early researchers, sampling at relatively low
heights above ground, may not have fully realized the
movement potential of these Auchenorrhyncha, resulting
in underestimates of migration distances. Insect ascent to
the altitudes sampled by us at an updraft-assisted vertical
speed of, say, 1 m/s, even if followed by immediate de-
scent, would take a minimum of several minutes, which at
ambient wind speeds recorded when hoppers were flying
(~7 m/s) would result in a movement of at least several
kilometres. Any tendency to maintain flapping flight at alti-
tude would, of course, rapidly extend the migratory ambit.

In the present study, planthoppers (Delphacidae), leaf-
hoppers (Cicadellidae) and froghoppers (Aphrophoridae)
were sampled at a height of ca. 200 m above ground over
southern England. We integrate these results with those
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from early (1930s) UK studies in which numbers of Auche-
norrhyncha were captured aloft (>50 m) and which were
identified to species level (Hardy & Milne 1938; Freeman,
1939, 1945). We also bring together other scattered records
from the literature, which are indicative of migratory ac-
tivity, for the British species of Auchenorrhyncha. Based
on results from previous studies of migration in Auchen-
orrhyncha, especially in Europe, North America and East
Asia, we test the following specific hypotheses:

* volant individuals will either belong to species that are
always fully winged or be macropterous individuals of
wing-polymorphic species;

» most flight activity will be nocturnal,

» aerial densities of Auchenorrhyncha will be greater un-
der conditions of higher wind speeds, but will be unre-
lated to wind direction;

* the assemblage of volant Auchenorrhyncha will be char-
acterised by species that are bivoltine, polyphagous and
primarily associated with ephemeral or disturbed habi-
tats, and that overwinter as eggs or nymphs rather than
adults;

* sex ratios in aerial catches will not depart significantly
from 1:1.

METHODS

We took aerial samples of insects at ca. 200 m above ground
with a drogue net of 1 m diameter aperture suspended from a
tethered helium-filled kite-balloon (kytoon) (Fig. 1). The sam-
pling site, at Cardington Airfield (52°06'N, 0°25"W), Shorts-
town, Bedfordshire, in southern England, has an official aircraft
exclusion zone which allowed the kytoon to be flown above the
Civil Aviation Authority limit of 60 m. Sampling was carried out
in the years 1999, 2000, and 2002-2007, in various months be-
tween May and early September, but mostly in July (Table 1).
[The aerial netting was designed to support our radar observa-
tions (e.g. Hu et al., 2016), and insect numbers detected by the
radar were extremely low outside the May—September period.]

Fig. 1. Sampling insects at ca. 200 m above ground by means
of a net attached to the tethering line of a 6-m long kytoon. The
detachable bag at the end of the net has just been closed-off, prior
to winching down of the kytoon to ground level and recovery of the
sample. The wind-run meter can be seen suspended below the
kytoon tail.
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Table 1. Auchenorrhyncha caught at high altitude (ca. 200 m a.g.l) at Cardington, Bedfordshire, UK, 1999-2007.

Year

1999 2000 2002 2003 2004 2005 2006 2007

Sampling month(s) July

July

August Sex

June August May— Total
—Sept.

July —July —Sept. July

July

Total wind-run (km)

2847.2 2524.0 2273.0 2922.1 2610.0 3262.0 1370.0 2188.0 F M

Family Species

Delphacidae  Javesella pellucida (Fab.) 17
Javesella dubia (Kirschbaum)

Muellerianella brevipennis (Boheman)
Anaceratagallia ribauti (Ossiannilsson)
Anoscopus albifrons (L.)

Deltocephalus pulicaris (Fallén) 2
Arthaldeus pascuellus (Fallén)

Psammotettix confinis (Dahlbom)
Psammotettix nodosus (Ribaut) 1
Euscelis incisus (Kirshbaum)

Streptanus sordidus (Zetterstedt)

Athysanus argentarius Metcalf 1
Macrosteles sp.

Empoasca decipiens (Paoli)

Eurhadina pulchella (Fallén)

Eupteryx atropunctata (Goeze)

Eupteryx urticae (F.)

Eupterycyba jucunda (Herrich-Schaeffer)
Lindbergina aurovittata (Douglas)

Fagocyba cruenta (Herrich-Schaeffer)
Edwardsiana sp.

Alnetoidea alneti (Dahlbom)

Zyginidia scutellaris (Herrich-Schaeffer)
Aphrophoridae Neophilaenus lineatus (L.)

