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GALL INDUCING AND OTHER GALL MIDGE SPECIES (DIPTERA:
CECIDOMYIIDAE) ASSOCIATED WITH OAKS (QUERCUS SPP.)
(FAGACEAE) IN THE PALAEARCTIC REGION

Marcela Skuhravé', Vaclav Skuhravy? and Klaus Dengler®

! Czech Zoological Somety, CZ-128 00 Praha 2, Vinicna 7, Czech Republic
2 Institute-of Entomology, Czech Academy of Sciences, CZ-370 05 Ceske Budejovice, Branisovska 31, Czech Republlc
3 Fachhochschule Rottenburg, Hochschule fur Forstwirtschaft, Schadenweilerhof, D-72108 Rottenburg am Neckar,

Germany

Abstract.—In the Palaearctic region, 56 gall midge species are associated with 14 species
of Quercus. Thirty-four species are gall makers whose larvae cause galls of various
shapes on organs of its host plants. Fourteen species are inquiliries, of which eight spp.
develop in galls caused by gall midges and six spp. develop in galls of gall wasps
(Cynipidae, Hymenoptera); larvae of Resseliella quercivora feed with cambium sap;
Xylodiplosis nigritarsis, X. praecox and X. aestivalis are xylophilous and their larvae
develop inside the xylem vessels of fresh cut oak wood; Clinodiplosis cilicrus,
Coquillettomyia umida, Trisopsis abdominalis and Winnertzia maxima are mycophagous.
Because of a concentration of research effort in Europe, the majority of gall midges
currently known to be associated with oaks occur in the western Palaearctic. The gall
midge fauna associated with oaks in the eastern Palaearctic is poorly known.

INTRODUCTION

“Oaks (Quercus L.) and their close relatives (Fagus L.,
Castanea Mill., and Nothofagus L.) belong to the family
Fagaceae. The genus Quercus is rich in species includ-
‘ing more than 600 recent and many fossil species. Oaks

“are usually stout trees, rarely shrubs, and have deciduous

- orevergreen leaves. Several oak species have wide
geographic distributions and are important (sometimes
‘dominant) components of the vegetation cover character-
istic of particular biogeographical regions or altitudinal

.'zones. Oaks are most species-rich in North America and

eastern Asia, with fewer species in Europe. Below we

use the Quercus taxonomy proposed by Tutin et al.

(1964) and the gall midge taxonomy used by Skuhrava
- (1986).

In the Palaearctic region, 14 oak species host a total of
more than 50 gall midge species. Quercus robur L., Q.
petraea (Matt.) Liebl. and Q. pubescens Willd. are Euro-
Siberian species with broad distributions. Q. cerris L. is
a southeastern European species whose natural distribu-
. tion extends from the Mediterranean through Central
Europe to the southern part of the Czech and Slovak
_ Republics. Quercus coccifera L., Q. ilex L,. and Q.
JSruticosa Brot. (= Q. lusitanica Lam.) occur along the

coast of the Mediterranean Sea. Quercus ostryaefolia
Borbas (= Q. macedonica DC) occupies a smaller area
spread mainly in the Balkan Peninsula. Quercus
acutissima Corr., Q. dentata Thunb., Q. variabilis
Blume, Q. mongolica Fisch. ex Ledeb., and Q. serrata
Thunb. are typical east-Asian species.

History

Gall midge galls developing on oak leaves had already
drawn the attention of researchers by the middle of the
19th century. V. Kollar (1850) reared adults fronfleaf
galls on Quercus cerris occurring abundantly in forests
surrounding Vienna and described the causal agent as
Lasioptera cerris (now Janetia cerris). In the same area,
also on leaves of Quercus cerris, Giraud (1861) observed
interesting galls, reared adults and described the causal
agent as Cecidomyia circinans (now: Dryomyia
circinans). Binnie (1877) reared adults from leaf bud
galls on Quercus robur which he found in Scotland and
described them as Cecidomyia quercus (now: Arnoldiola
quercus). F. Low (1877), who studied galls around
Vienna, observed small galls on leaves of Quercus cerris
which differed from those induced by Janetia cerris and
described the insect as Cecidomyia homocera (now
Janetia homocera). In the same paper he described also



the agent of leaf margin galls on Quercus robur as
Diplosis dryobia (now: Macrodiplosis dryobia). A year
later, Low (1878) described the agent of leaf galls on
Quercus ilex (sent by J. Lichtenstein from Montpellier in
southern France) as Cecidomyia lichtensteini (now:
Dryomyia lichtensteini). Léw (1889) discovered larvae

- of gall midges living under the galls of cynipid gall
wasp, Neuroterus lenticularis (now known as the asexual
generation of Neuroterus quercusbaccarum), and
described the adults as Diplosis galliperda (now:
Parallelodiplosis galliperda). He also briefly mentioned
the peculiar biology of this gall midge species. Several
gall midge species causing or inhabiting oak galls were
described by Riibsaamen (1890, 1891, 1899) who
worked mainly in southern Germany.

In the last decade of the 19th century the French ento-
mologist; J.J. Kieffer, described several gall midge
species developing in galls or associated with various
species of oak. He seemed to have wished to name all
gall midge species before publishing his greatest work
(Kieffer 1913: Cecidomyidae in Genera Insectorum), and
- named about 170 gall midge species only on the basis of
gall habits (Kieffer 1909). These names remain valid
according to the ICZN. This total includes 14 species
developing on oaks. Adults of many these species are

~ undescribed and their systematic position remains
uncertain.

" The majority of gall midge species associated with oaks
were described from 1850-1909, with few additions in
the 20th century (Del Guercio 1918, Tavares 1919,
Kovalev 1972, Kritskaja and Mamaeva 1981). Two
newly-discovered species have been described recently
(Contarinia cerriperda, Skuhrava 1991, and Schueziella
quercicola, Stelter 1994).

" THE BIOLOGY OF GALL MIDGES
" ASSOCIATED WITH OAKS

- Cecidomyiid gall midges may be divided into three large
biological groups on the basis of larval feeding habits:
" phytophagous, zoophagous and mycophagous (Skuhrava
* etal. 1984). Each of these groups may be divided into
subgroups. ‘Gall midges associated with oaks include
representatives of all of these groups. Larvae of the
majority of species are gall makers, while smaller
numbers of species are either inquilines, cambium-
feeders, xylophilous or mycophagous (table 1).

Gall Inducing Gall Midges

Larvae of cecidogenic (gall-inducing) gall midges attack
various oak organs, including leaf buds, leaves, and twigs
(figs. 1 and 2). This group also includes several species
which do not induce galls but whose larvae damage and
deform oak flowers and male catkins, or cause atrophy of

acorns. More than 40 cecidogenic gall midge species
have been described from oaks in the Palaearctic Region.
Many species causing pustule or spot galls were de-
scribed by Kieffer (1909) based on the shape of the gall,
sometimes together with a note about the color of the
larva. Although the shapes of gall midge galls are well
known and their occurrence is recorded in many Euro-
pean countries, the adults of many gallers remain
unknown because it is very difficult to catch larvae in .
galls and to rear adults of these univoltine gall midges.
Generic classifications of such species thus remain
tentative.

1. Species associated with Q. robur and Q. petraea

Thirteen gall midge species have been described from the
leaves of Quercus robur and Q. petraea, of which eight
are gall inducers and five are inquilines.

Larvae of Macrodiplosis spp. cause galls on the leaf
margin. The gall of M. dryobia consists of a thickened,
downwards-folded marginal leaf lobe which is
depigmented, often spotted with red or yellow. Each
larval chamber contains from 1 to several yellowish-
white larvae. The gall of M. volvens consists of an
upwardly-rolled and swollen section of leaf margin
located between two leaf lobes. Each chamber contains
from 1-5 larvae. At the beginning of their development
the larvae are whitish, later becoming orange at both
ends of the body.

In Central Europe, the adults of both Macrodiplosis
species fly in May. Shortly after mating the males perish
and females lay their eggs on bursting oak leaves.
Larvae which hatch from the eggs after several days and
start suck the leaf tissue, which induces gall formation.
The larvae grow relatively quickly, and are fully devel-
oped by the end of June. Mature larvae leave their galls
and drop to the soil, where they remain until the follow-
ing spring. Both species have a univoltine cycle. Galls
of both Macrodiplosis species occur abundantly on
leaves of Quercus robur and Q. petraea in central Europe
and can be found from Portugal, Spain, and England ing
the west eastwards almost as far as the Urals. Both
Macrodiplosis dryobia and M. volvens may be found oh
oaks from an altitude of 180 m up to 800 m in
submontane areas (Skuhrava 1987, 1991, 1994).

Larvae of Polystepha spp. and Arnoldiola libera cause
pustule or parenchyma galls on oak leaves. Larvae of
Dasineura panteli cause folded galls along lateral leaf
veins. Little is known of their biology: all three are
univoltine species whose adults fly in May.

The yellowish-white larvae of Contarinia quercina
induce galls in oak buds, each of which typically
contains several larvae. Larvae of both the gall-forming



Table | —Gall midge species associated with oak species in the Palaearctic Region

1. Gall inducing gall midges and their inquilines according to host plant trees

Gall midge species Gall type Distribution*
Quercus robur L. and Q. petraea (Matt.) Liebl.
Macrodiplosis dryobia (F.Lw.) leaf gall Europe
- Macrodiplosis volvens Kieffer leaf gall Europe
Monodiplosis liebeli (Kfft.) inquiline Europe .
Contarinia quercina (Riibs.) swollen bud Europe
Arnoldiola quercus (Binnie) inquiline Europe
Dasineura dryophila Riibs. inquiline GB,G,RU
Moreschiella roburella D.Gue. inquiline I
Schueziella quercicola Stelter inquiline G
Polystepha quercus Kieffer leaf gall Europe
" Polystepha malpighii Kieffer leaf gall Europe
Polystepha rossica H.Mam. leaf gall RU
Arnoldiola libera (Kieffer) leaf gall Europe
Dasineura panteli (Kieffer) leaf fold S,E
Quercus pubescens Willd.
Contarinia amenti Kieffer deformed catkin I
Quercus cerris L.
- Contarinia quercicola (Riibs.) swollen bud CS,A,H,RU,YU,UK
Arnoldiola dryophila (Kffr.) inquiline F
Clinodiplosis cilicrus (Kffr.) inquiline A
Moreschiella ilicicola D.Gue. inquiline I
Janetia cerris (Kollar) leaf gall Med. up to TR
Janetia homocera (F.Lw.) leaf gall Med.
Janetia szepligetii Kieffer leaf gall CS,H,R,LYU,BG,TR,IS
* Janetia nervicola (Kieffer) leaf gall Med.
Janetia plicans (Kieffer) leaf fold A
Janetia pustularis (Kieffer) leaf gall CS,AH,YU
Arnoldiola trotteri Kieffer leaf gall I
Contarinia subulifex Kieffer leaf gall F,CS,A,H,R,YU.,IS
Dasineura tubularis (Kieffer) leaf gall CS,A,HR,YU
- Dryomyia circinans (Giraud) leaf gall Med. up to TR
Contarinia cerriperda Skuhrava deformed flower Slovakia
Quercus ithaburensis Boiss.
 Contarinia subulifex Kieffer IS '
Janetia szepligetii Kieffer IS v
Quercus ostryaefolia Borb s
Arnoldiola baldratii (Kieffer) leaf gall I
Quercus coccifera L.
Dryomyia cocciferae (Marchal) leaf gall F,P,AL,TU
Contarinia cocciferae (Tavares) bud gall GB,PE,I,YU,AL MO

(table 1 continued on next page)




(table 1 continued)

1. Gall indilcing gall midges and their inquilines according to host plant trees

Gall midge species Gall type Distribution*
“Quercus ilex L.

Dryomyia.lichtensteini (F.Lw.) leaf gall FPILYUMO,AL
" Contarinia ilicis Kieffer leaf gall P, AL

Contarinia luteola Tavares twig gall PLYU

Dasineura ilicis Tavares inquiline? P

Contarinia minima (Kieffer) leaf gall I

Arnoldiola tympanifex (Kieffer) leaf gall I

Quercus fruticosa Brot. (= Q. lusitanica Lﬁm.)

Dasineura squamosa (Tavares) atrophied acorns S,GB

Kiefferiola panteli (Kieffer) - leaf gall F,G,A,PE,YU

Quercus ihongolica Fisch. ex Ledeb.

leaf gall Russia (Far East)

Macrodiplosis flexa Kovalev

Quercus acutissima Carr., Q. dentata Thunb. and Q. variabilis Blume
.Ametrodiplosis acutissima(Monzen) leaf and stem gall Japan

Quercus serrata Thunb.
Silvestriola quercifoliae Shinji leaf gall Japan

* Distribuﬁon in countries is indicated by the following abbreviations: A Austria; AL Algeria; BG Bulgaria; CS

~ Czech and Slovak Republics; DK Denmark; E Spain; F France; G Germany; GB England; H Hungary; I Italy; IS Israel;

- Med. Mediterranean area; MO Morocco; N The Netherlands; P Portugal; RU Romania; S Sweden; SF Finland; TR
Turkey; TU Tunis; UK Ukraine; YU the former Yugoslavia

2. Inquilines in cynipid galls
Gall wasp species
Neuroterus quercusbaccarum
.Neuroterus albipes

- Biorhiza pallida

Andricus fecundator

Dryocosmus australis Mayr

-3. Cambium-feeding gall midges
-Resseliella quercivora Mamaev

4. Xylophilous gall midge species
Xylodiplosis nigritarsis (Zetterstedt)

Xylodiplosis praecox (Winnertz)
Xylodiplosis aestivalis Kieffer

5. Biology bf mycophagous gall midge species

Gall midge species
Parallelodiplosis galliperda (F.Lw.)
Xenodiplosis laeviusculi (Riibs.)
Clinodiplosis cilicrus (Kieffer)
Clinodiplosis cilicrus (Kieffer)
Arnoldiola gemmae (Riibsaamen)
Lestodiplosis necans (Riibsaamen)
Lasioptera nigrocincta Kieffer

Distribution
Europe

GB, D, CS
F,NL

F,G

S,GB, G, CS
G

AL

Russia, G, CS

SF, DK, GB, NL, F, G,
CS

G, CS

F

Clinodiplosi& cilicrus (Kieffer) larvae in mine caused by (=C. coriscii Kieffer) undetermined caterpillars
Coquillettomyia umida (Mohn) larvae among oak leaves

Trisopsis abdominalis Mamaev larvae in rotten wood produced by Polyporus sulphureus

Winnertzia maxima Mamaev larvae in mycelium of Auricula mesenterica under bark of oak trunk

-
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. Figure 1.—Galls of gall midges caused on Quercus robur: a. Macrodiplosis dryobia, . Macrodiplosis volvens; c.
Contarinia quercicola; d. Contarinia subulifex; e-f. Dasineura tubularis, e. upper leaf side, f. lower leaf side.




Figure 2—Galls of gall midges on leaves of Quercus cerris: a-c. Dryomyia circinans, a. lower leaf side, b. upper leaf side,
c. heavily attacked, deformed leaf; d. Janetia cerris, upper leaf side; e. Janetia homocera, upper leaf side; /. Janetia
nervicola, longitudinal section of the main leaf vein.




species and several inquilines may be found among the
small deformed young leaves of the galls. Inquiline
larvae differ from those of the gall-causer mainly in the

color of the-body, and in the shape of the spatula sternalis -

and last abdominal segment. Larvae leave their galls
~ between August and the beginning of September and
drop to the soil where they hibernate until the following
spring. C. quercina has two generations each year.
Adults of the overwintering generation fly in May and
_adults of the summer generation fly in July.

2. Species associated with Q. pubescens

Little is known about Contarinia amenti, which induces
galls on Quercus pubescens. This species was only
briefly described by Kieffer (1909): “Quercus
pubescens. Catkin deformed, shortened and swollen.
Larvae red, situated among the flower parts; dorsal

~ papillae without bristles, spatula at the end only little
emarginated.” No further details are known of the
biology of this species. -

3. Species associated with Q. cerris

Quercus cerris is the host plant with the highest number
of gall midge species associated with one oak host
species. Of 15 gall midge species, 12 are gall makers
--and 3 are inquilines. Larvae of Contarinia quercicola
cause bud galls in which the larvae of three other gall
midges, Arnoldiola dryophila, Clinodiplosis cilicrus, and
Moreschiella ilicicola, live as inquilines Janetia cerris, J.
~ homocera, Contarinia subulifex. Dasineura tubularis
" and Dryomyia circinans cause unilocular galls of various
shapes, pubescent or hairless, on the leaves of Quercus
cerris. These galls usually protrude on both sides of the
leaves. Janetia szepligetii, J. pustularis, and Arnoldiola
tkdtteri cause pustule or parenchyma galls on leaves.
Larvae of Janetia nervicola inhabit galls formed from
-swollen leaf veins and larvae of J. plicans cause folds on
the leaves. Larvae of Contarinia cerriperda malform
single flowers on male catkins.

Gall midges associated with Quercus cerris have, along

with their host plant, a Mediterranean and sub-Mediterra-

nean distribution, the majority extending north as far as

the most southern part of the Czech and Slovak Repub-

- lics (Skuhrava 1986, 1991, 1994). In these areas, larvae

. of the gall midge species mentioned above leave their
galls to hibernate in the soil, whereas in areas nearer the

~ Mediterranean, the larvae hibernate inside their galls and
- also pupate in them in the following spring. Some gall
midge species occur to the north of the natural bound-
aries-of the Q. cerris distribution, attacking trees and

_shrubs planted in botanical gardens and castle parks in
the Czech Republic and Germany (Skuhrava et al. 1984).