Cicadellidae
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For aerial sampling purposes, the 24-h period was generally di-
vided up as follows: 1 h around dusk (~21.00-22.00 h BST in
July); night-time after the dusk period (various durations, occa-
sionally until dawn); ‘morning’ (10.00-14:00 h), and afternoon
(14:00-18:00). At the end of each sample period, the rear end of
the net was closed off with a radio-controlled strangling device,
and the kytoon was winched down to near ground level. A detach-
able bag containing the insect catch was unzipped from the end of
the net and placed in a plastic killing bottle, and the wind run (in
kilometres) was read off a meter (which was also suspended from
the kytoon). The wind-run measurement for each sample period
allowed the airflow through the net to be estimated so that catch
numbers could be converted to aerial densities. Further details
of kytoon-flying and aerial sampling procedures can be found
elsewhere (Chapman et al., 2004; Reynolds et al., 2013). For our
analyses, wind speeds were categorized as ‘Low’ (0 — <3 m/s),
‘Medium’ (3 — <5 m/s), ‘Medium-high’ (5 — <8 m/s), and ‘High’
(=8 m/s). Wind directions were categorised as North (315-45°),
East (45-135°), South (135-225°), and West (225-315°).

A night-time sampling height of 200 m was chosen in order to
take advantage of any layers of insects developing in the warm,
fast-moving air (the boundary layer wind maximum) which tends
to form near the top of the surface temperature inversion in clear
weather (Drake & Reynolds, 2012) — it was sensible to position
the net within this airstream, rather than in the colder and stiller
air nearer the ground. The choice of sampling height during the
day is more arbitrary (because migrating insects may be circu-
lated through various altitudes by convection), but the standard
height of about 200 m was convenient and it was high enough
to avoid captures of insects engaged in appetitive flights near the
ground. The actual periods selected for sampling depended on the
weather: apart from cold or wet conditions, when insect migra-
tion does not occur to any appreciable extent in Britain, kytoon-
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flying was not possible at times of significant lightning risk and
during very strong winds. On a few days, winds at altitude proved
to be too light (i.e. below ~3 m/s) for efficient netting.

In the early UK studies, Hardy & Milne (1938) used nets at-
tached to kites, and samples containing Auchenorrhyncha were
taken at various heights between 76 and 610 m at sites near Hull
(Yorkshire), Dover (Kent) and Tetney (Lincolnshire). Freeman
(1939, 1945) attached nets to tall radio masts at Tetney at three
heights (i.e. 3, 54 and 84 m), but only samples taken at his two
upper heights were considered here because individuals caught
at 3 m may have been engaged in appetitive flight rather than
migration.

Catches from Cardington were sorted and preserved in a mix-
ture of 95% ethanol and 5% glycerol. Auchenorrhyncha present
in the samples were later identified — by M.A. Salmon for 1999
samples, otherwise by A.J.A.S — using Le Quesne (1960, 1965,
1969) and Le Quesne & Payne (1981). All specimens were iden-
tified to species with the exception of female Macrosteles and
Edwardsiana which cannot be reliably determined beyond genus
level. The nomenclature follows Wilson et al. (2015).

Auchenorrhyncha aerial densities obtained from the Card-
ington samples were compared for time of day categories, wind
speed categories, and wind directions, using analyses of deviance
based on generalised linear models with quasipoisson errors (R
Core Team, 2016). Tukey multiple comparisons derived from
these generalised linear models used the R multcomp package
(Hothorn et al., 2008). Departure of sex-ratios from 1:1 in our
samples was tested using chi square goodness-of-fit tests; it was
not possible to include data from the earlier studies because they
did not enumerate the sexes separately. Calculations of Shannon
diversity and evenness indexes and Serensen’s index of similarity
follow Magurran (2003).
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Fig. 2. The rank-abundance curve for Auchenorrhyncha species in
aerial samples taken at Cardington, Bedfordshire, 1999-2007. A
power-law trendline has been fitted to the data.
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RESULTS

Low
Medium
Med.-high
0.4 High

A total of 192 individual Auchenorrhyncha across 24
species were caught during the eight years of the present
study at Cardington (Table 1). In comparison, 35 speci-
mens of 16 species of Heteroptera were caught in the same
samples (Reynolds et al., 2013). All Auchenorrhyncha
specimens were macropterous including those of strongly
wing-polymorphic species such as Javesella pellucida.

[EREREN |

0.3

Aerial densities

The aerial density of Auchenorrhyncha in our samples 027

between 1999 and 2007 ranged between 3.1 and 4.7 per
10° m?® (Table 1). The average density for the 2007 season

showed a higher value (13.5 per 10° m?) due to the pres- 017 . b
ence of large numbers of J. pellucida. The highest density
for this species was 30 per 10°m? in a sample taken on the i—l—l
morning of 24 July 2007. 0.0 -

Diel flight periodicity

ab

Average density (numbers per 10 4 m3)

All hoppers  J. pellucida A. pascuellus

Diel sampling period had a highly significant effect on Cc Wind direction
the total aerial catch (Table 2) such that 86% of aerial sam-
ples that contained hoppers were taken in the morning or
afternoon and 10% were taken at dusk (Fig. 3a); the latter
may have signified an extension of daytime flight into the
dusk period rather than a take-off at dusk. Sampling period
also had a highly significant effect on the most common
species, J. pellucida and Arthaldeus pascuellus, both of
which were caught exclusively during the day. Only 4%
of the samples that contained hoppers were night samples
(i.e. taken after 22.00 h BST); the species were singletons

0.4

ooEm
somz

0.3

Fig. 3. Aerial densities of all Auchenorrhyncha, and of the com-
monest two species (Javesella pellucida and Arthaldeus pascuel-
lus) caught at 200 m a.g.l. at Cardington, Bedfordshire, in relation
to (a) time of day/night, (b) wind speed, and (c) wind direction (see
‘Methods’ for categorization of sampling periods and wind speeds/
directions). Error bars indicate standard errors of the mean. Cate-
gory means sharing lower case letters are not significantly different 0.0
within species (Tukey’'s HSD post-hoc test, p < 0.05). Allhoppers  J. pellucida  A. pascuellus

Average density (numbers per 10 4 m3)
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Table 2. Tests of the effect of time of day, wind speed and wind direction on aerial densities of Auchenorrhyncha at Cardington for: all

species, Javesella pellucida and Arthaldeus pascuellus.

Test Factors (levels T) POSt'hOC All species Javesella pellucida Arthaldeus
comparisons pascuellus
ANOVA (p-value associated Sampling period F(2,274)=9.64, F(2,274)=12.84, F(2,274)=13.22,
with F-statistic) (daytime, dusk, or night) p <0.001 p <0.001 p < 0.001
) z=-2.35
Daytime / dusk i
Multiple comparison of means: . Y corrected p = 0.042 all NS all NS
Tukey HSD contrasts Daytime / night NS
Dusk / night NS
ANOVA (p-value associated Wind speeds F(3,273)=4.17, F(3,273)=8.04,
with F-statistic) (low, medium, - b = 0.007 b <0.001 NS
medium-high, or high) ' ’
. ) z=-2.95, z=-3.27,
Medium / high corrected p = 0.015 corrected p = 0.006
Multiple comparison of means: L . z=-3.22, z =-3.85,
Tukey HSD contrasts - Medium-high / high corrected p = 0.006 corrected p < 0.001 allNS
All other wmd NS NS
speed comparisons
ANOVA (p-value associated Wind direction . F(3,273)=3.18, F(3,273)=4.97, NS
with F-statistic) (N, E, S, W) p =0.024 p =0.002
Multiple comparison of means: _ All wind direction NS NS

Tukey HSD contrasts

comparisons

T For definitions of levels, see Methods section.

of Psammotettix confinis, P. nodosus and Empoasca de-
cipiens.

Effects of wind speed and direction

The aerial densities of Auchenorrhyncha over Carding-
ton were significantly higher on occasions with high wind
speeds, both for all species combined and for J. pellucida
alone (but not for 4. pascuellus) (Fig. 3b, Table 2); for
example, there were significant Tukey HSD contrasts be-
tween hopper densities aloft in wind speeds of 5-8 m/s and
speeds >8 m/s. Wind direction had a significant effect on
numbers of all species combined and on J. pellucida in par-
ticular, but no significant contrasts emerged in the Tukey
comparisons between particular wind directions (Fig. 3c,
Table 2).

Species composition of aerial samples

Of the 24 species of Auchenorrhyncha caught at Card-
ington, the majority were leafthoppers (Cicadellidae, n =
20) compared to planthoppers (Delphacidae, n = 3) and
froghoppers (Aphrophoridae, n = 1). A rather typically
shaped rank-abundance curve was obtained from these
data (Fig. 2): only two species were at all frequent, with a
long tail of species represented in low numbers or as sin-
gletons. The delphacid J. pellucida was by far the most fre-
quently caught species (122 individuals) with the cicadel-
lids A. pascuellus and Zyginidia scutellaris contributing
the second and third highest numbers of specimens (23 and
7, respectively). Shannon diversity (H”) and evenness (E)
were 0.69 and 0.50 respectively.