All gall midge species associated with Quercus cerris
have only one generation a year. Adults fly from the
second half of April to early May. Females lay their eggs
on, or in oak organs where larvae hatch from their eggs

< after several days. Larval development lasts from several

weeks up to several months. Larvae of Janetia
pustularis leave their galls by the end of May, larvae of
Dasineura tubularis a little later. Larvae of the remain-
ing species leave their galls between the end of Qctober
and the beginning of November (Skuhravy and Skuhrava
1971, Skuhrava and Skuhravy 1973, Schremmer ]9§91).

3. Species associated with Q. coccifera, Q. ilex, and Q.
lusitanica

Little is known about the gall midges associated with
Quercus coccifera, Q. ilex, and Q. lusitanica which occur
in the Mediterranean area. Larvae of 10 gall midge
species cause galls of various types on organs of these
evergreen oaks. They have also only one generation in a
year and their larvae hibernate in their galls on the leaves
rather than dropping to the soil.

4. Species associated with oaks in the Eastern
Palaearctic

Little is known about the biology of gall midges associ-
ated eastern palaearctic oaks. Larvae of Macrodiplosis
flexa galls the leaves of Quercus mongolica and were
found at Sichote-Alin in the Russian far east. Galls of
Ametrodiplosis acutissima causing leaf and stem galls on
Quercus acutissima, Q. dentata, and Q. variabi¥is, and
galls of Silvestriola guercifoliae, were found in Japan
(Yukawa 1971).

Subglobular galls of an undetermined Contarinia species
gall the leaves of Quercus glauca in Japan. Yukawa and
Tsuda (1986) studied the development of this species in
detail and came to the conclusion that it causes premature
leaf fall.

Relations Between Gall Midges and
Their Host Plants [}

It is usually accepted that gall midges are tightly 2850Ci-
ated with particular host plant species. Some oak gall
midges, however, attack species in addition to the oak
from which they were first described, usually related
sympatric oak species or their hybrids. For example,
galls of Macrodiplosis dryobia and M. volvens are
usually found on Quercus robur and Q. petraea, but they
are also occasionally found on other oaks including
Quercus pubescens and even Quercus cerris (Skuhravy
et al. 1997). The full range of host plants, including
occasional hosts, is given in identification keys for galls
(Houard 1908-1909, Buhr 1964-1965).




INQUILINES

Larvae of inquilines gall midges are phytophagous but
neither induce galls nor live freely in plant tissue.
Females of inquiline gall midges lay their eggs on or in
galls produced by other species—usually gall midges or
gall wasps. Hatched larvae feed by sucking sap from the
tissue of the gall, as do those of gall inducing species.
Nine inquiline gall midge species have been described to
date in galls produced by gall midges on oaks. Inquiline
species are usually not as abundant as their gall-inducing
“hosts. '

Galls induced by oak cynipid gallwasps also sometimes
contain gall midge larvae. The orange-yellow larvae of
Parallelodiplosis galliperda develop under the asexual
spangle galls of Neuroterus quercusbaccarum, sucking
sap from the gall tissues. This alters the shape of the
galls, which are less regularly circular than unattacked
galls. Some are so damaged that they fall prematurely,
leading to the death of the gallwasp larvae (hence the
name galliperda). Similarly, the larvae of Xenodiplosis
laeviusculi develop under the asexual spangle galls of
Neuroterus albipes. Nothing more is known about the
biology of this species.

Adults of 'Clinbdiplosis cilicrus have been reared from
galls of two gall wasp species—the sexual generation
galls of Biorhiza pallida and the asexual generation galls

- of Andricus fecundator. Originally these gall midges

were considered to be separate and named Clinodiplosis

biorrhizae and Clinodiplosis gallicola, respectively. On

the basis of extensive experiments and an analysis of

morphological characters of larvae and adults, Skuhrava

(1973) demonstrated there is only one species,

Clinodiplosis cilicrus. Tt is a phytosaprophage whose
“larvae develop in decaying plant matter.

Two other gall midge species have been reared from the
asexual generation galls of Andricus fecundator. Larvae
" of Arnoldiola gemmae are probably inquilines between
the scales of the gall where they pupate in white cocoons.
Larvae of Lestodiplosis necans, which in common other
member of the genus Lestodiplosis are probably zoopha-
‘gous, attack the larvae of Arnoldiola gemmae.

All these inquiline gall midge species were found in
Central Europe. Only one species of inquiline gall midge
is known from the Mediterranean area: adults of
Lasioptera nigrocincta were reared from galls of the
cynipid Dryocosmus australis on leaves of Quercus ilex
in Algeria:

CAMBIUM-FEEDING GALL MIDGES

Cambium necroses and bark damage to the trunks of
young oaks (sometimes called oak-cancer or T-necroses)

have been recorded from several locations in Europe.
Initially, either abiotic (either frost or drought) or biotic
(particularly fungi) causes for such damage have been
considered. Gibbs (1982) was the first to provide
evidence that such canker formation is the result of
infestation by the larvae of an undetermined species of
gall midge in the genus Resseliella. Females were
observed to lay eggs in recently formed wounds made by
the woodpecker Dendrocopus major (Picidae, Aves) in
oak trunks during the months of July and August. N

In 1990, Dengler found thousands of young oak trees in
forest stands near Rottenburg, southern Germany, to be
severely damaged by these gall midges. Analysis of
morphological characters of the larvae and later also of
reared adults, led us to identify this species as Resseliella
quercivora (Mamaev and Krivosheina 1965). Original
uncertainty with our identification resulted from the fact
that R. quercivora was described only briefly by Mamaev
(in Mamaev and Krivesheina 1965) and in the original
description the host plant and biology are not given. The
injury to oak trees may be derived only from the species
name “quercivora”. The larvae of Resseliella quercivora
are responsible for the origin of the necrosis on oak
trunks. These necroses only develop secondarily
following primary damage by woodpeckers or through
other causes. Females of R. quercivora are probably
attracted to such wounds by olfactory cues present in the
cambium exudate.

Twenty-three gall midge species are included in the
genus Resseliella Seitner, 1906 in the Palaearctic Région
(Skuhrava 1986). Gagné (1973) considered the genera
Thomasiniana Strand, 1927, Profeltiella Kieffer, 1912
and Wichmanniella M6hn, 1955 to be synonyms of
Resseliella. Members of this genus usually do not cause
galls, but are often associated with the resin of conifers
or with damaged trunks of deciduous trees, where larvae
have been found under the damaged bark. Species of this
genus are considered to be host-plant specific. Only
Resseliella oculiperda (Riibsaamen), whose larvae have
been found between bud grafts and the stock of roses, is
also known to occur in similar locations on several fruft
tree species in other rosaceous genera. v

Using a knife or die, Dengler intentionally wounded the
trunks of 37 host plant species belonging to 12 plant
families in the arboretum at Rottenburg am Neckar. Gall
midge larvae and necrosis of a form similar to that
induced by Resseliella querciperda on oaks were found
on several other tree species. We are currently trying to
discern whether a single Resseliella species is respon-
sible for the development of necroses on many host tree
species, or whether several Resseliella-species are
responsible for the development of necrosis on specific
host tree species.




XYLOPHILOUS GALL MIDGE SPECIES

Adults of midges in this group are attracted to wood and

woody materials. No details are known on their biology,

including what kind of food their larvae are eating.

Typically, single specimens have been collected flying

" near such material or sitting on a log, sometimes without
exact determination of the host plant species. Some of
these gall midges are probably mycophagous. More than
20 xylophilous gall midge species are known from the

~ Palaearctic region, belonging to the genera Xylodiplosis
Kieffer, 1894; Karschomyia Felt, 1908; Ledomyia
Kieffer, 1895; Lauthia Kieffer, 1912; Microperrisia
Kieffer, 1912; and Holobremia Kieffer, 1912 (Kieffer
1900, 1904; Skuhrava et al. 1984).

The most interesting of these genera is Xylodiplosis
Kieffer, 1894. Three European species are known: X.

- nigritarsis (Zetterstedt, 1850), X. praecox and X.
aestivalis Kieffer, 1904 (Skuhrava 1986). All of these
species were very insufficiently described and their
biology is little known. It remains unclear whether they
are truly independent species or whether one or more are
synonyms of Xylodiplosis nigritarsis, the oldest and most
important species in this group. Zetterstedt (1850) found
two females in Denmark and described them very briefly
as Cecidomyza nigritarsis. Kieffer (1894) established
the genus Xylodiplosis for this species and studied its
biology (Kieffer 1900). The larvae develop in freshly cut
oak wood. X. nigritarsis is found—according to scant
information—in Finland, England, the Netherlands,
Germany, and France.

We observed adults—only females—of X. nigritarsis for
the first time in the Czech Republic in 1984, at the
. beginning of March. Females were found sitting on oak-
stumps or on the cut-surfaces of piled wood. The
population of X. nigritarsis was so abundant that it was
" possible to study the diurnal activity and the flight
~ period.

Diurnal Activity

Xylodiplosis nigritarsis has a morning activity which is
influenced by temperature. Females are attracted by the
fresh cut oak wood. At the beginning of March, 1984,
the first females started to fly to oak stumps and cut

" surfaces of freshly cut oak trunks at 9 o ’clock when the
‘temperature rose from freezing point to 4°C and the sun
began to shine. Females flew slowly round the fresh-cut

" logs. Many of them sat on the line of the circle contain-
ing the xylem vessels. Some females extended their
ovipositor, as far as several times their body length, and
inserted it into xylem vessels. Oviposition may take
several hours. Some females perish in the course of egg-
laying because they cannot withdraw their ovipositor

from the xylem vessels. The number of females rose
with rising temperature, peaking around 3:00 pm.
Numbers declined thereafter until by 6:00 pm only dead
females remained.

Flight Period

Single females of Xylodiplosis nigritarsis were observed
in flight as early as late February, when temperatures rise
above freezing the sun shines. The flight period lasted
one month. From the beginning of March the number of
females rose, peaking around the 20th March when up to
1,400 females of X. nigritarsis were observed sitting or
flying round one surface of freshly cut oak. Thereafter
the number of females fell abruptly. Single females
occurred sporadically in April are were absent in May.

Dengler collected females of Xylodiplosis (probably X.
aestivalis, Kieffer 1904) at freshly cut oak trunks at the
beginning of October 1991 near Rottenburg am Neckar.
His work suggests that flight activity by X. aestivalis is
crepuscular. Females flew to exposed cut oak logs from
October to December. The flight period lasted three
months. We found that in central Europe, females of
Xylodiplosis nigritarsis flew only to freshly cut Quercus
robur, Q. petraea, and Q. rubra, and did not respond to
another 15 coniferous and deciduous tree species
belonging to various genera and families (Picea, Pinus,
Larix, Pseudotsuga, Betula, Alnus, Carpinus, Fagus,
Castanea, Ulmus, Populus, Tilia, and Fraxinus).

In North America, Gagné (1985) and Rock and Jackson
(1985, 1986) also studied the gall midges associated with
xylem vessels. Because females of the American
species, Xylodiplosis longistylus, lay eggs into freshly cut
wood of various tree species, they came to the conclusion
that the most important cue for oviposition was the size
of the xylem vessels.

MYCOPHAGOUS GALL MIDGES

The mycophagous gall midges include those whose
larvae are associated in various ways with fungi §
(Mycophyta). In the Palaearctic Region about 240' gall
midge species are associated with various fungal groups.
Only four gall midge species are known to be associated
with fungi or with processes of decay of oak wood.
Larvae of Clinodiplosis cilicrus (C. coriscii) were found
in a mine caused by an undetermined caterpillar; larvae
of Coquillettomyia umida were found among oak leaves.
Larvae of Trisopsis abdominalis lived in rotten wood
infected by the fungus Polyporus sulphureus. Larvae of
Winnertzia maxima were found in the mycelium of
Auricula mesenterica under the bark of an oak trunk.
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Abstract—Between 1955 and 1997 we carried out extensive studies of gall midge at
1,600 localities in Europe and in 17 localities in Asia (Siberia). Occurrence data col-
lected by earlier authors are summarized and compared with our data. Our analyses
show that the gall midge species composition in Europe is strongly influenced by
geographical and altitudinal position, climatic factors, vegetation type and human
activities. Analysis of our collected data make it possible to produce zoogeographic

- distribution maps for gall midge species, to recognize long-term changes in population
dynamics and to determine which species should be considered threatened with regard to

nature conservation.

INTRODUCTION

, fn zoogeo_graphicai studies of gall midges, it is essential

to gather extensive data on the horizontal and vertical
occurrence of each species throughout a larger study

" - area. The more data are collected, the more reliable and

meaningful the conclusions that can be drawn. Itis
possible to begin in smaller areas but it is necessary to
extend such investigations gradually to larger and larger
areas. We have therefore broadened our investigations

from a starting point in 1955 in the former Czechoslova-

" kia to include other countries in Europe and Asia. The
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following approaches are very important in addressing
zoogeographical questions:

" 1. Summary of scattered gall midge occurrence data
" gathered by earlier authors in various parts of
- Europe in the past.
" 2. Obtaining new data on the present occurrence of
) gaill_midges species in the same regions.
3. Extension of investigations to little-explored
areas.

MATERIALS AND METHODS

We use the term fauna to indicate the sum of all gall
midges species recorded from a particular area, country
or period. Other authors have described the same
concept using terms including species richness, species

diversity and faunal composition. We generated lists of

gall midge species forming partial faunas of several
European countries in which we included not only the

summarization of all data gathered by earlier authors but
also which we enriched by results of our own investiga-
tions (table 1). The gall midge fauna of each territory
was evaluated from two points of view: geographic and
zoological. Geographic data present two features of
gallwasp distributions: (a) Spatial distribution is
represented by the gall midge species found at individual
localities within a larger region. (b) Vertical occurrence
is shown by the average numbers of gall midge species
which occur in the rising altitudinal zones. When
possible, past and present distributions are compared to
examine long-term changes in population dynamics.

We used the same collecting method at each sample
location. We walked slowly through various biotopes in
each location for between one and several hours,
searching and collecting all galls on plants, or plants
inhabited by mites, aphids or other insects, or rusts, in
which larvae of gall midges may develop. All findings#
were recorded, including notes about the local abundance
of species. Each locality was investigated only once by
this method.

In 1955, at the beginning of our studies we developed a
strategy for systematic investigations of the gall midge
fauna of the Czech Republic. Localities in which we
intended to collect galls were identified throughout the
country using the map with Ehrendorfer’s network, as far
as possible with one locality per 11 x 12 km area
(described in detail in Skuhrava 1994). We used the
same grid-based method in Slovakia (Skuhrava 1991) but
this systematic approach could not be applied to the
whole of Europe due to time constraints.




Table l.—-A summary of studies of gall midge faunas in Europe and Asia

Cyprus

Investigated Year(s) Number Number Publication
country of of (M.S.=M.Skuhrava)
research localities Species (V.S.=V.Skuhravy)
Czech Republic 1955-1979 670 500 15 contributions of
: M.S.1957-1982 (all
' . cited in M.S.1994)
Slovak Republic 1969-1976 336 350 S contributions of .
. M.S.1972-1989 (all
cited in M.S.1991)
Yugoslavia 1963 15 290 M.S., V.S.1964
Slovenia review — 219 Simova-Tosic,
' M.S.,V.S.1996
Austria - 1967 32 98 M.S.,V.S.1967
o review — 284 M.S., Franz 1989
1991 44 311 M.S.,V.S. 1991/1992
, 1992,1993 198 374 M.S.,V.S.1995
Romania 1969 23 310 M.S.,V.S.,Neacsu 1972
Poland (fauna) review  — 320 M.S.,V.S., Skrzypczynska 1977
’ (pests) review — 28 M.S., Skrzypczynska 1983
Siberia 1988 17 110 M.S.,V.S.1993
" Germany, Harz 1988 7 90 M.S.,V.S.1988 -
Fichtelgeb. 1991 15 68 M.S.,V.S.1992
Bayer. Wald 1991 4 29 M.S.,V.S.1992
Bulgaria 1978-1987 46 240 M.S., V.S., Donceyv,
= Dimitrova 1991
pests review —_ 38 M.S.,V.S., Donceyv,
o Dimitrova 1992
Liechtenstein 1993 9 65 M.S.,V.S.1993
Italy review — 324 M.S.,V.S.1994 '
o 1997 4 20 unpublished
Spain (Aragon) determination
of material
o and review 17 — M.S., Blasco-Zumeta,V.S.1993
Spain+Portugal review — 220 M.S,,V.S., Blasco-Zumeta,
. ‘ Pujade 1996
- Switzerland 1993-1996 56 227 M.S.,V.S.,1997
" Hungary 1988,1997 22 318 in preparation
France review — 600 in preparation
Norway 1995 5 35 unpublished
" Greece v 1994-1996 56 140 in preparation /
Crete 1996 10 39 in preparation v
Mallorca 1997 7 23 in preparation
Sardinia 1997 15 35 in preparation
1997 17 21 in preparation
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In the period 1955-1997 we investigated the composition
of gall midge faunas at 1,600 European localities ranging
from Norway north of the Arctic Circle (Harstad, 68.48
N.L., 16.30 E.L.) south to Crete in the Mediterranean
(Iraklion, 35.20 N.L., 25,08 E.L., Greece), from Switzer-

. land in the west (Geneva, 46.13 N.L., 6.09 E.L.) to

easternmost Greece (Drama, 25.20 N.L., 25.08 E.L.) and
southern Central Siberia (Kyzyl, 51.45N.L., 94.28 E.L,,
Tuvin Autonomous Republic, Russia).

RESULTS

Skuhrava (1986) has described 2,200 gall midge species
from the Palaearctic region, of which about 1,500 species
occur in Europe. Based on our long-term research on the
distribution of gall midges in Europe we came to
conclusion that gall midge species richness is influenced
mainly by the following factors: geographical and
altitudinal position (both of which are associated with
changing levels of climatic variables including sunshine,
temperature, and rainfall), by the type of vegetation

cover, and by human activity.

Geographical Position

Gall midge species richness changes with geographical

. position, mainly along a north-south axis. The greatest

richness occurs in natural biotopes of Central Europe
situated at latitudes between 40 and 60 degrees, with a

‘rich vegetation cover of mixed forest growing in mild

weather conditions. From these latitudes the average
species number falls to both north and south (fig.1).

From Central Europe northwards, the average number of
gall midge species falls dramatically. In the southern
part of Sweden, for example, the gall midge fauna is
relatively rich, falling in boreal habitats further north.
Only two or three gall midge species are known from the
coniferous forests of northern inland Sweden (the
continental sector of Noirfalise 1987). In contrast, the

" gall midge fauna of more coastal regions of northern
~ Norway (the so called oceanic sector) is relatively rich:
~ 35 gall midge species were found in 1995 around
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Harstad, a town lying on Hinnoya island in northern
Norway (unpublished). Such a rich gall midge fauna
may be explained by a relatively high plant species
diversity. Many trees, shrubs and herbs grow well on
coastal rocks, cliffs, slopes and other landscapes due the
influence of the warm Gulf-stream.

From Central Europe southwards, the gall midge species
composition changes and the average number of gall
midge species also falls. In the continental parts of
southern Europe and in European mountains where cold
and wet conditions predominate, the number of gall
midge species remains relatively high—gall midge larvae

cause galls on leaves of trees and shrubs—but in
mediterranean Europe where hot and dry weather
predominates and mostly evergreen shrubs occur—gall
midge species richness is low.

Altitudinal Position

Gall midge species composition changes, and species
richness falls, from lowlands to mountains in Slovakia .
(Skuhrava 1991), the Czech Republic (Skuhrava 1994)
and Switzerland (Skuhravé and Skuhravy 1997).

.

Climatic Factors

The most important climatic factor appears to be tem-
perature. For example, the long-term population
dynamics of Thecodiplosis brachyntera, larvae of which
cause galls at the base of needle pairs of various species
of Pinus, correlate with long-term fluctuations in
temperature (Skuhravy 1991).

Vegetation Type

Vegetation species composition and structure are
influenced by climatic factors and change gradually with
geographical position, so forming the vegetational zones
of the Earth. Vegetation composition also changes with
increasing altitude from lowlands to mountains, forming
altitudinal belts of vegetation. Each type of vegetation
includes characteristic host plant species and a corre-
sponding gall midge fauna. Some gall midges are found
throughout the distribution of their host plant, while *
others occupy only a part of their host plant distribution.
Some gall midges are patchily distributed within the
continuous distribution of their host plant, while others
extend beyond the natural distribution of their host by
attacking introduced plants in botanical gardens
(Skuhrava 1987, Skuhrava et al. 1984).

Human Activity

Mankind has long had a substantial impact on nature,
particularly in recent decades. Many plant and animal #
species have already disappeared or are in the process gf
disappearing as a result of human activities such as
burning of trees and shrubs to obtain new land for
agriculture, grazing, development of industry, and use of
chemicals in agriculture which damage the environment.

Our long term analysis of the population dynamics of
gall midges through the 20th century in the Czech
Republic showed that 64 species (12 percent of the
Czech fauna) which were once abundant are now less
abundant, and in some cases undetectable (Skuhrava
1994). Such species may be designated as threatened in
the terms of the International Union for Conservation of
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Nature and Natural Resources and may be placed into
three categories indicating the degree of threat: extinct,

-endangered or vulnerable (Skuhrava 1994). Similarly, 18

gall midge species considered threatened, were found in
the swiss gall midge fauna (Skuhrava and Skuhravy
1997).

An outbreak of two gall midges, Harrisomyia vitrina and
Drisina glutinosa, associated with Acer pseudoplatanus,
was probably associated with environmental deteriora-
tion through.pollution stress (Skuhrava and Skuhravy
.1986). The main reasons for population increases and
outbreaks of Haplodiplosis marginata, larvae of which

cause saddle galls on the stems of cereals, include

concentration and specialization of plant production,
enlargement of fields and repeated consecutive planting
of cereals without crop rotation (Skuhravy et al. 1993).
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E - GALL MIDGES INFESTING CHENOPODIACEAE:
BIOLOGY AND TAXONOMY

Netta Dorchin
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*_ Abstract.—Gall midges (Cecidomyiidae) are dominant among the relatively few insect ¢
taxa that are known to infest plants of the beet family (Chenopodiaceae). More than 300
gall midge species have been reported from chenopod hosts, and about 115 species of
Chenopodiaceae are known to be hosts for gall midges. This extensive speciation of gall
midges on chenopods is demonstrated by current data on plant-midge relationships, with
. special focus on the Lasiopterini, which is the largest group involved, and a possible
explanation for this evolutionary process is discussed. Taxonomic difficulties concerning

the Lasiopterini are also reviewed.

CHENOPODS AS HOSTS FOR GALL MIDGES

Chenopodiaceae is a cosmopolitan family of plants,
mainly distributed in the deserts of central Asia, the
Middle East, Africa, Australia and in south American
prairies. The family comprises about 100 genera and

- 1,300 species, with the most prominent genera being

_ Anabasis, Atriplex, Salsola, Suaeda and Haloxylon,

- together comprising more than 600 species worldwide
(Mabberly 1997) (fig. 1a). Chenopods are annual or
perennial herbaceous plants, shrubs, or rarely, trees, often
dominating a variety of harsh biotopes such as salines
and deserts, where almost no other plants grow. It is in
these biotopes that chenopods form the characteristic
landscape of salt marshes, Irano-turanian prairies, and
sand dunes. Among the several anatomical and physi-
ological adaptations that enable chenopods to grow in
these extreme conditions, the best studied are their means
for plant disposing of excess salts: concentrating them in

. its tissues or excreting them through epidermal salt-
secreting hairs or salt glands (Mozafar and Goodin 1970,
- Waisel 1972). These mechanisms possibly also play a
. role in the unpalatability of chenopods to most insects.

While other arthropods seldom infest chenopods, more
than 300 cecidomyiid species are exclusive chenopod
feeders, and the great majority of them are gall formers.
More than 100 species of Chenopodiaceae are known to
be hosts of gall midges, and about 60 percent of them
belong to one of the five prominent genera mentioned
above (4nabasis, Atriplex, Salsola, Suaeda, and
Haloxylon, fig. 1b). However, many additional cheno-
pod-infesting gall midges and chenopod hosts are still
awaiting discovery, as is indicated by a recent research
on the chenopod-infesting gall midges in Israel (Dorchin
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Figure 1.—Five prominent genera within the '
Chenopodiaceae. A. number of species (total no. @
1300), B. number of host species (total no. 117).

1997). In that study, I screened 41 out of the 76 cheno-
pod species of Israel, and found 28 of them to be hosts of
gall midges. Seven of these plants were not previously
known to be hosts. Out of these 28 hosts 55 species of
gall midges were reared, most of which are probably
undescribed. The number of gall midge species per host
averaged 2 in that study. However, the number of gall
midge species infesting a given host varies greatly
among the hosts, with many hosts yielding only one gall




midge species, several hosts yielding three or four
species and one host (Salsola tetrandra Forssk.) yielding
seven species. Although this distribution pattern is in
accordance with the overall statistics for the chenopod
infesting gall midges as a group (fig. 2), examples from
Central Asia are much more impressive than the Israeli

~ ones, especially that of Haloxylon aphyllum with 28 gall
midge species associated with it (Marikovskij 1955,
Mamaev 1972). I speculate that the successful relation-
ship between gall midges.and chenopods, as reflected by
. these data, is due to the almost unique ability of the
midges to overcome the physical and physiological
obstacles presented by the plants, making it possible for
them to occupy an under-utilized niche. The latter
evolutionary event was then followed by extensive
speciation of the midges, a process which is probably
still going on today.

70

601

501
40|

301
201
10

0

Number of hosts

1 ‘ 2 ' 3 I 4 5 >5
Number of gall midge species

Figure 2.—Distribution of number of gall midge species
‘ per chenopod host.

THE CHENOPOD GALL MIDGES

Within the guild of chenopod infesting gall midges,
about 170 species (ca. 54 percent) belong to the tribe
Lasiopterini (fig. 3), and within this tribe mainly to the
chenopod-restricted genera Baldratia and Stefaniola.
Over 80 additional species belong to the Cecidomyiini
(mainly the genus Halodiplosis), and the rest belong to
small genera or species groups in the tribes
Asphondyliini (e.g., Asphondylia and Kochiomyia),
Oligotrophini (Dasyneuriola) and Alycaulini .
(Neolasioptera). My own findings on the Israeli fauna
(Dorchin 1997) are in accordance with these data, and
out of the 55 reared species of chenopod-infesting gall
midges, 27 (64 percent) belong to the Lasiopterini. This,
together with the continual discovery of new species in
central Asia (Fedotova 1989-1995) strengthens the

impression that our knowledge of this group is far from
complete.

CHENOPOD INFESTING LASIOPTERINI
Biology and Ecology

The chenopod infesting Lasiopterini constitute the most
interesting and diverse group within the guild both with
respect to their biology and taxonomy. Like other
Lasiopterini, which most commonly gall the vegetative
rather than reproductive plant organs (Roskam 1992),
most of the chenopod infesting species induce the
formation of twig or stem galls, many form leaf galls, but
only a few form bud and flower galls. Galls can be
rather large or barely visible, and they vary considerably
in structure and hairiness. Some galls are rare, while
others are found in great numbers. Some species have
also been reared that live in the plant tissue without
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causing visible deformation, a habit apparently much
more widespread in the Lasiopterini than previously
thought. The presence of the midges in such cases is
often discovered only after exuviae are found protruding
from normal looking leaves or stems (Dorchin 1997,
Fedotova 1992a, b, 1993). Larvae may be solitary or

- gregarious, and when gregarious, may cause considerable

damage to shoots (Dorchin 1997) or to fruits and seeds

- (Fedotova 1991, 1992b).

The great majority of the chenopod infesting Lasiopterini
complete their life cycle inside their galls, but some
exceptions are known for which the mature larvae fall to
the ground and pupate in it (e.g., Stefaniola ustjurensis
Fedetova (1991) and Baldratia jaxartica Fedotova
(1992b)). It was previously thought that most species
have only one generation per year (Mohn 1971). How-
ever, this impression might be the result of insufficient
biological and ecological data, as many species recently
studied by Fedotova (1991, 1992b, 1993, 1993a, 1995)
proved to have two or even three generations per year,
and this’is also implied by partial data I have obtained on

_ the Israeli fauna (Dorchin 1997).

An interesting ecological adaptation found in my study
reveals that despite their delicacy and fragility, some
Israeli desert species are active throughout the hottest

- months of the year, when temperatures may reach 45°C

(~113°F). Thus, Cecidomyiidae are an exception to most

- Nematocera, which prefef cool and moist biotopes, and

are probably the largest and most diverse nematoceran
family to be found in desert areas.

Taxonomy and Taxonomic Problems

. In view of the potential in the Lasiopterini for many new

and interesting taxonomic discoveries, it is important to

.mention that the tribe exhibits several complicated

taxonomic problems and is in urgent need of comprehen-
sive taxonomic revision and phylogenetic analysis.

‘However, these tasks confront some serious, technical

difficulties. The first difficulty is related to the revision

- of the Palaearctic Lasiopterini, published by Dr. Edwin
. Mohn between 1966 and 1971 in the series Die Fliegen
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der Palaearktischen Region. This revision, including the
keys and description of 72 new species, is entirely based
on larvae recovered from galls found in dried plants,
most of which were chenopods collected years earlier in
nerth Africa, central Asia, and the Mediterranean basin.
The identification of cecidomyiid larvae is extremely
difficult, and the usefulness of any revision based on
larval characters alone is therefore rather limited.

Another complication concerns Mohn’s types. Thirty-
five new species of Stefaniola and 19 new species of

Baldratiaa—two of the largest genera of Lasiopterini—
were described, among other taxa, in Mohn’s revision.
During my research, I reared 26 species belonging to
these genera, some of them from hosts recorded by
Mohn. A study of M6hn’s collection was therefore
essential. Unfortunately, the present condition of this
collection, which is deposited in the Staatliches Museum
fir Naturkunde in Stuttgart, renders it impossible to
locate and study most of the type material, as the
microscope slides are still temporary, with glycerol as a
mounting medium, and the types are actually not labeled+
The problem is not limited to Baldratia and Stefaniola
alone, but also concerns the genera Ozirhincus and
Lasioptera which were revised in the same work, as well
as the Palaearctic species of the tribe Trotteriini. Collect-
ing the relevant galls all over again and obtaining from
them larvae as well as associated adults seems to be the
best solution to this problem. Dr. Fedotova, now at the
Agricultural Academy in Ust Kinelskij, Russia, has
recently described the adults of few of Mohn’s species
from Kazakhstan (Fedotova 1989a, b, ¢, 1992) and I have
undertaken this task in Israel. However, further surveys
throughout north Africa, the Middle East, and central
Asia are necessary, although at this time seem somewhat
unrealistic. '

Another difficulty is created by the inaccessibility of
many relevant types of species described by Russian
workers. Conditions presently prevailing in Russia,
especially communication problems, form a great
hindrance to any study relying on the availability of these

types. .
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~ ACTILASIOPTERA (DIPTERA: CECIDOMYIIDAE),
A NEW GENUS FOR AUSTRALASIAN AND ASIAN GALL MIDGES
OF GREY MANGROVES, AVICENNIA SPP. (AVICENNIACEAE)

Raymond J. Gagné' and Laraine J. Law?
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Abstract.—A new genus of Lasiopterini, Actilasioptera, is described for five new
species of gall midges that form galls on Avicennia marina along the coast of
Queensland, Australia, and for Stefaniella falcaria Felt from leaf galls of Avicennia
officinalis in Java. The five new species, each forming a distinct gall, are named:
Actilasioptera coronata, A. pustulata, A. subfolium, A. tuberculata, and 4.
tumidifolium. Keys are given for the recognition of galls, adults, pupae, and

larvae.

This study is a result of a survey on the diversity and host

. associations of arthropod galls on mangroves in Moreton

Bay, SE Queensland, Australia (Law 1996). Eight foliar
galls were found on grey mangrove, Avicennia marina

"“(Forssk.) Vierh. Five of the galls were each caused by a

new species of Cecidomyiidae described in this paper,
another by an eriophyid mite (Acarina), one by a coccid
(Homoptera), and one by an unknown insect or mite. No
galls were found on the other mangroves studied, which

_ - are: river mangrove, Aegiceras corniculatum (L.)

‘(Myrsinaceae); blind-your-eye, Excoecaria agallocha

(L.) (Euphorbiaceae); black mangrove, Lumnitzera
racemosa (Willd.) (Combretaceae); red mangrove,
Rhizophora stylosa (Griffith) (Rhizophoraceae); yellow

. mangrove, Ceriops tagal (Perr.) Robinson
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(Rhizophoraceae); and large-leafed orange mangrove,
Bruguiera gymnorrhiza (L.) Savigny (Rhizophoraceae).

The Cecidomyiidae from grey mangrove belong to an
apparently monophyletic group of gall midges of the
tribe Lasiopterini (sensu Gagné 1994) for which a new
genus, Actilasioptera, is erected. In addition to the five
new species from the east coast of Queensland, this
genus is otherwise known from one previously described
species from Java, Stefaniella falcaria Felt, that is
redescribed and transferred to the new genus, and a
species from Papua New Guinea known only from adults
and so left undescribed. The genus probably occurs
throughout the range of grey mangroves in Asia and
Australasia. Galls made by these species are either
simple or complex (figs. 1-8). The simple galls (figs. 1-
4) are swellings of either both leaf surfaces or only the

under surface. The complex galls (figs. 5-8) are charac-
teristic of the particular gall maker and are of a funda-
mentally different shape from any structure normally
found on the host. In the Western Hemisphere only one
species of gall midge, Meunieriella avicenniae (Cook), is
known from Avicennia mangroves (Gagné and Etienne
1996). It forms simple leaf blister galls and belongs to a
tribe of gall midges, the Alycaulini, that is restricted to
the Americas. No other galls are known on Avicennia
spp. in the Western Hemisphere. We note here to prevent
possible confusion, that Avicennia spp. of Australia are
called grey mangroves, but Western Hemisphere
Avicennia spp. are called black mangroves.

The gall midge tribe Lasiopterini is known from about
230 species from the Old World and about 40 from North
and Central America (Gagné 1989a, 1994). Most
Lasiopterini form simple swellings on stems, petioles,‘
and leaf ribs of various plants, but some live in galls er
galleries of other insects as inquilines or successors. The
three species treated here that form complex galls are the
first of the tribe known to do so. Many Lasiopterini, but
not the present species, are associated with a symbiotic
fungus. Larvae of most Lasiopterini pupate in the galls,
as do these, but a species in Japan (Yukawa and Haitsuka
1994) and one in North America (Gagné, unpubl.) are
exceptions and drop to the soil to pupate.

Only ten species of Lasiopterini are known from the
Australasian Region, all from Australia and at present
assigned to the genus Lasioptera (Gagné 1989b). None
is from mangrove. Nine of these species are poorly



known, not having been noted except in catalogs since
their original descriptions by Skuse (1888, 1890). The
remaining species, Lasioptera uncinata Gagné, was
recently described from paperbark, Melaleuca
quinquenervia (Cav.) S.T. Blake (Gagné et al. 1997).