Table 3 compares our aerial catches with those made
over England in the 1930s by Hardy & Milne (1938) and
Freeman (1939, 1945). The commonest ten species, in
order of the grand total caught across the earlier studies
and ours were: J. pellucida, A. pascuellus, Deltocephalus
pulicaris, Psammotettix alienus, Eupteryx atropunctata,
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Neophilaenus lineatus, Euscelis incisus, Z. scutellaris, P.
confinis and Cicadula quadrinotata. Serensen’s qualita-
tive index of community similarity between our samples
and those of Freeman (1939, 1945) was low (0.38); only
eight out of 34 species across the two communities were
recorded at both sites. The sample size recorded by Hardy
& Milne (1938) was too small (n = 19) to justify compari-
son with the other studies.

We also compared our data to the catches of Auchenor-
rhyncha in Rothamsted-type suction traps at 12.2 m above
ground in France based on one complete year of sampling
at about twelve sites (della Giustina & Balasse, 1999). The
standardized height of this suction trap was originally cho-
sen in order to sample small insects (particularly aphids)
that were likely to be long-distance migrants, i.e. the trap
was designed so that the entrance was above the height of
most local insect flight (Macauley et al., 1988). In spite of
the two orders of magnitude difference between the sample
size in England (n = 192) and that in France (n = 10,790),
the latter were dominated by a similar list of species (to-
tals in brackets): Z. scutellaris (4577), J. pellucida (3268)
and Empoasca spp. (890) (including some Empoasca de-
cipiens). Other species caught in England were also caught
reasonably frequently in the French suction traps: Javesel-
la dubia (184), Lindbergina aurovittata (97), Psammotettix
alienus (30) and P. confinis (23).

Phenology, voltinism, sex-ratio and overwintering
stage

Nearly all the species caught in aerial netting over Eng-
land are known to undergo two or more annual generations
routinely or facultatively (Table 4). Most specimens of J.
pellucida were caught in mid to late July, particularly in
late July 2007. The sexes migrated in approximately equal
proportions (639 :593; Xz(l): 0.13, p = 0.72). In contrast,
we caught 4. pascuellus from mid-June to early July, and
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Table 3. Comparison of catches of Auchenorrhyncha obtained during some aerial trapping studies over England.

Freeman, 1939, Hardy & Milne,
Study reference 1945 1938 Present study Totals
Sampling location Tetney, near Hull, Tetney, Cardington,
Grimsby Dover Bedfordshire
1999, 2000,
Year(s) 1934, 1935 1932-1935 2002-2007
. ) May-early
Sampling period May-September  June—October September
Time of sampling Day only Day only Day and night
Height of sampling 54 and 84 m only * 61-610 m ca. 200 m
Auchenorrhynchan superfamily, Species name in Freeman, o o o
family & species or Hardy & Milne (if differenty \uMPe" % Number % Number %
Fulgoroidea
Delphacidae
Kelisia vittipennis (Sahlberg) 1 5.26 1
Muellerianella brevipennis (Boheman ) 2 1.04 2
Javesella pellucida (F.) Liburnia pellucida 3 1.97 3 15.79 122 63.54 128
Javesella dubia (Kirschbaum) 1 0.52 1
Genus uncertain ' Liburnia sp. 1 0.66
Membracoidea
Cicadellidae
Anaceratagallia ribauti (Ossiannilsson) 1 0.52 1
Anoscopus albifrons (L.) 4 2.08 4
Deltocephalus pulicaris (Fallén) 20 13.16 2 10.53 4 2.08 26
Turrutus socialis (Flor) Deltocephalus socialis 1 5.26 1
Errastunus ocellaris (Fallén) Deltocephalus ocellaris 5 3.29 5
Arthaldeus pascuellus (Fallén) Deltocephalus pascuellus 11 7.24 1 5.26 23 11.98 35
Psammotettix confinis (Dahlbom) Deltocephalus thenii 5 3.29 3 1.56 8
Psammotettix nodosus (Ribaut) 1 0.52 1
Psammotettix alienus (Dahlbom) Deltocephalus striatus 19 12.50 1 5.26 20
Conosanus obsoletus (Kirshbaum) Athysanus obsoletus 1 0.66 1
Euscelis incisus (Kirshbaum) Athysanus plebejus 7 4.61 1 5.26 2 1.04 10
Euscelis lineolatus Brullé Athysanus lineolatus 6 3.95 6
Streptanus aemulans (Kirshbaum) Athysanus sahlbergi 1 0.66 1
Streptanus sordidus (Zetterstedt) 1 0.52 1
Athysanus argentarius Metcalf 1 0.52 1
Rhopalopyx adumbrata (Sahlberg) Stictocoris preyssleri 1 5.26 1
Mocydia crocea (Herrich-Schaeffer) 1 5.26 1
Cicadula quadrinotata (Fab.) Limotettix quadrinotata 1 0.66 1 5.26 2
Elymana sulphurella (Zetterstedt) Limotettix sulphurella 1 0.66 1
Macrosteles sexnotatus (Fallén) Cicadula sexnotata 25 16.45 6 31.58 31
Macrosteles sp. 2 1.04 2
Empoasca decipiens (Paoli) 2 1.04 2
Eurhadina pulchella (Fallén) 1 0.52 1
Eupteryx atropunctata (Goeze) Eupteryx atropunctatus 17 11.18 3 1.56 20
Eupteryx urticae (Fab.) 3 1.56 3
Eupterycyba jucunda (Herrich-Schaeffer) 1 0.52 1
Lindbergina aurovittata (Douglas) 2 1.04 2
Fagocyba cruenta (Herrich-Schaeffer) 1 0.52 1
Edwardsiana sp. 2 1.04 2
Alnetoidea alneti (Dahlbom) 2 1.04 2
Zyginidia scutellaris (Herrich-Schaeffer)  Erythroneura scutellellaris 3 1.97 7 3.65 10
Genus uncertain * Deltocephalus spp. 4 2.63 4
Genus uncertain * Cicadula sp. 1 0.66 1
Unidentified cicadellids 6 3.95 6
Cercopoidea
Aphrophoridae
Philaenus spumarius (L.) 1 0.66 1
Neophilaenus lineatus (L.) Philaenus lineatus 14 9.21 1 0.52 15
Total Auchenorrhyncha 152 100 19 100 192 100 362
Total insects and % Auchenorrhyncha 7748 1.96 839 226 17752 1.08

*Freeman’s samples taken at his lowest height (3 m above ground) were omitted. T The genus given in Freeman (1939) has now been

split into several genera.

from late August to early September, but as significantly
more females than males (19:4, XZ(I) =9.78, P = 0.002).
The ratio of females to males amongst the remaining spe-
cies combined was 1.5:1 but this difference was not for-
mally significant (X2<1): 1.72,p=0.19).

The proportion of all species caught in aerial netting
over England (Table 4) adopting the different stages (egg,

nymph, adult) for overwintering did not differ significant-
ly from the proportions (64%, 19% & 16% respectively)
given by Nickel (2003) for the complete Auchenorrhyncha
fauna in Germany (XZ(Z) = 1.75, p = 0.42; for this compari-
son, Euscelis incisus was treated as split equally between
overwintering in the egg and nymphal stages).
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Table 4. Information on habitat, host plant specificity, overwintering stage and number of generations for Auchenorrhyncha species caught
by aerial netting over England. Species caught as singletons are not included.

Species (in order of Total Host plant Over- No. of Reference for overwintering stage
abundance in aerial number Habitat type (in UK) * . p wintering  annual and voltinism (in England, if available,
specificity * ) .
samples) caught stage generations otherwise Germany)
Javesella pellucida 126 ~ Crassland, sedges, b N 2 Waloff & Solomon, 1973; Morris, 1990a, b
cereal crops
Arthaldeus pascuellus 35 Grassland o1 e 2 Waloff & Solomon, 1973
Macrosteles sexnotatus 31 Gra§slgnd, clover p e 2 Waloff & Solomon, 1973
(Trifolium spp.)
Deltocephalus pulicaris 26 Gra_ssland, particularly o1 e 2 Waloff, 1973
in short grasses
Nickel & Remane, 2002; T3 generations
Psammotettix alienus 20 Grassland o1 e 27 in a warm year in Saxony-Anhalt,
Germany (Manurung et al., 2005)
Primarily on mallow
(Malva spp.), sage (Salvia
Eupteryx atropunctata 20 officinalis) and potato p e 2 Le Quesne & Payne, 1981
(Solanum tuberosum)
§ 31 & 4™ instar nymphs of 3rd generation
Euscelis incisus 10 Grassland 02 e,N 28 may overwinter in mild winters
(Mdiller, 1981)
Zyginidia scutellaris 10 Grassland o1 A 3 Waloff, 1994
Psammotettix confinis 8 Grassland o1 e 2 Waloff & Solomon, 1973
Errastunus ocellaris 5 Grassland o1 e 2 Waloff & Solomon, 1973; Waloff &
Thompson, 1980
Anoscopus albifrons 4 Grassland o1 e 1 Nickel & Remane, 2002
Nettle (Urtica dioica)
Eupteryx urticae 3 and spreading pellitory m1 e 2 Stewart, 1988
(Parietaria judaica)
Muellerianella 2 Tussock grass m1 e 1-2 Nickel & Remane, 2002
brevipennis (Deschampsia cespitosa)
Cicadula quadrinotata 2 Damp grasslands, rushes m2? e 1-2 Nickel & Remane, 2002
and sedges
. Low vegetation, vege-
Empoasca decipiens 2 table crops, and fruit trees p A 2 +part3 Alford, 2014
Various deciduous trees Nickel & Remane, 2002. In Wales,
. . . (esp. oak — Quercus the first generation is found on brambles,
Lindbergina aurovittata 2 robur) and brambles P e 2 the second on other deciduous trees
(Rubus spp.) (Claridge & Wilson, 1978)
1 generation in South Wales (Claridge
Alnetoidea alneti 2 Deciduous trees p e 1-2 & Wilson, 1976); 2 generations in Germany