Actilasioptera species differ radically from other
Lastopterini in having the ovipositor modified for
piercing plant tissue, the whole ninth segment being
.glabrous and rigid and nearly devoid of setae (figs. 13-
16). Pupae have an enlarged or otherwise modified
vertex and have lost the vertexal papillae, both modifica-
tions unique to the tribe. Larvae have a reduced spatula
and have lost some papillae, characters that occur
elsewhere, presumably independently, in some
Lasiopterini. The closest relative of this genus among
the Lasiopterini is not apparent, not surprising when so
little is known of this tribe and the family in general.

" METHODS AND MATERIALS

Most of the material used in this study was discovered,
collected, and reared by L.J. Law, the taxonomy was
done by R. J. Gagné. The new species were collected by
L. J. Law from Avicennia marina growing in coastal
areas of Moreton Bay in the vicinity of Brisbane,
Queensland. Moreton Bay is shallow with a mud and
sand substrate. It extends south from the Noosa River
(26°48°S, 153°08°E) to Southport on the Gold Coast
(27°58’S, 153°25’E). The bay has well-protected shores
and extensive stands of mangroves. Additional material
~of one species was collected by D. Burrows in
* “Townsville, Queensland. Galls from the field were either
preserved in alcohol or kept in small plastic containers
that were checked daily for emergence of adults. Larvae
- and pupae were excised from some galls, adults were
reared from others, and all specimens were preserved in
~ 70 percent ethanol. Some larvae and adults were
- mounted for microscopic study in Canada balsam, using
* the method outlined in Gagné (1989a, 1994), and some
were prepared for SEM viewing. In the following
descriptions, anatomical terminology of the adult stage
- follows McAlpine (1981) and that of the larval stage
follows Gagné (1989a). The holotypes and most of the
specimens of the new species described in this study are
deposited in the Australian National Insect Collection,
. Canberra (ANIC), the remainder in the U.S. National
Museum of Natural History, Washington, DC. (USNM).

- ACTILASIOPTERA GAGNE, NEW GENUS
Adult

Head (figs. 9-10). Antenna with scape cylindrical, longer
than wide; pedicel spheroid; flagellomeres 10-12, each

longer than wide, the first and second connate, the
apicalmost usually fused. Palpus 1-2 segmented.
Labella elongate ovoid, with 0-many scales.

¢ Thorax. R, 0.6-0.7 length of wing (figs. 31-32). Scutum

with two lateral and two dorsocentral rows of setae,
otherwise completely covered with scales; scutellum
with group of setae on each side, elsewhere covered with
scales; anepisternum with scales on dorsal half; -
mesepimeron with row of setae and no scales; remainder
of pleura without vestiture. Tarsal claws (fig. 11) strong,
pigmented, with large, more or less sinuous basal tooth;
empodia as long as claws; pulvilli about 2/3 as long as
empodia.

Male abdomen. First through sixth tergites rectangular,
much wider than long, with mostly single, uninterrupted
row of setae, a pair of anterior trichoid sensilla, and
covered with scales; seventh tergite as for sixth or
sclerotized only on anterior half, with only anterior pair
of trichoid sensilla and few scales; eighth tergite sclero-
tized only on anterior half, with only anterior pair of
trichoid sensilla and few scales posteriorly. Genitalia
(figs. 12, 33-36): robust; gonocoxite cylindrical;
gonostylus abruptly tapered beyond bulbous base, mostly
setulose, ridged apically; cerci convex; hypoproct convex
or bilobed; parameres elongate, narrow beyond
anterodorsal lobe; aedeagus elongate, narrow, pointed
apically, apex bent ventrally in some species.

Female abdomen (figs. 13-16). First through sixth
tergites rectangular, much wider than long, with%ingle,
uninterrupted row of setae, a pair of anterior trichoid
sensilla, and covered with scales; seventh tergite as for
sixth but with two or three rows of posterior setae; eighth
tergite weakly sclerotized, about as wide as long, the
only vestiture the pair of trichoid sensilla; intersegmental
membrane between eighth and ninth segments with
dorsolateral group of robust, elongate setae on each side,
the remainder of the surface covered with elongate, fine
setulae; ninth segment and cerci modified into a sclero-
tized, glabrous piercing organ 2-3 times as long as
seventh tergite and with only a few pairs of apicovéhtral
setae. v

Pupa

Vertex (figs. 17-24) more or less prominent, conical to
convex, without vertexal papillae. Antennal bases not
prominent, rounded to acutely angled. Face smooth or
with pair of slight, rounded projections. Facial papillae
absent. Prothoracic spiracle short, two to three times as
long as wide. Tergal disks covered with uniformly short
microsetulae.
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Larva

“Third instar (figs. 25-30). White. Body shape ovoid.
Integument completely-or mostly covered with conical,
pointed verrucaé. Antenna about twice as long as wide.
Spatula short, broad, variously shaped. Anus
caudoventral, the terminal segment in dorsoventral view
appearing cleft. Papillar pattern as for Lasiopteridi and
Lasiopterini (Gagné 1989a, 1994) with, when discernable
(reduced and usually not visible in A. tumidifolium and A.
subfolium), the lateral papillae reduced to three on each
-side, two of them setose on prothorax, all setose on

_meso- and metathorax (fig. 26); thoracic sternal papillae
without or with very short setae on prothorax, setose on
meso- ahd metathorax; terminal segment with only two
papillae, both setose.

- Etymology

Actilasiopterd (feminine gender) combines the Greek
akte, meaning seashore, with Lasioptera, the genus in
which most Lasiopterini are now placed.

' Remarks

The new genus belongs to the tribe Lasiopterini with
which it shares the following apomorphies: the gynecoid
male antennae, the greatly shortened and nearly straight
R5 wing vein, the reduced number of four lateral setae on
" . _each side of the larval thorax, and the two dorsolateral
groups of enlarged setae posterior to the female eighth
tergite. Most female Lasiopterini have hooked setae on
the cerci, but these are not present in Actilasioptera from
which they are presumably lost due to the great modifica-
tion of the ovipositor.

- Apomorphies of Actilasioptera are: the narrow, elongate
" parameres and aedeagus, the reduction of the palpi to one
or two segments, the modification of the ovipositor into a
piercing organ, the developed pupal vertex, the reduction
- in size of the larval spatula, and the reduction of the
larval thoracic lateral papillae to three pairs from four on
-each side and of the larval terminal papillae to one pair
instead of four. -

KEY TO GALLS OF Actilasioptera ON GREY
MANGROVE IN EASTERN AUSTRALIA

1. Soft, simple leaf swelling, 10 or more mm in diam-
eter, with texture similar to that of normal leaf (figs.

To4) oo 2
Hard, ridged, warty, or tuberculate leaf growths less
than 5 mm diameter (figs. 5-8).....cccceevvrinnninnnnnn. 3
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2. Swelling apparent on both leaf

surfaces (figs. 1-2) .ccccoevnivinnnnnne. A. tumidifolium
Swelling apparent only on lower leaf surface
(£igs. 3-4) e A. subfolium

3. {Unevenly hemispheroid and warty on upper leaf
surface, craterlike on lower surface
(£1g8. 5-6) weveveverierieiiciiiieieeeeens A. coronata
Either circular and flat or with one or more, smooth,
elongate, conical . projections on upper leaf surface,
not craterlike on lower surface (figs. 7-8) ............. 4
4. Circular and flat on upper leaf surface, nearly evenly*
hemispherical andusually covered with tiny pustules
below (fig. 7) woevveviviinieeieieeieine A. pustulata
With one or more smooth, elongate, conical, projec-
tions on upper leaf surface, circular and flat below
(fig. 8) veeverereiriiieeee A. tuberculata

KEY TO SPECIES OF Actilasioptera

The pupa and larva of:the Javanese 4. falcaria are
unknown; available specimens of adults of that species
are indistinguishable from those of A. tumidifolium. A.
pustulata and A. tuberculata are indistinguishable except
in their galls.

1. Adult with second palpal segment segment smaller
than first or absent; paramere of male genitalia
glabrous apically (figs. 33-35); ovipositor bilaterally
flattened, broad and curved in lateral view (figs. 13-
14); pupal vertex conical or strongly convex (figs.

17-20); larval setae barely longer than wide when
apparent (fig. 25) ..o ’....2
Adult second palpal segment larger than first (fig. 9);
paramere of male genitalia setulose apically (fig.
12); ovipositor narrowing abruptly at base into long,
cylindrical tube (fig. 15-16); pupal vertex weakly
convex and produced ventrally between antennal
bases (figs. 21-24); larval setae all many times
longer than wide (figs. 27-28) ...ccccoveiviireiininennne, 3

2. Male hypoproct bilobed (fig. 33); pupal vertex conical
(unknown for A. falcaria) (figs. 17-18); larval
spatula much wider on posterior half than anteriorly,
with two or more weak teeth anteriorly (unknowry
for A. falcaria) (fig. 25) ....... A. tumidifolium and A.

falczria

Male hypoproct simple (fig. 36); pupal vertex convex
(figs. 19-20); larval spatula parallel sided, with two
large anterior teeth (fig. 29) ......ocoevevee A. subfolium

3. Pupal antennal bases rounded, pupal face without
projections (figs. 21-22); larval spatula more or less
parallel sided, the middle pair of 4 anterior teeth
smaller (fig. 27) .cocevvviivnininineiieee A. coronata

Pupal antennal base pointed apicoventrally, pupal face
with slight projections (figs. 23-24); larval spatula
indented laterally, all 4 anterior teeth subequal (fig.
K]1) S A. pustulata and A. tuberculata



Actilasioptéra tumidifolium GAGNE, NEW SPECIES
Adult

Head. Antenna with 12 flagellomeres, occasionally,
especially in females, the two distalmost segments
partially fused. Palpus 2 segmented, the second segment
much smaller than the first and occasionally not com-
pletely separate, both segments with several long setae
and covered with scales. Labella with a few apical setae,
elsewhere covered with scales.

Thorax. Wing length, 2.3-2.7 mm (n = 5) in male, 2.4-
2.8 mm (n = 4) in female; R, about 0.7 length of wing
(fig. 31).

Male abdomen. Seventh tergite fully sclerotized, its
vestiture similar to that of sixth. Genitalia (figs. 33-35):
Hypoproct bilobed posteriorly; parameres without setulae
beyond anterodorsal lobe; aedeagus narrow, with two
sensory pits and curved ventrally at apex.

Female abdomen (figs. 13-14). Intersegmental mem-
brane between eighth and ninth segments with lateral
group of robust, elongate setae on each side, with no
. other setation but surface covered with elongate, fine
setulae; combined ninth segment and cerci strongly
sclerotized, glabrous, bilaterally flattened, dorsally
curved.

Pupa

* Vertex conical, greatly exceeding antennal bases (figs.
17-18). Antennal bases rounded anteroventrally. Face
smooth, without projections.

Larva

- Third instar (figs. 25-26). Integument with conical,

" pointed verrucae present mesally on venter and laterally
on dorsum of mesothorax and metathorax and circling
completely or almost completely (absent dorsomesally
“on first through sixth) middle of first through eighth
abdominal segments. Spatula almost blunt anteriorly,
with pair of small anterolateral teeth, much widened on
posterior half. Papillae usually not visible, the setae
when present very diminutive; when visible, agreeing

with generic diagnosis.

Holotype and Specimens Examined

Holotype, male, reared from leaf gall on Avicennia
marina, Australia, Queensland, Sandgate, 23-VIII-1996,
L. Law, deposited in Australian National Insect Collec-
tion, Canberra (ANIC).

Other specimens examined (all from Avicennia marina,
Queensland, Australia, and collected by L. Law unless
otherwise indicated; most deposited in ANIC, a represen-
tative sample in USNM).—Sandgate, 23-VIII-1996, 2

‘males, 1 female; Donnybrook, 16-IV-1994, 5 pupae, 5

larval exuviae; Toorbul, 20-1I1-1994, 9 females, 12 pupae,
3 third instars; Brighton, 4-IX-1995; 6 males, 1 female, 2
pupae, 7 third instars; Townsville, Saunders Beach, 8-VII-
1995, D.W.Burrows, 4 males, 2 females, 4 pupal exuviae.

®

Etymology

The name tumidifolium (noun in apposition) means
“swollen leaf,” for the gall typical of this species.

Gall

This species is responsible for a large, green to brown,
soft, simple, convex leaf swelling that is apparent on both
leaf surfaces (figs. 1-2). Galls are 10-40 mm across and
up to 15 mm thick. They occasionally completely engulf
a leaf. Galls are generally similar in exterior texture to
the normal leaf. Inside each gall are several to many
ovoid chambers each harboring a single larva. Pupae
break through either leaf surface just before adult emer-
gence.

Remarks

Adults of this species and two others, 4. falcaria and 4.
subfolium, are similar in several ways, distinguishing
them from the remaining three species (see contrﬁsting
remarks about the other group under 4. coronata): the
antennae are usually 12 segmented, the second palpal
segment is smaller than the first (the second is occasion-
ally absent in 4. subfolium), the R, wing vein is about 0.7
wing length, the male seventh tergite is similar to the
preceding in sclerotization and vestiture, the parameres
are mostly glabrous, and the ovipositor is bilaterally
flattened, broad and curved in lateral view. The pupae
and larvae of this species and 4. subfolium (those of 4.
falcaria are unknown) share the following characters: the
pupal vertex is strongly convex, the larval papillae afe
diminutive, often lost, and the larval integument hawy
extensive areas without verrucae.

Adults of 4. tumidifolium are indistinguishable from those
of A. falcaria, but the pupa and larva of 4. falcaria are
unknown. Their galls are apparently similar also, but the
hosts of the two species are different and their provenance
widely separated, A. tumidifolium from eastern Australia
and 4. falcaria from Java.

Actilasioptera tumidifolium differs from A. subfolium in
the following ways: scales cover the labella of
tumidifolium but are sparse on those of subfolium; the
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male hypoproct is-bilobed in tumidifolium, simple in
subfolium; the pupal vertex is much more swollen in
‘tumidifolium than in subfolium; and the larval spatula of
the two species are shaped differently (compare figs. 25
and 29). The galls of these two species are similar in
shape but that of subfolium shows only on the abaxial
surface of the leaf rather than on both surfaces.

Actilasibptéra falcaria FELT, NEW COMBINATION
falcaria Felt 1921: 141, Stefaniella
Adult

Head. Antenna with 12 flagellomeres. Palpus 2 seg-
mented, the second segment much smaller than the first.

Thorax. ‘Wing length, 1.8 mm (n = 1) in male, 1.8 mm (n
= 2)-in female; R, about 0.7 length of wing (as in fig.
31). .

Male abdomen. Seventh tergite fully sclerotized, its

" vestiture similar to that of sixth. Genitalia: Hypoproct
bilobed posteriorly; parameres without setulae beyond
anterodorsal lobe; aedeagus narrow and curved ventrally
at apex.

Femalé abdomen. As for A. tumidifolium.
Pupa and Larva
Unknpwn.
Types

Lectotype, female, here designated, from Avicennia
“officinalis; Indonesia: Java, Semarang; 27-1V-1914; J.
and W. Docters van Leeuwen Reijnvaan; Felt Collection
23089; on long-term loan to Systematic Entomology
Laboratory, USDA, Washington, DC from the New York
* State Museum in Albany. Paralectotypes: 1 male and 4
femalés with data as for lectotype; 1 female, same data
" ‘except 29-IV-1914 and Felt Collection a3090.

Gall

According fo J. and W.D. Docters van Leeuwen-
Reijnvaan (1910), the gall is a 1 cm diameter swelling
situated on or very near the leaf midvein of Avicennia
officinalis L., is unevenly round and apparent on both
leaf surfaces, the surface green and shiny above, gray and
matte below. Affected leaves are often bowed. The gall
has several chambers, each with a single larva. Their
figures of this gall (their no. 96), a whole gall on a leaf
and one in cross section, show a gall similar to that
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formed by A. tumidifolium (figs. 1-2). They show also a
cross section of another gall, no 97, that is described as a
slight leaf swelling about 3 mm wide by 1 mm thick,
yellowish green above, yellow beneath, with two larval
chambers. This may be caused by a different species
(see discussion under Remarks).

Remarks

Felt (1921) placed Actilasioptera falcaria in the genus
Stefaniella for convenience, writing that, “it seems best )
for the present ... to consider [this species] as simply an
extreme type of specialization rather than erect a new
genus.” Stefaniella species, all associated with leaf,
stem, and bud galls on Palearctic Chenopodiaceae, have
partially sclerotized ovipositors but all have discrete,
partially soft cerci bearing hooked setae and setulae.
There is no reason to regard Stefaniella and
Actilasioptera as particularly closely related.

Felt (1921) wrote that he had a considerable series of
females, at least 2 males, and several pupae from the
large globular leaf galls collected by W. Docters van
Leeuwen in 1914. There remain only 1 male and 4
females, all originally placed in Canada balsam without
first passing them through a clearing agent. Two females
were remounted to good effect for this study so that their
ovipositors are visible, but a new series would best serve
comparative purposes. Felt (1921) also referred to this
taxon another lot from the small leaf blister gall reported
as gall no. 97 in J. and W.D. Docters van Leeuwen-
Reijnvaan (1910). Felt wrote that the lot from this *
second kind of gall was with little question referable to
the same species as the first, but the single remaining
available specimen is mounted with the ovipositor in
dorsoventral view, still retracted into the uncleared
abdomen, and so not directly comparable to females of
the first lot. Whether this female is similar to the females
in the other series cannot be determined at present.

As pointed out under the Remarks heading of 4.
tumidifolium, this species is similar in many ways to 4.
tumidifolium and A. subfolium, and indistinguishable #
from the former. Because the pupa and larva of 4.
falcaria are unknown, the two species cannot be com-
pared. Until the immature stages are found, we choose to
treat 4. tumidifolium as distinct because the hosts of the
two species are different and A. tumidifolium is known
from eastern Australia and A4. falcaria from Java. If the
immature stages of the two species are one day found to
be similar, the name tumidifolium can simply be synony-
mized under falcaria; if they prove to be different, 4.
tumidifolium will already be properly described.
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‘Figures 1-8, Galls of Actilasioptera spp. on Avicennia marina: Figures 1-2, Gall of A. tumidifolium, apparer® on both
sides of leaf (1, adaxial leaf surface; 2, abaxial leaf surface); Figures 3-4, Gall of A. subfolium (3, adaxial; 4,
lateral); Figures 5-6, Galls of A. coronata (3, adaxial; 6, abaxial); Figure 7, Galls of A. pustulata (adaxial); Figure
8, Gall of A. tuberculata (abaxial).
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ngures 9-12, Actilasioptera pustulata: Figure 9, Head (frontal view); Figure 10, Basal antennal flagellomeres
(frontal); Figure 11, Fifth tarsomere (lateroventral); Figure 12, Male genitalia (posterodorsal).

A.ct;'lasioptera subfolium GAGNE, NEW SPECIES

Adult

_ Head. Antenna with 12 flagellomeres, usually with the

2-3 distalmost segments partially or wholly fused.
Palpus 1-2 segmented, the second segment when present,

~ much smaller than the first. Labella covered with apical
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setae and a few scales.

Thorax. Wing length, 2.0-2.4 mm (n = 5) in male, 1.8-
2.3 mm (n = 3) in female; R, about 0.7 length of wing (as
in fig. 31).

Male abdomen. Seventh tergite fully sclerotized, its
vestiture similar to that of sixth. Genitalia: Hypoproct
convex posteriorly (fig. 36); parameres without setulae
beyond anterodorsal lobe; aedeagus narrow, with two
sensory pits and curved ventrally at apex.

Female abdomen. As for 4. tumidifolium (figs. 13-14).

Pupa

Vertex convex, exceeding antennal bases anteriorly (figs.
19-20). Antennal bases anteroventrally rounded. Face
smooth, without projections.

Larva

Third instar. Integument with conical, pointed verrucae
present mesally on venter and laterally on dorsum of
mesothorax and metathorax and circling completely or
almost completely (missing dorsomesally on first &
through sixth) middle of first through eighth abdominal
segments. Spatula (fig. 29) parallel-sided, with two large
anterior teeth. Papillae usually not visible, the setae
when present very diminutive; when visible, agreeing
with generic diagnosis.

Holotype and Specimens Examined

Holotype, male, reared from leaf gall on Avicennia
marina, Australia, Queensland, Brighton, 4-IX-1995, L.
Law, deposited in Australian National Insect Collection,
Canberra (ANIC).



' Figures 13-16, Postabdomens of Actilasioptera spp. Figures 13-14, A. tumidifolium: Figure 13, Eighth segment to end
" (dorsal); Figure 14, Detail of ovipositor made up of ninth and tenth segments (lateral). Figures 15-16, A. pustulata:
Figure 15, Eighth segment to end (dorsal); Figure 16, Detail of ovipositor made up of ninth and tenth segments

(lateral).

-Other specimens examined (all from Avicennia marina,
Queensland, Australia, and collected by L. Law).—
Brighton, 4-1X-1995, 8 males, 8 pupae, 2 third instars;
. Whyte Island, 10-IX-1993, 1 female; Wynnum, 10-IX-
- 1993, 1 adult without abdomen; Doboy, 18-11I-1994, 3
last instars; Doboy, 24-I11-1994, 3 pupae, 2 last instars.

Etymology

The name subfolium (noun in apposition) means “under
the leaf,” where the swelling typical of this species is
found. . )

Gall

‘This species is responsible for a large, green to brown,
mostly soft, simple leaf swelling that is apparent on only
the lower leaf surface (figs. 3-4). Galls are similar in
exterior texture to the normal leaf. They vary from 10-70
mm in length and may encompass the entire leaf. Inside
_each gall-are several ovoid chambers each harboring a

single larva. The margins of infested leaves are charac-
teristically hardened and crimped. The main difference
between this gall and that of 4. tumidifolium is that the
gall of A. subfolium is apparent only on the lower leaf
surface. Pupae break out through the abaxial leaf
surface.

Remarks '

Adults of this species generally resemble A. tumidi}olium
and A. falcaria. Their similarities are listed under 4.
tumidifolium. Adults of A. subfolium differ from those of
the other species in that scales are sparse on the labella
instead of completely covering the surface, and the male
hypoproct is simple instead of bilobed. The pupal vertex
is much less swollen in subfolium than in tumidifolium
and the larval spatulae of the two species are shaped
differently. The galls of these two species are similar in
shape but that of subfolium is present only on the abaxial
surface of the leaf rather than showing on both surfaces.



Figures 17-24, Pupal heads of Actilasioptera spp. (odd numbers, ventral view, even numbers, lateral):
Figur_es 17-18, A. tumidifolium; Figures 19-20, A. subfolium; Figures 21-22, A. coronata; Figures 23-24
_tuberculata.
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Figures 25-34, Parts of larvae, the wings, and male genitalia of Actilasioptera spp. Figures 25-26, A. tumidifolium:
'Figure 25, larval head and prothorax (ventral); Figure 26, larval eighth and terminal segments (dorsal). Figures 27-

28, A. coronata. Figure 27, larval head, prothorax, and lateral setae of one side of mesothorax (ventral); Figure 28,
larval eighth and terminal segments (dorsal). Figure 29, larval spatula of A. subfolium. Figure 30, Larval spatula
and associated papillae of A. tuberculata. Figure 31, Wing of A. tumidifolium. Figure 32, Wing of A. pustulata.
Figures 33-35, Male genitalia of A. tumidifolium; Figure 33, dorsal, only right gonopod drawn; Figure 34, lateral,
showing silhouettes of parts between gonopods; Figure 35, parameres, aedegus, and aedeagal apodem. Figure 36,
cerci and hypoproct of A. subfolium.
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Actilasioptera coronata GAGNE, NEW SPECIES
Adult

Head. Antenna with 11 flagellomeres, the tenth and
eleventh fused into one apparent segment. Palpus 2

- segmented, the second as wide but longer than the first.

Labella with sparse scales and a few apical setae.

Thorax. Wing length, ca. 2.2 mm (n = 1) in male, 1.6-1.9
mm (n = 4) in female; R, about 0.6 length of wing (as in
fig. 32).

Male abdomen, Seventh tergite sclerotized only on

anterior half, with anterior pair of trichoid sensilla and
few scales the only vestiture. Genitalia: Hypoproct
convex posteriorly; parameres entirely covered with
setulae; aedeagus extremely narrow, the sensory pits not
apparent, not curved ventrally at apex.

Female abdomen (as in figs. 15-16). Intersegmental
membrane between eighth and ninth segments with

. lateral group of robust, elongate setae on each side, with

no other setation but surface covered with elongate, fine
setulae; combined ninth segment and cerci strongly
sclerotized, glabrous, abruptly narrowed beyond base,

cylindrical, straight, needle-like, pointed apically.

Pupa

Vertex weakly convex, slightly produced ventrally
between antennal bases (figs. 21-22). Antennal bases
rounded anteroventrally. Face smooth, without projec-
tions.

Larva
Third instar (figs. 27-28). Integument with conical,

pointed verrucae covering entire surface of body except
venter of collar segment and area immediately around

. spatula. Spatula slightly logner than broad, with pair of

pointed anterolateral teeth and smaller pair of rounded
mesal teeth. Papillae well developed, as for generic

. diagnesis. .
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" Holotype and Specimens Examined

Holotype, male, reared from leaf gall on Avicennia
marina, Australia, Queensland, Sandgate, 23-VIII-1996,
L. Law, deposited in Australian National Insect Collec-
tion, Canberra (ANIC).

Other specimens examined (all from Avicennia marina,
Queensland, Australia and collected by L. Law).—

Brighton, 2-11I-1995, L. Law and R.J. Gagné, last instar;
Brighton, 3-VII-1995; 1 last instar; Brighton, 4-1X-1995,
1 female, S last instars; Brighton, 22-VIII-1996, 2 pupae;
Brighton, 16-1-1997, 3 females; Nudgee Beach, 13- VIII-
1995, 9 pupae; Doboy, 13-VIII-1995, 2 last instars;
Toorbul, 13-VIII-1995, 2 last instars; Toorbul, 16-VIII-
1996, 1 female.

Etymology

The name coronata (adjective) refers to the crown-like «
ridge surrounding the gall.

Gall

This is small, unevenly hemispheroid and warty on the
upper leaf surface, and craterlike on the lower leaf
surface, the edge raised about 5 mm in height and
uneven, suggesting a crown (figs. 5-6). Galls can be
close together and become partially congruent, but each
larva is in a separate cell. Pupae break through the tissue
at the base of the crater on the lower leaf surface.

Remarks

Adults of this species and two others, 4. pustulata and 4.
tuberculata, are similar in several ways, setting them off
as different from the remaining three species (see
remarks under 4. tumidifolium): the antennae are 10-11
segmented, the second palpal segment is larger than the
first, the R, wing vein is about 0.6 wing length, the male
seventh tergite is mostly unsclerotized with little
vestiture remaining, the parameres are setulose, and the
ovipositor narrows abruptly at its base into a long,
cylindrical tube. The pupae and larvae of these three
species share the following characters: the pupal vertex
is slightly produced ventrally between the antennal bases,
the larval papillae are apparent, and the larval integument
is almost entirely covered with conical, pointed verrucae.

A. coronata differs only slightly from A4. pustulata and A.
tuberculata, in the slightly wider apex of the aedeagus,
the evenly rounded pupal antennal bases, the lack of
projections on the pupal face, and in the particular shape
of the larval spatula (compare figs. 27 and 30). v

Actilasioptera pustulata GAGNE, NEW SPECIES
Adult

Head (figs. 9-10). Antenna with 11 flagellomeres, the
tenth and eleventh fused into one apparent segment.
Palpus 2 segmented, the second as wide but longer than
the first. Labella with sparse scales and a few apical
setae.



Thorax. Wing length, 2.1-2.3 mm (n = 5) in male, 2.1-
2.3 mm (n = 4) in female; R, about 0.6 length of wing
(fig. 32). -

Male abdomen. Seventh tergite sclerotized only on
anterior half, with only anterior pair of trichoid sensilla
and few scales. Genitalia: Hypoproct convex posteriorly;

- parameres entirely covered with setulae; aedeagus
narrow, the two sensory pits fused, and not curved
ventrally at apex.

‘Female abdomen (figs. 15-16). Intersegmental mem-
brane between eighth and ninth segments with lateral
group of robust, elongate setae on each side, with no
other setation but surface covered with elongate, fine
setulae; combined ninth segment and cerci strongly
sclerotized, glabrous, abruptly narrowed beyond base,
cylindrical, straight, needle-like, pointed apically.

Pupa

Vertex weakly convex, slightly produced ventrally
between antennal bases (as in figs. 23-24). Antennal
bases angular anteroventrally. Face anteromesally with
pair of slightly wrinkled projections.

Larva

Third instar. Integument with conical, pointed verrucae
covering entire surface of body. Spatula (as in fig. 30)
narrowing posterior to anterior edge to about one-third
length, then widening abruptly and tapering slightly to
posterior margin, with pair of short, splayed anterolateral
. teeth and mesal pair of rounded, usually serrate teeth
apically, no longer than lateral teeth. Papillae well
developed, as for generic diagnosis.

Holotype and Specimens Examined

- Holotype, male, reared from leaf gall on Avicennia

’ ' marina, Australia, Queensland, Sandgate, 23-VIII-1996,
L. Law, deposited in Australian National Insect Collec-
tion, Canberra (ANIC).

Other specimens examined (all from Avicennia marina,
Queensland, Australia, and collected by L. Law).—
Sandgate, 23-VIII-1996, 2 males, 5 females, pupa;
Doboy, 10-1X-1993, 3 males; Doboy, 13-VIII-1995, 5
-last instars; Toorbul, 21-11I-1994, 1 female; Toorbul, 16-

. VIII-1996, 4 males, 5 females, 8 pupae, and 3 last

instars; Donnybrook, 26- VI-1994, 2 pupae, 3 last instars;
Brighton, 4-IX-1995, 1 male, 1 pupa, and 1 pupal
exuviae; Brighton, 22-VIII-1996, 1 male, 2 females, 1
pupa. -

Etymology

The name pustulata (adjective) refers to the uniformly
bumpy surface of the gall.

Gall

The gall of this species is circular and flat on the upper .
leaf surface and nearly evenly hemispherical on the

lower surface, 3-6 mm in diameter, about 5 mm in height
(fig. 7). The epidermis of the gall on the lower surface is
covered with uniformly tiny bumps or pustules, but with

age the epidermis may peel off and the bumps with it.

Galls may sometimes be closely adjacent, but the larvae

are always in separate cells. Pupae break out through the
flat, upper surface of the gall.

Remarks

See remarks under 4. coronata on the differences among
that species, 4. pustulata, and A. tuberculata, and
between them and the remaining species in the genus.
Although galls of A. pustulata and A. tuberculata are
quite distinct, we have found no other characters to
distinguish the two species. We consider the difference
between their galls to be the expression of at least
physiological differences between them and so consider
them distinct species.

Actilasioptera tuberculata GAGNE, NEW SPECIES

Adult
Head. Antenna with 11 flagellomeres, the tenth and
eleventh fused into one apparent segment. Palpus 2
segmented, the second nearly as wide but longer than the
first. Labella with sparse scales and a few apical setae.

Thorax. Wing length, 1.8-1.9 mm (n = 4) in male, 1.7
mm (n = 1) in female; R, about 0.6 length of wing (as in
fig. 32).

Male abdomen. Seventh tergite sclerotized only on
anterior half, with only anterior pair of trichoid sengilla
and few scales. Genitalia: Hypoproct convex posteri-
orly; parameres entirely covered with setulae; aeddgus
narrow, not curved ventrally at apex, the two apical
sensory pits fused.

Female abdomen (as in figs. 15-16). Intersegmental
membrane between eighth and ninth segments with
lateral group of robust, elongate setae on each side, with
no other setation but surface covered with elongate, fine
setulae; combined ninth segment and cerci strongly
sclerotized, glabrous, abruptly narrowed beyond base,
cylindrical, straight, needle-like, pointed apically.
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Pupa

- Vertex weakly convex, slightly produced ventrally

between antennal bases (figs. 23-24). Antennal bases
angular anteroventrally. Face anteromesally with pair of
slightly wrinkled projections.

Larva

Third instar: Integument with conical, pointed verrucae
covering entire surface of body. Spatula (fig. 30)

‘narrowing posterior to anterior edge to about one third

length, then widening abruptly and tapering slightly to

" posterior' margin, with pair of short, splayed anterolateral

teeth and miesal pair of rounded, usually serrate teeth
apically, no longer than lateral teeth. Papillae well
developed,‘as for generic diagnosis.

Holotypé and Specimens Examined

Holotype, male, reared from leaf gall on Avicennia
marina, Australia, Queensland, Wellington Pt., 10-IX-
1993, deposited in Australian National Insect Collection,
Canberra (ANIC).

Other specimens examined (all from Avicennia marina,
Queensland, Australia, and collected by L. Law).—
Wellington Pt., 10-1X-1993, 1 male; Toorbul, 10-IX-
1993, 1 female (ovipositor missing); Toorbul, 23-1II-

- 1994, 3 pupae; Toorbul, 27-111-1994, 3 pupae, 2 last

instars; Toorbul, 13-VIII-1995; 3 last instars; Brighton,
10-1X-1993, 2 males; Brighton, 4-1X-1995, 2 last instars;
Donnybrook, 27-VIII-1994, 2 males.

Etymology

_The name tuberculata (adjective) refers to the one to

several elongate tubercles on each gall.
Gall
On the upper leaf surface the gall of this species is

circular basally, with one or more elongate, conical
projections arising from it, 3-10 mm in height, 3-8 mm in

_diameter (fig. 8). On the lower surface the gall is simply
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circular and flat. There is one conical projection for each
individual larval cell. The pupa breaks out of the lower
surface of the leaf..

" Remarks

See remarks under 4. coronata on the differences among
that species, A. pustulata, and A. tuberculata, and
between them and the remaining species in the genus.
Although galls of 4. pustulata and A. tuberculata are

quite distinct, we have found no other characters to
distinguish between the two species. We consider the
difference between their galls to be the expression of at
least physiological differences between them and so
consider them distinct species.
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TEPHRITID'GALLS AND GALL TEPHRITIDAE REVISITED, WITH
‘ SPECIAL EMPHASIS ON MYOPITINE GALLS

Amnon Freicfberg
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Abstract—Knowledge of tephritid cecidology is summarized and compared to
cecidomyiid cecidology. New data about Myopitini cecidology are presented, in
particular for the genus Stamnophora, and the evolutionary implications of this informa-

tion is discussed.

INTRODUCTION

The title of this contribution refers primarily to my
review of gall Tephritidae, published in 1984 as a chapter
in Ananthakrishnan’s book, Biology of Gall Insects

‘(Freidberg 1984). Because the book has not been widely

disseminated, I am taking this opportunity first to
summarize briefly the contents of this chapter. I then
review the progress made on this topic since the chapter

" was published; and finally, I provide some unpublished

data, and conclude with some evolutionary remarks.

Tephritid galls and gall Tephritidae are of interest
primarily because they represent dipterous gall commu-
nities second in number and diversity only to

. cecidomyiid gall communities. Furthermore, some gall

Tephritidae also have practical or potential economic
importance, of benefit to human welfare.