(Nickel & Remane, 2002)

*Habitat type. Taken from various sources including Nickel (2003) and http://www.britishbugs.org.uk/ * Host plant specificity (from Nickel
& Remane, 2002): p — polyphagous, o1 —1st degree oligophagous (1 plant family), 02 — 2nd degree oligophagous (2 plant families or less
than 5 species of less than 5 families), m1 — 1st degree monophagous (1 plant species), m2 — 2nd degree monophagous, (1 plant genus).

e —egg, N — nymph, A — adult.

Species’ habitat associations

The species caught are nearly all eurytopic or pioneer
species with a wide geographic range, feeding on ruderal
plants (such as nettle (Urtica dioica) in the case of Eupteryx
urticae) or vegetable crops (e.g. Empoasca decipiens) and
exploiting highly disturbed habitats such as intensively-
managed grasslands or cereal cultivations (J. pellucida,
D. pulicaris, Z. scutellaris) (Table 4). Only two species
are arboricolous, Lindbergina aurovittata and Alnetoidea
alneti, both of which are polyphagous, an unusual strat-
egy for tree-dwellers. Generally, the species caught were
polyphagous or 1st degree oligophagous (according to the
categorisation of Nickel & Remane, 2002) (see Table 4).
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DISCUSSION

Most of our predictions, based on the results of previ-
ous studies in various regions of the world on migration
in Auchenorrhyncha, were supported. Unsurprisingly, all
individuals in the aerial samples were macropterous. This
characteristic, together with the sampling height, indicates
that all individuals caught were actively migrating rather
than being accidently caught up in convective up-draughts.
In fact, small insects aloft in daytime convective condi-
tions display distinctive behaviours with respect to the air
column in which they are flying (Wainwright et al., 2017).

Aerial densities

Aerial densities of Auchenorrhyncha estimated from our
samples were rather low, although not unusually so, for
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small insects flying at these altitudes in Britain (c.f. John-
son, 1969). For comparison, we note that aerial densities of
the brown planthopper (V. lugens) in south-east Asia can
be two orders of magnitude higher during peak migration
periods (see Table 10.2 in Drake & Reynolds, 2012).
Diel flight periodicity

Information on diel flight periodicity from our sam-
pling indicates that migration in British Auchenorrhyncha,
contrary to our initial hypothesis, is largely a daytime or
crepuscular activity. This is in distinct contrast to the long
nocturnal migrations found in some North American and
East Asian species (e.g. Taylor & Reling, 1986; Riley et al.,
1991; Carlson et al., 1992; Kisimoto & Rosenberg, 1994;
Reynolds et al., 1999). This may well be because nocturnal
air temperatures in Britain and northern Europe are often
below thresholds for flight (Raatikainen, 1967; Raatikain-
en & Vasarainen, 1973), but daytime flight does have the
advantage that, during sunny weather, migrants can utilise
convective lift to gain height, thus reducing power con-
sumption needed for migratory flight. As mentioned above,
many small migratory insect taxa are similarly adapted
(Wainwright et al., 2017).