REVIEW OF THE LITERATURE
Review Papers

When preparing my 1984 review (Freidberg 1984), I
discovered that no previous such review had ever been
made. The reason for this was probably two-fold:

Firstly, the study of gall tephritids is overshadowed by
that of the extremely economically important frugivorous
species, none of which are cecidogenous; secondly, the
number of gall tephritids is relatively small, with only
about 50 known species in each of the major biogeo-
graphical regions.

The chapter includes a list of the 48 cecidogenous
genera, with data relating to number of species, distribu-
tion, host genera and most important literature. It also

includes sections on host plants and biogeography,
location and structure of tephritid galls, gall histology
and morphogenesis, life histories, ecology, economic
importance and evolution. Data for most biogeographi-
cal regions were previously amassed by many scientists,
while those for the Afrotropical region were primarily the
result of work, H.K. Munro, to whom I dedicated the
chapter. Munro’s death, shortly after the chapter was
published, terminated a highly productive career which
lasted over 60 years. The most general and interesting
conclusions emerging from the review are summagized in
table 1, which compares Tephritidae with Cecidomyiidae.

Recent Publications

Little work has been done specifically on tephritid
cecidogeny in the last two decades, and the credit for
most of the published data should go to Prof. Richard D.
Goeden, Riverside, California, to whom I dedicate this
article. Goeden has meticulously studied the non-
frugiverous tephritids of southern California, and in the
last two decades he has published around 30 papers op
these flies; about half of them deal with cecidogenous
species (Goeden 1988, 1990a,b, 1992, 1993; Goeder¥and
Headrick 1990, 1991; Goeden and Teernick 1996a,b,c,
1997a,b; Goeden et al. 1993, 1994; Green et al. 1993;
Headrick and Goeden 1993; Silverman and Goeden
1980). While these papers have not dramatically altered
the overall picture of gall tephritids and their galls, they
have added many interesting details, in particular the
descriptions of immature stages of most of these species,
based on SEM studies. Although there are probably not
enough cecidogenous tephritids in southern California to
rival the hegemony of Munro, it is interesting to devote a
few lines to the comparison of the two Tephritidologists.
Munro was primarily a taxonomist, who described about



Table 1.—Comparison between Tephritidae and Cecidomyiidae

-frequency) .

Host families

Asteraceae (90%) +
4-5 other families

Trait Tephritidae Cecidomyiidae

No. of descﬁbed sbp. ~4200 ~5000
“Percent cecidogenous ~5% ~60%

Pléﬁt parts galled .
(in decreasing Stem>Flowerhead>Leaf>Root Leaf>Stem>Bud>Flower‘

Many families;
several dominant

Similar?

A few or several times

Distribution 25-60 N; 15-40 S
Independent Many times (especially

“evolution of in Tephritinae)
cecidogeny

half of the many Afrotrepical taxa known to date. He
enjoyed field work and believed in the importance of
studying the biology of the species he discovered and
investigated. His descriptions of immature stages were at
the best brief. Goeden’s approach tended towards the
biology of tephritids from the point of view of biological
control of weeds, for which life histories and immature
stages are important. Recently, however, he has discov-
ered the joys of taxonomy and extended a few of his

- - papers to include descriptions of new species.

Goeden and his collaborators are not the only scientists

. to have contributed to tephritid cecidology in recent
years. There are also other papers (e.g., Dodson 1985,
1986, 1987a, b; Dodson and George 1986; Shorthouse
1980, 1989; Merz 1992; Silva et al. 1996), most of them

- dealing with the holarctic fauna. A recent paper by

Hardy and Drew (1996) on the Australian Tephritini,
contains many new host records including galls, but the

. paper is a taxonomic revision of the tribe, and the
biological data reported in it are very meagre. Hence, the
overall contribution of these papers to a better under-
standing of tephritid galls is rather small.

"~ My own work on cecidogenous tephritids was mostly
“conducted in the Afrotropical region and Israel in the last
two decades (Freidberg 1979, 1984; Freidberg and
- Kugler 1989; Freidberg and Kaplan 1992, 1993;
Freidberg and Mansell 1995). While it does not drasti-
cally change most of the features presented above, it
clearly shows that the above-suggested pattern of
distribution was a collection error, and that many
additional galls are to be found nearer the equator than
was previously thought. A recent paper (Freidberg and

Kaplan 1992) practically doubled the Afrotropical fauna
of Ditrycini by describing nine new species, almost-all
from equatorial Africa. All Old-World members of this
group with known biology form stem galls on
Asteraceae. I believe that all 19 species of Afrotropical
Ditrycini are gall formers, although this faculty has
hitherto been documented for only seven of them.

MYOPITINI AND THEIR GALLS,

The most interesting discoveries are probably related to
the Afrotropical Myopitini, in particular to the genus
Stamnophora Munro. Therefore, some background
about Myopitini and their galls seems appropriate. This
relatively small group of less than 200 species is cur-
rently under generic and cladistic revision by Dr. Allen L.
Norrbom, USDA, Washington, DC and myself. We
believe that this group is monophyletic, and we hope that
a better understanding of the group and its biology,
including cecidogeny, will be possible after this re\iision
is published.

v
The composition and some attributes of the Palaearctic
Myopitini are presented in table 2. Urophora Robineau-
Desvoidy is the largest myopitine genus, with many
European (White and Korneyev 1989) and Asian
(Korneyev and White 1993a, b) species, and the biology
of some European species is fairly well known. Several
species have been introduced to North America, South
Africa and Australia to combat noxious weeds there.
Myopites Blot is a smaller and less well known genus
(Freidberg 1979), and most of its species are concen-
trated around the Mediterranean. Most Urophora species
with known biology gall the achenes (=flowers) (fig. 1),



Table 2.—The Palaearctic Myopitini

Genus No. of species Hosts Galls
Urophbra‘ ~ About 60 Cardueae | flowerhead; | sp. in stem
Mpyopites About 12 Inula, Pulicaria flowerhead
- Asimoneura 1 Helichrysum? ?
Nearomyia 1 ? ?
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! Based on Korneyev, personal communication

sometimes together with the receptacle, of their Cardueae
"(Asteraceae) hosts. An interesting exception is U. cardui
Linnaeus, the type species, which galls the stems of its
hosts. Myopites species with known biology gall the
flowerheads of their hosts (fig. 2), all of which belong to
Inula L., Pulicaria Gaertn. and possibly a few other,
related taxa. Common to both genera, and apparently
only to them, are the inclusion of the achenes in the gall;
the generally parallel orientation of the individual tunnels
and cells; and the emergence of each adult fly (or its
parasitoids) singly through an opening in its individual
achene. Other members of the Myopitini, especially the
rather numerous species of the New World fauna,

develop in flowerheads, but cecidogeny is known with
certainty for only a small number of them. Indiginous
Myopitini are almost unknown from the Oriental and
Australasian regions.

The Afrotropical fauna of Myopitini, in particular, has
been poorly studied. Although only seven species have
been described to date, the material I have collected or
borrowed comprises at least an additional 40 species, all
undescribed. The composition of the fauna, including
the as-yet-undescribed taxa, and some of its attributes are
presented in table 3.

Figures 1-2.—Mpyopitine galls (actual diameter in parenthesis). Figure 1. Gall of Urophora stylata on Cirsium
" phyllocephalum (15mmy). Figure 2. Gall of Myopites stylata on Inula viscosa (8mm).



Table 3.—The Afrotropical Myopitini

Genus -

No. of species Hosts Galls
Asimoneura. About 23 Helichrysum no?
Stamnophora About 12 Vernonia flowerhead and stem
" Myopites ’ 3 Inula flowerhead d
Urophora 1 Centaurea? ?
New Genus A About 7 Vernonia, Berkheya no?
New. Genus B 1 Echinops ?

To date, only one species of Stamnophora Munro, S.
vernoniicola (Bezzi) is known. This is a rather large and
robust, blackish species, with wing pattern reduced
almost entirely. It is known to gall several species of
Vernonia Schreb., inducing flowerhead galls in some,
stem galls in othets. This host-fly relationship is

“extremely unusual in the Tephritidae, but my own
findings corroborate it (see below). In the course of an
on-going revision of Stamnophora, I have accummulated
a large amount of material of this genus that comprises
an additional 12 or more species, all undescribed.
Fortunately, I was able to discover the host plants and
galls of several of the species and to rear the flies out of
them. All hosts belong to the genus Vernonia. All the
species reared so far from Vernonia appear to form a
monophyletic group.

All reared species of Stamnophora have the general
habitus of Myopites, with similar coloration and wing
_pattern, although they differ in their short proboscis
~ “(which is extremely long in Myopites), slightly different
wing venation and terminalia. In our forthcoming
revision, Norrbom and I will probably retain these genera
* as separate because no intermediate forms are known.
All'these new, reared species are extremely similar to
~ each other, and although the relationships between them
- . are not yet fully clarified, it appears that at least three

- species form flowerhead galls, and two other species
form stem galls.

" Before describing the galls induced by the undescribed
species of Stamnophora, 1 offer a brief revision of our
knowledge of the galls induced by S. vernoniicola. Galls
formed on the flowerheads of certain Vernonia spp., such

‘as V. hymenolepzs A. Rich. and V. adoensis Schulz Bip.
ex Walp. are large (diameter up to about 3 cm), and
contain many individual cells (up to 50-100) each

_leading to a common opening at the tip (figs. 3-4). The
-immature stages are found one in each cell, and all the
flies (or their parasitoids) escape through the same
common opening (Munro 1955). Unlike the parallel
orientation of the tunnels in Urophora and Myopites
galls, the orientation here is radial. Galls formed on the
stems of ¥ lasiopus O. Hoffm. are very conspicuous,

resemble potatoes, and are even larger than the
flowerhead galls, although they may contain fewer
individuals. The orientation of the tunnels, at least in

'some galls, is similar to that found in the flowerhead

galls, with one common opening (figs. 5-6). However, it
is unclear whether this is consistently so.

The flowerhead galls formed by the three undescribed
species are basically similar to each other and to those
formed by S. vernoniicola, although they are much
smaller, and contain fewer individuals (usually 1-15,
depending on the species) (fig. 7). There are neverthe-
less differences between the galls formed by the three
species, with those formed on Vernonia auriculifera
Hiern. being small and rounded, those formed on ¥,
ampla O. Hoffm. being larger and conical, and those
formed on V. myriantha Hook. f. being the largest,
elongate, often sausage-like (fig. 7). The three speciés of
hosts are similar to each other, and might be dlfﬁcult to
tell apart in the field.

The stem galls formed by the undescribed species are
unlike those of S. vernoniiicola, and differ also from any
other tephritid galls known to me (figs. 8-9). The
generally cylindrical stem is only somewhat swollen
along the infested part, up to 20 cm long, and has slits
from 0.5-1 cm deep. The immature stages are located
individually in cells oriented sagitally which open at
either of the slit walls. At the end of the season, when
the stem dries, it tends to break at the galled part.

Finally, I would like to touch on the subject of the
number of galls per plant. This ratio is not only very
variable in tephritids, but often averages very small. In
1984 the largest figure I recorded was 135 (Freidberg
1984). Subsequently, Dodson (1987a) recorded over
2,000 galls of Aciurina bigeloviae (Cockerell) from a
single plant of Chrysothamnus nauseosus (Pallen)
Britton with a diameter of 1 m. I now have a record of
about 10,000 galls of Stamnophora n. sp. on one plant of
Vernonia auriculifera in Kenya. These plants may reach
the size of a small tree, and during the blooming season
may carry hundreds of thousands, if not millions, of
small flowerheads, many of which are galled.
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Figures 3-6.—Galls of Stamnophora vernoniicola on various Vernonia spp. (actual diameter in parenthesis). Figure 3.
On flowerhead of V. hymenolepis; the left gall (15mm) showing the common opening at the tip. Figure 4. Same,
dissected sagitally (22mm). Figure 5. On stem of V. lasiopus (40mmy). Figure 6. Same, dissected sagitally (45mm).

EVOLUTIONARY CONCLUSIONS

The new findings presented here shed some light on the
possible evolution of tephritid galls, especially myopitine
Tephritinae (fig- 10). The hypothesis of the evolutionary
transition from development in flowerheads to develop-
‘ment in stems (Freidberg 1984) is now supported by the
following three facts:
*** Urophora cardui, which is truely congeneric with

" many additional species, galls stems, whereas all

other congeners gall flowerheads.

***Stamnophora vernoniicola galls both stems and

* flowerheads. '
***QOther species of Stamnophora gall either stems or

- flowerheads.

Other Tephritinae might have undergone a somewhat
different route, which did not involve flowerhead gafls,
but a direct transition instead from ungalled flowerhgads
to galled stems. This is so hypothesized because
flowerhead galls are practically unknown or nearly so in
the other tribes of Tephritinae, most notably in the
Tephritini, Ditrycini and Eutretini, which contain the
great majority of gall inducing species in the family.

ACKNOWLEDGMNETS
I am grateful to Amikam Shoob for the photographs, and

to Netta Dorchin and Tuvit Simon for discussions and
technical assistance.



Figures 7-9.—Galls of undescribed Stamnophora spp.
on various Vernonia spp. (actual diameter in paren-
thesis).

Figure 7. Flowerhead galls; from left: on V.
myriantha (8mm), V. ampla, V. auriculifera.

Figure 8. Stem galls on V. auriculifera (25-35mm).
Figure 9. Stem galls on V. sp. sp. (20mm).

Hypothetical evolution of cecidogeny in Tephritidae
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Figure 10.—Hypothetical evolutionary pathways in tephritid cecidogeny. Only three tribes of Tephritinae (Myopitini,
Tephritini, and Tephrellini) are given as examples.
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- Abstract—Preliminary results of a long-term gall fauna study are presented here based on a
_collection between July 1995 and June 1996, covering the whole Taiwan Island, Green Island,

and Orchid Island with 527 records of insect galls. We examined the data in four aspects: (1)
HOST PLANT.—Gall-forming insects attack a wide range of plants in Taiwan. Within each
plant family, the number of host species ranged from 1 to 23. Galls occur more in Lauraceae
and Fagaceae than others. (2) TYPES OF GALLS.—There were many more enclosed types of
gall (63percent) than open types (37 percent). The shape of the open type of galls was less
modified and mostly non-specific whereas the shape of the enclosed type varied extensively

‘but was species-specific. A third of host plant species had two or more, up to 11, types of gall.

(3) GALLING POSITION.—Galls were found on the leaf blade more frequently than any
other parts of the plant. Among leaf galls, more were found between veins than on other ateas
of a leaf blade for both open and enclosed types. It was also common for the open type of galls
to occur on the leaf margin. The galls produced on the mid-rib are exclusively the enclosed
type. The enclosed type of galls was found on the veins, either primary or secondary veins,
more often than the open type. (4) GALL INDUCER.—Diptera (39 percent) and Homoptera
(35 percent) were two major galling groups found in this study. Thirteen percent of gallers

- belong to Hymenoptera, 4 percent Lepidoptera, with one record of a coleopteran gall and some

unknown gallers.

INTRODUCTION

Insect galls, the abnormal growth of plants caused by
" insects, have been widely known and used by people in
China, India, and Europe for more than a thousand years
(Mani 1992). The adelgid galls of Schlechtendalia
“ chinenisis Bell on Rhus semialata Murray, commonly
known as “wu pei tzu” in Chinese, was applied in
" traditional Chinese medicine (Li 1596, Read 1982). The
* tannin content of the Rhus gall, known as gallotannic
acid, is a powerful astringent. Galls, such as nutgalls on
Rhus semialata, are also used for dyeing silk black.
However, Chinese paid little attention to galls other than
for their medical and industrial uses. Takahashi (1933,
1934, 1935, 1936, 1939) was virtually the only person
who documented the taxonomy of some galling insects
and their biology in Taiwan in early days. Recently,
Yang (1996) studied the insect-induced galls in the
Guandaushi forest ecosystem as part of a long-term
ecological research project. The aim of this study is to
establish basic information on the gall fauna of Taiwan
and henceforth for ecological and evolutionary studies.
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MATERIALS AND METHODS

Galls were collected from 55 sites all over Taiwan (fig.
1) between July 1995 and June 1996. Branches bearing
galls were cut, placed in sealed plastic bags, and kept in
the refrigerator before further handling. In addition to
general field notes, host characteristics, habitat, position
of galls on the plant, gall shape, and abundance are aiso
recorded (Appendix 1). Each type of gall on each hos#
plant at each site was given a distinct record number.
Photos of galls were taken before and after dissection.
Both the insects dissected from galls and the opened gall
tissue were preserved in 70 percent alcohol. Slide-
mounted insect specimens were further prepared for
identification when necessary. Twigs bearing galls were
trimmed and buried in fine sand for 1 to 3 weeks to make
dry gall specimens. Host plants were pressed and
preserved as voucher specimens of host records. If the
insects inside the galls were found reaching the stage of
emergence, some galls were kept in transparent plastic
boxes with a paper towel at the bottom and sealed with
paraffin film. Emergent insects were collected and
preserved in 70 percent alcohol for further examination.



Fig‘urev 1.—The distribution of number of collecting sites
in different areas of Taiwan.

The focus of this survey was the vascular plant galls,
. although a few galls were also found on non-vascular
‘plants, such as ferns. We generally group the galls into
two major categories, the open and the enclosed types.
The open type of galls can be easily distinguished from
 the enclosed type by seeing insects partially exposed
outside the gall, usually the dorsal part, or an obvious
opening of the gall where the insects can move in and out
- freely. Subsequent finer categories recognized each type
' of gall based on both gall shape and the gall inducer.
Galls from different areas at different times were counted
as separate records. The study did not follow a specific
sampling method and the gall type designation was
somewhat arbitrary.