Effects of wind speed and direction

The reason for increased aerial densities associated with
high wind speeds is not clear, although we note that in
some aphids, much migration takes place in fairly windy
weather (lulls in the wind permit take-off) (Johnson, 1954;
Walters & Dixon, 1984). The lack of an association with
any particular wind direction accords with small insects
like aphids that do not seem to fly preferentially on winds
from a particular direction (Taylor et al., 1979; Hu et al.,
2016), although the leathopper E. fabae in northeastern
USA constitutes a known exception. In late summer, E.
fabae ascending at dusk show an adaptive preference for
flight on winds from the north which occur immediately
after the passage of a cold front (Taylor & Reling, 1986;
Shields & Testa, 1999) — in this case, the increased flight
activity seems to be stimulated by falling air pressure.

Voltinism, phenology, overwintering stage
and sex-ratio in common migrant species

Auchenorrhyncha assemblages in relatively stable un-
disturbed habitats such as low-input grasslands tend to be
dominated by univoltine species (Novotny, 1994a, 1995;
Nickel, 2003; Nickel & Achtziger, 2005). Conversely,
species found in disturbed habitats tend to be bivoltine
or polyvoltine. The great majority of species in our study
belonged to the latter ecological grouping. Some bivoltine
leafthopper species show different levels of flight activ-
ity between generations (Nickel, 2003) but even so, hav-
ing more than one generation per year would enhance the
ability of the species to track temporally variable stands of
host-plants.

J. pellucida is bivoltine in England with flight in both
generations, but with macroptery particularly dominant
in adults of the second generation (Waloff, 1973). The
specimens caught in in our study in July evidently rep-
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resent second generation migrants (c.f. Fig. 4 in Waloff,
1973). The two peaks of A. pascuellus, in early and late
summer, probably represent the migration of the first and
second generations of this bivoltine species (see seasonal
occurrence of adults in Waloff & Solomon, 1973). Among
the species of grassland leafthoppers she studied, Waloff
(1973) inferred that 4. pascuellus had rather low powers
of dispersal, based on the relationship between numbers
in traps at 1.2 and 9 m above ground. While not directly
refuted by our data — we had no information on ground
populations — this contention seems unlikely in view of
our high-altitude catches. Specimens of the multivoltine
Z. scutellaris, captured between mid-June and mid-July,
were likely to have been first generation adults (Waloff,
1994). The large numbers of Z. scutellaris caught in French
suction traps at the end of July / beginning of August was
attributed to a generation produced on maize cultivations
(della Giustina & Balasse, 1999). The two Macrosteles fe-
males (of unknown species) caught in our samples in June
were presumably first generation individuals. Macrosteles
sexnotatus was the most abundant species in Freeman’s
(1939) study, in which captures in June and September rep-
resent the first and second generation adults, respectively,
according to Waloff & Solomon’s (1973) phenology for M.
laevis/sexnotatus in southern England.

The leathoppers caught by our aerial trapping were
mostly species which overwinter in the egg stage, although
the planthopper J. pellucida overwinters as a nymph. This
seems to be the typical situation in the cicadomorph and
fulgoromorph Auchenorrhyncha respectively (see Table 37
in Nickel, 2003), however, so it is not clear whether this
difference represents an ecological adaption or just a phy-
logenetic constraint. Zyginidia scutellaris and E. decipiens
are exceptions to the usual leathopper pattern in that they
overwinter as adults, but these species are unusual in any
case as they tend to multivoltinism in England. It should
be noted that our sampling period did not include very
early (March) or late (November) in the season, with the
consequence that we may have missed other species that
often overwinter as adults (e.g. Balclutha spp., Zygina spp.
and some Idiocerinae). However, Freeman (1939) who did
sample from March to November in one year (1935) from
his masts in Lincolnshire, caught very few Auchenorrhyn-
cha outside the May—September period (N. lineatus was
trapped in November).

Our prediction that migrating individuals would have an
equal sex ratio was supported by J. pellucida but not A.
pascuellus. The female-biased sex ratio in A. pascuellus
in our samples differs from the near-equal sex ratio (1.19 :
13) in Waloff’s (1973) suction trap samples taken nearer
the ground (at or below 12.2 m).

Species composition of aerial samples

The qualitative similarity between our catches of Auche-
norrhyncha and those in suction traps at 12.2 m above
ground in France based on much wider geographical and
seasonal coverage (della Giustina & Balasse, 1999), gives
us confidence that we are sampling similar ecological phe-
nomena.
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The dominance of J. pellucida in our catches is, per-
haps, not surprising as the species is very common; Nickel
(2003) states that it is probably the most common auchen-
orrhynchan in most parts of cultivated lowlands in Central
Europe. It is also a noted migrant, often contributing a high
proportion of the catch in traps at heights of ~10-12 m
above ground in southern England (Waloff, 1973), France
(della Giustina & Balasse, 1999) and Finland (Raatikainen
& Vasarainen, 1973), although not locally the most abun-
dant planthopper. It is wing-polymorphic, but it is one of
rather few delphacids in which macropters dominate, pre-
sumably reflecting its dispersal tendencies. It is a vector
of several plant disease agents including Oat sterile dwarf
virus and European wheat striate mosaic virus (Brcak,
1979; Lindsten, 1979).