RESULTS

Seven hundred and seventy-three records of galls were
 obtained between July 1995 and June 1996. Among
‘these, 137 were mite galls, 39 fungus galls, 3 bacteria
galls, and 67 insect galls with unknown gallers. There-
fore, a total of 527 records of insect galls were analyzed
in the following four aspects.

Host Plants

Gall-forming insects attack a wide range of plants in
Taiwan. The taxonomic distribution of the host plants is

. given in figure 2. The number of host species within

individual plant families ranges from 1 to 23. Among
these, the Lauraceae have the highest number of plant
species (23) bearing galls (table 1). The second highest
is Fagaceae, with 13 species, and Moraceae the third,
with 8 species. Other major groups with four or more
gall-forming species are Myrtaceae, Euphorbiaceae,
Rosaceae, Theaceae, and Verbenaceae.

Types of Galls

There were many more enclosed types of gall than open
types collected with a ratio of 71 to 29 (fig. 3), respec-
tively. The shape of galls was less modified in the open
type and mostly non-specific while in the enclosed type
of galls, the shape varied extensively but was species-
specific (fig. 4). The open type was only found on leaves
so far, including pit, curling, and folding. The enclosed
type usually had a distinct shape when induced by the
same insect species and varied a lot among those formed
by different galling species. Many are spherical, round
shaped with a glabrous or pubescent surface; some are
oval with long or short tails; some are needle-like,
throne-like, disk-like, conical, bell-shaped, pouch-like,
and mushroom-like, etc. A third of host plant species had
two or more types of gall (fig. 5). Up to 11 types of galls
occurred on Machilus zuihoensis var. zuihoensis
(Lauraceae) and Cyclobalanopsis glauca (Fagageae)
(table 2).

Galling Position

Regarding the plant parts attacked, galls were found on
leaf blades more frequently than any other part (fig. 6).
Among the galls collected, 71 percent of galls were
found on leaf blades, 2 percent on petioles, 6 percent on
buds, 19 percent on stems, 1 percent on fruit, and 1
percent were non-specific, i.e., found on more than one
part of the plant. Among the 156 records of leaf galls
(fig. 7), more were found in between veins than oter
areas on a leaf blade for both open (15.9 percewng and
enclosed (21.7 percent) types. It is also common for the
open type of galls to occur on the leaf margin (15.3
percent). The galls produced on the mid-rib (12.7
percent) are exclusively the enclosed type. The enclosed
type of galls was found more often on the veins, either
primary or secondary veins, than the open type.

Gall Inducer

Diptera (39 percent) and Homoptera (35 percent) are two
major galling groups found in this study (fig. 8). Thir-
teen percent of gallers belong to Hymenoptera, 4 percent
Lepidoptera, with one record (0.4 percent) of a co-
leopteran gall and some unknown gallers.
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Figure 2.—The number of species found as galling host in each plant family in Taiwan

, based on a survey from July

1995 to June 1996.

Table 1. The species richness of gall-bearing plant families in Taiwan.

Host Family
(# of species;
# of gall types)

Number of

HosfSpecies Number
- Within Each Family
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Figure 3.—A pie chart of open and enclosed type of galls
occurred in Taiwan.
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. Table 2. The distribution of gall type number per host species and the main gall-forming plants in Taiwan.*

Number of Gall Types Number of
. per Host Species Host Species Host Plant Species (Family)
- 11 2 Machilus zuihoensis var. zuihoensis (Lauraceae)
Cyclobalanopsis glauca (Fagaceae)
8 1 Litsea acuminata (Lauraceae)
7 1 Machilus thunbergii (Lauraceae)
6 2 Machilus zuihoensis var. mushaensis (Lauraceae)
' Machilus japonica (Lauraceae)
5 2 Cinnamomum osmophloeum (Lauraceae)
o Fraxinuns formosana (Oleaceae)
4 3 Cinnamomum insularimotamum (Lauraceae)
Cinnamomum subavenium (Lauraceae)
. Machilus kusanoii (Lauraceae)
3 8 Pueraria lobata (Leguminosae) etc.
2 22 Helicid formosana (Proteaceae) etc.
1 82 Miscanthus floridulus (Poaceae) etc.
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Figure 8.—A pie chart showing the percentage of galling
insects in each order and the number of galling
morpho-species (in paranthesis) found in Taiwan,
based on a survey from July 1995 to June 1996.

DISCUSSION

Seven orders of insects were reported forming galls
~ (Dreger-Jauffret and Shorthouse 1992). We found six of
- them except Hemiptera, true bugs. Regardless of the

problem of ambiguous higher classification in Himiptera
and Homoptera, the Hemiptera s.s. or Heteroptera is a
less significant galling group, which is represented by an
exclusive cecidogenous family, Tingidae or lace bugs.
Although several genera of Tingidae have been found
forming galls on flowers, there were only five species in
“Europe (Mani 1964, Meyer 1987). In Japan, eight
species of galling Tingidae were reported (Yukawa and
Masuda 1996). The flower as a galled plant part can
easily be overlooked. Since some of the host genera are

" also present in Taiwan, further investigation is required.

Different galling insects predominate in different areas

" on a worldwide basis (Gagne 1984). While scale insects
are mainly tropical or Australian, galling thrips are
basically distributed in the warmer parts of the Eastern
Hemisphere. Cynipid gall wasps are common attackers
of the oaks in North America and Europe. We found that
Diptera and Homoptera represent two major galling
groups in Taiwan. Among dipterans, Cecidomyiidae is
the most important gall-forming group in terms of the
abundant galling species, wide host-plant range, and high
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gall-shape specificity. Homopterans are the second most
important galling group. While many of the homopter-
ans formed pit galls, others induced specific enclosed
galls. Few cynipids have been reported in Taiwan (Chiu
1958, 1966). Eleven morpho-species were collected in
this very study and more were found after the analyses
were done for this paper. Apparently, there are more to
be explored and detailed identification should be
conducted.

The frequency of gall-forming species on plant groups )
varies through different parts of the world. Mani (1955,
1964) provided statistics on the major galling plant
families in different regions. In Europe and North
America, Fagaceae comprised nearly 50 percent of the
galls found (table 3). Other major groups in this region
included Compositae (20 percent) and Rosaceae (15
percent). Leguminosae are the dominant host plants for
galls in South America, India, and part of Africa. Galls
are dramatically abundant on Myrtaceae in Australia.
Similar to the Himalayas region, our study shows that
Lauraceae contain more gall-forming plant species than
any other plant families in Taiwan. However, the known
host plants are nearly evenly distributed among several
major galling host families in the Himalayas (table 3). In
contrast, gall-inducers are relatively widespread in
Taiwan. Most of the plant families include less than 10
percent of species among the total host species, except
Lauraceae (table 3, fig. 2). A similar widespread pattern
could also be seen in Japan. However, the result may be
related to the extent of effort of studies. Since data from
the above literature were not collected on the samebasis,
complete comparisons are impossible.

Not many research works have covered comprehensively
information on both flora and gall fauna in Asia, as in the
recent book of Yukawa and Masuda (1996), /nsect and
Mite Galls of Japan in Colors. A comparison of the gall
fauna between Japan and Taiwan is given in table 4.
Although Japan is more than nine times bigger than
Taiwan, they share similar floral diversities. There are
more plants bearing galls in Japan than in Taiwan.

According to the Japanese Flora, there are 23 speciesgf
Lauraceae (Ohwi 1961) of which 16 were reported
supporting galls (Yukawa and Masuda 1996). Nine out
of these 23 laural species are also found in Taiwan and
seven of them are also galled, showing a high overlap of
the host plant taxa. Because the records of Japan are
based on 15 years of thorough studies whereas our data
of Taiwan came from just a year’s survey, there is a lot of
potential for further discoveries in Taiwan.



Table 3. Major galiing plant families in different geographic regions reported by previous authors and from the

current study. .

——_—_____—_——_——_—____———_—'————=-—_-—_——--———

" We thank S. F. Yen, C. M. Wang, T. Y. A. Yang, and Y. J.
Wang for the identification of host plants and fungi, and
* Y. H. Hwang for a review of the manuscript. Many

peopie, such as K. Y. Wang, C. Y. Lin, J. L. Huang, M. C.

Lin, S. F. Yen, M. L. Chan, W. T. Yang, and S. T. Chiu
provided precious gall samples, and museum volunteers
"helped with pretreatment of samples. The study would
not have been completed without their kind help.

Europe and Africa and Japan Taiwan
N. America S. America Australia Himalayas (Yukawa & (Yang &
(Mani, 1964) (Mani, 1964") (Mani, 1964') (Mani, 1955%) Masuda, 1996) Tung, 1997%)
Fagaceae 50% 20% 7%
Compositeae 20% 22% 9%
Rosaceae 15% 13% 10% 4%
Myrtaceae . 50% -
Lauraceae 24% 13%
Leguminosae. dominant 21% 5%
Euphorbiaceae 6%
Moraceae 5%
Salicaceae 4%
Poaceae . 4%
Lamiaceae 4%
1'No data for the blanks.
2 Blanks indicate data less than 1%.
' Table 4. A comparison of the gall faunas of Japan and Taiwan.
Japan Taiwan Ratio
Area 337,801 sq km 36,179 sq km 9.34
Flora 4022 spp 4061 spp 0.99
Galled Plants 569 123 4.62
Galled Plant Ratio 0.14 0.03 4.67
Insect Fauna
Nar_ned 29,000 17,600 1.65 N
Estimated 100,000 140,000-200,000 0.5-0.7
Galling Insects 1249 223 5.6
Lepidoptera 58 9 6.4
~ Diptera 647 85 7.6
Hymenoptera 222 30 7.4
~ Coleoptera 20 1 20
" Homoptera 284 79 3.6
Hemiptera ‘ 8 0 -
Thysanoptera 10 6 1.7
- Unknown - 13 -
¥
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Appendi)i 1. Data Sheet for Galls Collected in Taiwan

[Date:” Rec. #: GA
HLocality: -longitude: -galls from same tree :
' -latitude: GA
| —-ALT:
Collector. “Temp., RH:
ost plant and habitat: Type of habitat:
1.common name: family: coniferous forest
2.species name: ' mixed coniferous forest
3.tree/shrub/vine/herb/others, hight: )m broad-leaved forest
4single/aggregation alpine grassland/grassland
5.isolated/mixed cultivar(orchard + bamboo forest..)
’ . wetland/pond
6.open area/semi-shaded /undershade humman environment
_7.wet/dry/median toward (wet/dry) (park/urban forestthomeland/
8.Distribution of galls on plant: waste land/graveyard....)
- sunny side/shade/higher part/lower part/not obviouse/others others( )
The position of galls on plant: Number of galls:( )

~leaf/petiole/bud(axillary/terminal)/stenlltwig/ﬂower/fruit

The position of leaf gall:

1.mid-rib/near mid-rib/2nd vein/between veins/margin/random
2.main structure on: upper side/lower side/even

ns<S5, 5<n<10, 10<n<100, n>100 per leaf/part
n<5, 5<n<10, 10<n<100, n>106 per plant

' '4. outside the gall:
5. emergent hole (present/ absent), shape (

[Gall morphology: Color of gall:
open type: curling/folding/pit/others ( )
enclosed type: shape ( )
MMY galircd-eng.doc
Associate organisms Notes (Treatments)
Organisms associate with gall: Date of treatment: / /19
1. single cell/ multiple cell Photo no.:
2. one ind. per cell/ multiple ind. per cell R#
‘3. inside the gall: N
M#

Parasitic rate:

no. of healthy galls:

no. of parasitized galls:

[Position of galler inside the gall:

|| body position: basal/middle/terminal
head direction: basal/terminal/lateral

-gall: 70% EtOH/dry/other
-plant: 70% EtOH/press
-insect: 70% EtOH/pin/slide/
freeze/Carnoy/rear
-other material holder:

[Drawings and measurements:
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GALL-FORMING AND SEED-EATING INSECTS, AND THEIR
ASSOCIATES, ON JOINT PINES (EPHEDRA SPP.) IN SPAIN,
- A RICH AND NEWLY DISCOVERED FAUNA

R. R. Askew and J. Blasco-Zumeta

RRA: 5'Beeston Hall Mews, Beeston, Tarporley, Cheshire CW6 9TZ, England

JB-Z: C/ Hispanidad 8, 50750 Pina de Ebro, Zaragoza, Spain

Abstract—We present the findings to date of a continuing study of the rich, and largely
hitherto unknown, insect fauna inhabiting galls and seeds on Joint Pines (Gnetales:
Ephedraceae, Ephedra spp.) in Spain. Galls are formed by Eurytoma (Hymenoptera:
Chalcidoidea) and Cecidomyiidae (Diptera), and seeds are fed upon by larvae of Blascoa
(Hymenoptera: Chalcidoidea). The phytophages are attacked by communities of parasi-

toid Hymenoptera.

INTRODUCTION

Gymnospermae, in contrast to Angiospermae, are hosts

. to relatively few internally-feeding phytophagous insects,

but Joint Pines (Gnetales: Ephedraceae, Ephedra spp.)
are exceptional. In the arid steppe country of Monegros

"-in Aragon, eastern Spain, species of Ephedra have

recently been found to support rich faunas principally
centered upon gall-forming and seed-eating species of
Chalcidoidea. Ephedra are placed in Gnetales, a group
apparently of ancient lineage suggested by some as the
sister group to Angiospermae. Knowledge of the insects
that depend upon them is therefore likely to be of wide

‘interest..

Previous Information

" There are few literature citations to gall-forming or seed-

eating insects attacking Ephedra. Mani (1964) mentions

'. that “*Globose or fusiform galls on the stem of Ephedra
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spp., caused by Coleoptera, Lepidoptera and Diptera, are
known from different parts of the world’, but he gives no
details except the figure of a plurilocular stem gall
attributed to a gall midge. Zerova et al. (1988) describe
Eurytoma flaveola (Zerova 1976) (Chalcidoidea:
Eurytomidae) as forming elongated clusters of galls on
roots of several species of Ephedra in Asia, and Zerova
and Seryogina (1994) refer only to Eurytoma ermolenkoi
Zerova as phytophagous in seeds of Ephedra procera in
Armenia. With the exception of a record of Nikanoria
ephedrae Steffan (Eurytomidae) reared from seeds of E.
distachya L. in France as a possible parasitoid of
Nemapogon (Lepidoptera: Tineidae) (Steffan 1961),
almost nothing was known about the European fauna

until 1994. Then one of us (J B-Z), looking at Ephedra
nebrodensis Tineo in the arid Monegros (Zaragoza)
region of eastern Spain, noticed insect emergence holes
in the seeds and found globular galls on the shoots.

Seed-eaters

An extensive study of the seeds of E. nebrodensis
(Askew and Blasco-Zumeta 1997) showed that the *
primary phytophage was a miscogasterine pteromalid,
Blascoa ephedrae Askew, and it attacked over 60 percent
of seeds in the study area. Phytophagy is rare in
Pteromalidae and has not been previously reported in
Miscogasterinae. Five species of Chalcidoidea,
Mesopolobus semenis Askew and M. arcanus Askew in
Pteromalidae, Aprostocetus lutescens Askew and
Baryscapus aenescens Askew in Eulophidae, a species in
the Eupelmus urozonus Dalman aggregate (Eupelmidae)
and a species of Braconidae, are parasitoids of Blascoa.
The trophic relations of these species are depicted as al
food web (fig. 1). v

Blascoa has also been found in seeds of E. distachya L.
and E. fragilis Desf. On the latter plant, it appears from
limited data to have a similar fauna of parasitoids to that
found on E. nebrodensis, but on E. distachya it is heavily
attacked by a species of Adontomerus (Torymidae) that is
possibly absent from E. nebrodensis.

Gall-formers
An investigation of the globular galls (Askew and

Blasco-Zumeta, in press), involving dissection and
rearing, revealed that the gall-former is a species



GALLS

Ephedra nebrodensis

?weevil Globular gall-= Nikanoria
Cirrospilus Eurytoma
+ vittatus agg. Mesopoijfff/’///ar
Ormyrus ———=Brasema-— Eupelmus —sBracon
Y urozonus agg. f
Nodular cecidomyiid gall Fusiform cecidomyiid gall
N :

Macroneura Platygasterid

Cirrospilus vittatus agg.

Ephedra distachya

Fusiform cecidomyiid gall

? /
Macroneura Platygasterid

SEEDS

Ephedra nebrodensis

Seed
: Blascoa ?
Aprostocetus
lutescens ephedrae

Adontomerus

Baryscapus //V' f \

Bracon
aenescens Mesopolobus Mesopolobus Eupelmus
semenis arcanus urozonus agg.
Ephedra distachya Ephedra fragilis
Seed Seed
? Blascoa Blascoa
/ epherrae\
Aprostocetus Adontomerus Eupelmus Bracon Aprostocetus

lutescens urozonus agg. lutescens

Figure 1.—Trophic relations of the insects inhabiting seeds and galls on species of Ephedra in Spain.
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assigned to Eurytoma although showing some characters
of Bruchophagus (endophagous in seeds of an-
giosperms). Its unilocular galls are quite different to
those of E. flaveola on Ephedra in Asia (Zerova 1995),
and very conspicuous. It is very surprising, therefore,

- that they do not appear to be mentioned in the literature.
They have not recently colonized Spain; herbarium
material in Madrid was collected in 1907. Three chalcid
species (an undescribed Brasema, a species in the
Eupelmus urozonus aggregate (Eupelmidae), and an
undescribed Ormyrus (Ormyridae)) and one species of
Braconidae are parasitoids of the gall-former, and a
species of Nikanoria (Eurytomidae) appears to be an
inquiline in the galls. In addition, beetle
(Curculionidae?) larvae feed beneath the epidermis of the
galls-and these are parasitized by two chalcid species.
The community of insects associated with galls of
Eurytoma on E. nebrodensis is depicted as a food web

(fig. 1).