The occurrence of certain individual species in our
catches deserves comment. The large and distinctive leaf-
hopper, Athysanus argentarius, appeared once in our aerial
samples and has been discussed previously (Salmon &
Chapman, 2000) in respect of its northward range expan-
sion in recent years in Britain. Teraguchi (1986) referred to
A. argentarius as a classic example of the oogenesis/flight
syndrome of Johnson (1969), as most of the catch in his
aerial traps were females, but only a very small percentage
of these were sexually mature.

The presence of the leathopper Anoscopus albifrons, al-
beit in small numbers (4), is remarkable given that this spe-
cies is normally considered to dwell close to the ground,
being most frequently sampled by pitfall traps or power-
ful suction sampling (Stewart, 2002). The same comment
would apply to Anaceratagallia ribauti, although only a
singleton of this species was caught.

Finally, we note that catches of small insects over the sea
far from land are also indicative of windborne migration;
in this context two ‘Empoasca flavescens’ [now Empoasca
vitis (Gothe)] and one J. pellucida were reported in sam-
ples taken in 1938 over the North Sea (with nets attached
to ships’ mast-heads) (Hardy & Cheng, 1986).

CONCLUSIONS

The species caught by aerial trapping were certainly not
a random assortment of the approximately 150 Auchenor-
rhyncha regarded as common in Britain (see http://www.
ledra.co.uk/species.html) but, in the main, they seem to be
a guild of species exploiting the same class of resources in
a similar manner, with migration constituting an important
element of their life-cycle. In the first instance, migration
abilities will of course depend on macroptery, and will also
be related to age and sexual maturity. Where the matter has
been considered, migratory flight in European Auchenor-
rhyncha seems to occur fairly soon (a few days) after the
appearance of the first adults, e.g. in J. pellucida and D.
pulicaris (Raatikainen, 1967, Raatikainen & Vasarainen,
1973), and this timing would also have to take into account
any periods where weather was unfavourable for flight. So
we can conclude that migration occurs in sexually imma-
ture adults, and that mature ones tend to ‘flit’ or even show
loss of flight capacity (Waloff, 1973). Thus, several of the
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Auchenorrhyncha considered here show evidence of the
oogenesis-flight syndrome (as found in planthoppers and
leathoppers from other regions, e.g. Teraguschi, 1986; Ki-
simoto & Rosenberg, 1994; Shields & Testa, 1999).

After these physiological and morphological aspects
of the migration syndrome (Dingle, 2014; Chapman et
al., 2015) are taken into account, the species found in our
samples exemplify a colonising ‘life-style’ with the as-
sociated relationships between migration propensity and
the durational stability and isolation of the habitat. In fact,
several careful assessments have confirmed the relation-
ship between the migratory capability of Auchenorrhyncha
and the ephemerality of their habitats (e.g. Denno et al.,
1991, 1996, 2001; Novotny, 1994b), with the proviso that
species associated with three-dimensional habitats (trees,
tall herbs) tend to exhibit monomorphic macroptery be-
cause of the need for wings to negotiate around the com-
plex host-plant architecture (Waloff, 1983; Denno et al.,
2001). The species regularly encountered in aerial samples
(Table 4) tend to be common ‘r-selected’ opportunists,
characteristically found in disturbed grasslands or in other
early-successional and ephemeral habitats (Morris, 1990a;
Nickel, 2003; Nickel & Hildebrandt, 2003). They are also
characterized by low food specificity — polyphagous spe-
cies are known to be associated with transient habitats,
unlike monophagous specialists, which prefer more stable
ones (Novotny, 1994a; Nickel, 2003). Arboricolous spe-
cies were much less frequently captured in this, and previ-
ous, studies of aerial migration, and those that were caught
tended to be polyphagous on a range of deciduous trees.

In summary, we consider that the captures of Auchen-
orrthyncha documented here do not represent haphazard
events, but are indicative of regular migrations in the upper
air as an adaptation to a colonising way of life. Clearly
more data are required to support this view, particularly
in the case of the species where only singletons were col-
lected, but we hope that this preliminary contribution will
stimulate further work on the migration syndromes of this
group of insects.
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