Unidenritified species of Cecidomyiidae also form galls on
. Ephedra in Spain. Fusiform, plurilocular galls have been
found on E. nebrodensis and E. distachya (perhaps
formed by different gall-midge species), and small
unilocular galls at the shoot nodes of E. nebrodensis
appear usually to be young stages of the Eurytoma galls,

- but sometimes to be formed by another species of
Cecidomyiidae. The few species of Hymenoptera so far

- detected as parasitoids of these Cecidomyiidae are

‘indicated in figure 1.
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IS THERE A COOL-WET TO HOT-DRY GRADIENT OF INCREASING
GALL-FORMING INSECT DIVERSITY ?

Ros Blanche and John Ludwig

CSIRO Wildlife and Ecology, Tropical Ecosystems Research Centre, PMB 44 Winnellie Darwin NT Australia 0821

Abstract—Some studies have suggested that gall species richness increases as environ-
ments become hotter and drier because there are fewer gall insect enemies in hot, dry
environments. Other work has shown that low soil fertility and certain host plant groups,
not hot; dry conditions, are related to high numbers of gall species. High levels of

- secondary chemicals and long-lived plant parts, adaptations of some plants growing on
infertile soils, may favor galls by providing long-term sites for gall formation and

_ protection from enemies. The main function of galls may be to gain a better food supply

from low nutrient, well-defended plant tissues.

INTRODUCTION

This paper evaluates some of the evidence regarding the
_existence of a cool-wet to hot-dry gradient of increasing
gall-forming insect species diversity. The presence or
absence of such a gradient is interesting because it sheds
light on the possible function of insect-induced galls.

Evidence for Increasing Gall Species With
Increasing Temperature and Dryness

The data which first suggested that hot-dry environments
favor gall insects were collected by Fernandes and Price

- (1988) along two altitudinal gradients—one from the top
of the San Francisco Peaks (3843 m) to the lower
Sonoran Desert (305 m) near Phoenix, Arizona, USA,
and the other from the top (1350 m) to the base (650 m)

-of the Serra do Cipo in Minas Gerais, Brazil. At both
locations sites became hotter and drier as altitude
decreased. Samples were taken, where possible, both
away from and near watercourses at each elevational site.

. Inboth USA and Brazil gall species richness was found
to increase as sites became hotter and drier and altitude
decreased. The increase in gall species richness was
attributed to the increase in temperature and dryness
rather than the decrease in altitude because gall species
richness was higher in samples taken away from water-

. courses than in those taken near watercourses at the same
elevation, and there was no gradient in gall species
richness when mesic sites were considered alone.

Later work by Fernandes and Price (1992) suggested that
hot-dry environments have fewer enemies (e.g., fungal
diseases and predators) which attack gall insects and this
may be why there are more gall species in such environ-
ments. Galls would then function primarily to protect
insects from suffering ‘hygrothermal stress’ (Fernandes
and Price 1988, 1991; Price et al. 1986, 1987) in the
relatively enemy free but hotter, drier environments.

Indications of Alternative Explanations

During the course of our studies in Australia several
findings caused us to question whether the gradient in
temperature and moisture was the only explanation for
the gradients in gall species richness. The first author
had estimated regional gall species richness on certain
Australian eucalypts and acacias, some with geographic
ranges in semi arid western NSW, and others wit
geographic ranges in the more mesic coastal areas of the
State (Blanche and Westoby 1996). If galling is #hore
prevalent in hot-dry environments than cooler-wetter
environments, one might expect that gall species richness
would be higher on plant species with ranges in the semi-
arid western regions than in the coastal regions. There
was no indication that this was so. Comparison of gall
species richness at three widely spaced NSW locations
with different temperature/rainfall conditions also failed
to produce the expected pattern.

The first author had also compared gall species diversity
on vegetation growing at infertile soil sites with that on
vegetation at fertile soil sites (Blanche and Westoby
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1995). There were more gall species at infertile soil sites
.than fertile soil sites but the effect was concentrated in
myrtaceous trees, especially eucalypts.

The link between gall species richness and certain host
plant species on infertile soils in Australia made us
wonder if the altitudinal gradients in the USA and Brazil
could also have been soil fertility gradients and perhaps
the sites away from watercourses less fertile than those
near watercourses. Also, the plant species composition
had been very different along the altitudinal gradients.
‘For example it varied from alpine-tundra, through

~ spruce-fir forest, ponderosa pine forest, pinyon-juniper
woodland and chaparral, to desert vegetation in the USA.
So we felt that the effect of soil fertility and plant species
composition were worth exploring further.

METHODS AND RESULTS

Evidence That Soil Fertility and Host Plant Groups,
Not Temperature and Moisture, Influence Gall
Species Richness

To test the hypothesis more rigorously, gall-forming
insect diversity was determined at five Northern Territory
{ocations along-a strong temperature/rainfall gradient
(mean January maximum temperature 33°C to 39°C and
median annual rainfall 1500 mm to 550 mm) from the
north coast, near Kakadu National Park, inland to the

*Tanami Desert, a distance of 500 km, with no significant
change in elevation. All sites were in eucalypt wood-
land/open forest on infertile soils (low phosphorus). No
cool-wet to hot-dry gradient in gall-forming insect
diversity was detected (fig. 1).

_In an additional test of the hypothesis, gall species
richness, plant species richness, and soil fertility were
assessed at five elevational locations from the top of the
Chisos Mountains (2400 m) to near the Rio Grande River

. (600 m) in Texas, USA. This elevational gradient is also
a temperature/rainfall gradient (cool at higher altitudes to
hot at lower altitudes, mean annual rainfall 530 mm to
257 mm):. Gall species richness was greatest at mid-
elevations along the altitudinal gradient and lowest at
both low and high elevations, that is, in dry desert and
mesic mountain locations (fig. 2). Mesic plots (in
washes) and dry plots (adjacent uplands) at the same
altitude were not significantly different in gall species
richness.

The pattern of gall distribution was related to the
distribution of woody plant species along the gradient
(fig. 3). Richness of woody plant species was negatively
related to soil phosphorus levels (fig. 4).
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Figure 1.—Number of gall species at sites with different
mean annual rainfall in the Northern Territory, Austra-
lia. Error bars are + SE. Temperature increases as
rainfall decreases. Shows no significant increase in the
number of gall species as sites become hotter and drier.
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Figure 2.—Number of gall species at different elevations
at Big Bend NP, Texas. Error bars are + SE. Showing
no increase in the number of gall species as conditions
become hotter and drier with decreasing elevation.
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Figure 3.—Showing the positive relationship between
 the number of gall species and the number of woody
plant species at Big Bend NP, Texas (r’ = 0.23, P =

0.03).
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- Figure 4.— Showing the negative relationship between
_the number of woody plant species and soil phosphorus
. levels at Big Bend NP, Texas (r’ = 0.25, P = 0.02).

These findings suggest that hotter-drier conditions do not
favor gall-forming insects. Gall species richness may be
related more to changes in soil phosphorus and plant
community composition than changes in temperature and
moisture.

DISCUSSION
Relevance to Gall Function

Many plant groups growing on infertile soils have long-
lived plant parts (Coley et al. 1985) and high concentra-
tions of secondary compounds (McKey ef al. 1978).
Long-lived plant parts provide reliable, long term sites
for gall formation and it has been suggested that plant
secondary compounds, which are considered to help
defend plant tissues against herbivores, also protect galls
from chewing herbivores and fungi (Cornell 1983).

Galls also act as sinks for nutrients and other plant
compounds. Concentration of secondary compounds in
the outer gall wall, away from the inseet inhabitants,
means gall insects can avoid ingestion of the undesirable
secondary compounds while benefiting from the flow of
nutrients into the nutritive cells of the gall. So galling
may function primarily as a means to obtain a quality
food supply from otherwise low nutrient, well defended
plant tissues, rather than providing a means of avoiding
hygrothermal stress.
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ROLE OF PERICLISTUS (HYMENOPTERA: CYNIPIDAE) INQUILINES IN
LEAF GALLS OF DIPLOLEPIS
(HYMENOPTERA: CYNIPIDAE) ON WILD ROSES IN CANADA

Joseph D. Shorthouse

‘Department of Biology, Laurentian University, Sudbury, Ontario, P3E 2C6, Canada

Abstract.—Cynipid wasps of the genus Diplolepis are restricted to inducing galls on
roses (Rosa species). Six Diplolepis galls found in Canada and induced from leaf tissues
are attacked and structurally modified by inquiline cynipids of the genus Periclistus.
Immature larvae of Diplolepis are killed by ovipositing Periclistus and Diplolepis-
induced gall cells quickly lose their characteristics. Periclistus larvae then induce their
own layers of nutritive and sclerenchyma cells and are encased within individual cham-
bers. Periclistus are important mortality factors for Diplolepis and the presence of their
larvae increase the diversity of associated component communities. Periclistus are likely
driving forces in the evolution of the Diplolepis complex.

INTRODUCTION

Approximately 30 species of cynipid wasps of the genus
Diplolepis induce galls on the wild roses (Rosa spp.) of
North America (Beutenmuller 1907, Burks 1979,

" Shorthouse 1993) and about half of these are found in

Canada. Galls of each species of Diplolepis are structur-
ally distinct and organ specific to either leaves, stems or
_roots. Like the galls of all inducers (Rohfritsch 1992),
those of Diplolepis undergo a series of developmental
- events referred to as initiation, growth, and maturation as
the inducers gain control of the development and
physiology of attacked organs. Immatures of gall
" inducers become surrounded with concentric layers of
 modified plant cells which provide food and shelter. The
- arrangement of these layers varies between inducers. In
“all cynipid galls, there are cytoplasmically dense cells
lining the larval chambers, referred to as nutritive cells
(Bronner 1992), which contain high concentrations of
fats and proteins and are the inducer’s sole source of
food.. Much has been written about the anatomy of
cynipid galls (see references in Meyer and Maresquelle
1983, Meyer 1987, Shorthouse and Rohfritsch 1992);
however, little is known about how gall inhabitants other
than the inducers influence developmental events.

Because cynipid galls are so apparent, are composed of
cells with more nutrients than unmodified host organs,
and the inducers are stationary within their chambers,

they are attractive to numerous species of parasitoids and
inquilines. Inquilines are wasps that live in a close
spatial relationship with the larvae of gall inducers, never
feeding on tissues of the inducers, but nevertheless
frequently destroying it (Askew 1971). Mosfgalls of
cynipids are host to such distinct assemblages of induc-
ers, parasitoids and inquilines that they are considered
component communities (Shorthouse 1993). All cynipid
inquilines are phytophagous and feed on specialized
nutritive cells that they themselves induce from tissues of
the host gall. Host galls are usually enlarged and
anatomically modified (Shorthouse 1973, 1980); how-
ever, some inquilines retard the growth of their host galls
(Washburn and Cornell 1981, Wiebes-Rijks 1982). All
inquilines associated with Diplolepis galls are cynipids of
the genus Periclistus, but their role in compone!
communities and influence on gall anatomy is goorly
known.

All Periclistus have their life cycles obligatorily associ-
ated with galls induced by Diplolepis. The inducer dies
in the association and the inquiline larvae redirect the
growth and development of attacked galls such that each
inquiline is enclosed in its own chamber. Askew (1971,
1984) considered inquilinism a form of commensalism
intermediate between parasitism and symbiosis and
provided an overview of inquiline biology. Because
inquilines feed in a manner so similar to the inducers,
Hawkins and Goeden (1982) called the structures made
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by inquilines ‘endogalls’. Ronquist (1994) proposed the
term ‘agastoparasitism’ and emphasized that cynipid
inducers and inquilines are closely related.

If we are to understand the factors influencing speciation

. of inducers and the structural complexity of their galls,

we need to learn more about the roles of all community
members. One approach is to compare the activites of
one guild of gall inhabitants associated with a single
genus of inducers. Galls induced by Diplolepis on wild
roses are ideal for such a study because they are diverse,
their component communities are complex and several

-species occur sympatrically in some areas. In this paper,

the roles of Periclistus in the galls of six species of
Diplolepis found on the leaves of wild roses in Alberta
and Saskatchewan, Canada are compared. The six
gallers are D. polita (Ashmead), D. bicolor (Harris), D.
rosefolii (Cockerell), D. nebulosa (Bassett), D. ignota
(Osten Sacken) and D. gracilis (Ashmead). The gross
anatomical features of inducer and inquiline-modifed
galls will be illustrated for each species along with the

~ role of Periclistus as a mortality factor of the inducers.

BIOLOGY OF DIPLOLEPIS AND THEIR GALLS

Cynipid gall inducers are divided into five tribes, based

. on morphological similarities and partly on host plant

preferences (Ronquist 1994). Most species of cynipids
are in the tribe Cynipini, all of which gall Fagaceae,

" ‘whereas all species of Diplolepis are found in the Tribe

Rhoditini and gall roses. Diplolepis are univoltine and
do not exhibit alternation of generations. Females of
most species exit their galls in the early spring and search
for suitable oviposition sites without mating (Shorthouse

- 1993). Populations of most species are predominantely

female. Eggs of all leaf-gall inducers are deposited on

‘the surface of immature leaflets still within leaf buds (fig.

1A). ‘Presence of eggs cause nearby tissues to lyse
during initiation and the freshly hatched larva enters a

~ small chamber. The larva is quickly surrounded by

rapidly proliferating cells with those nearest the larva
becoming cytoplasmically dense nutritive cells (fig. 1B).

_ Vacuolate parenchymatous cells adjoining the nutritrive
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cells also appear early in gall growth (fig. 1B). During
the growth phase, the layers of gall parenchyma cells
increase in thickness and are responsible for the gall’s
rapid increase in size (fig. 1C). The cytoplasmically
dernise nutritive cells are the larva’s sole source of food
and new nutritive cells are differentiated from gall
parenchyma as they are consumed. Vascular bundles
appear among the gall parenchyma and join those of the
host organ (fig. 1C). Most larval feeding occurs once
galls enter the maturation phase when gall parenchyma is
differentiated into nutritive cells. The larval chamber is
largest at the maturation phase (fig. 1D) providing the
larva ample room to maneuver and feed on nutritive
cells. A band of lignified sclerenchyma (fig. 1E) is

differentiated within the layer of gall parenchyma during
the maturation phase. By the end of larval feeding, all
gall parenchyma inside the sclerenchyma layer has been
converted to nutritive cells and consumed such that larval
chambers of mature galls are lined with sclerenchyma.
The inducers overwinter in the prepupal stage within
their galls. Most mature galls abscise in late summer or
fall along with non-galled leaves and are buried by snow.
For references on the development of cynipid galls, see
Rohfritsch (1992). .

BIOLOGY OF PERICLISTUS

Five genera of cynipids are known to be inquilines
within the galls of other cynipids: Ceroptres, Synergus,
Saphonecrus, Periclistus, and Synophromorpha, whereas
Synophrus and Rhoophilus are suspected of being
inquilines (Roskam 1992, Ronquist 1994). Roskam
(1992) placed all inquiline genera in the Tribe Aylacini
and Ronquist (1994) showed that they form a monophyl-
etic group. Ronquist (1994) also suggested that in-
quilines evolved from gall inducers in or related to the
genus Diastrophus, as was also hypothesized by Ritchie
(1984), and that Diastrophus is the genus-of gall inducers
most closely related to the inquilines. A recent, more
comprehensive analysis of high-level cynipid relation-
ships, comprising representatives from all but the
Aylacinia genera, indicates that inquilines are closely
related to three Aylacini genera that are all associated
with rosaceous hosts (Liljeblad and Ronquist 1998):
Xestophanes and Gonaspis on Potentilla, and
Diastrophus on Potentilla, Rubus, and a few other p'lants
(one Diastrophus species occurs on Smilax
(Smilacaceae), but this is obviously due to secondary
colonization of a distant host plant). Of these genera,
Xestophanes is most closely relaied to the inquilines, not
Diastrophus, and this conclusion is strongiy supported by
the analysis of Liljeblad and Ronquist (1998). Thus, it
appears that inquilines evolved from gall inducers
associated with Potentilla. However, the results of
Liljeblad and Ronquist (1998) do support the notion that
the inquilines were originally attacking Rubus-galling
species in the genus Diastrophus. '
v
Ten species of Periclistus occur in North America
(Ritchie 1984). In his dissertation where he revised the
genus, Ritchie (1984) found that only four of the previ-
ously described species were valid; three existing species
were either synonyms of other Periclistus species or
belonged to other genera and described six new species.
Unfortunately, the new names cannot be used here as
they are still not validly published in the sense of the
ICZN; therefore, no specific names of Periclistus are
used in this publication. Even so, it is useful to note that
Ritchie found a new species of Periclistus associated
with both galls of Dipolepis polita and D. bicolor,
another from galls of D. rosaefolii, another from galls of



" Figure 1.—Schematic representation of developmental events of a typical Diplolepis gall. A. Female Diplolepis oviposit-
ing in an immature unforced leaf bud of wild rose. B. Initiation phase showing first-instar larva surrounded by gall
parenchyma and freshly formed nutritive cells. Note remains of egg shell protruding from larval entrance channel. C.
Gall in growth phase. Note the larva is completely surrounded by nutritive cells lining the chamber and gall paren-
chyma. Strands of vascular bundles extend into the gall parenchyma. D. Mature gall showing amount of space inside
the larval chamber. E. Section of mature gall in D showing nutritive cells lining larval chamber and their enlarged
nucleoli, a layer of gall parenchyma with starch granules, a thick layer of brick-shaped sclerenchyma cells and vascular

“bundles extending towards the nutritive cells. A layer of gall cortex is found between the sclerenchyma and epidermis.
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both D. ignota and D. nebulosa, and a new species from
galls of D. gracilis. Shorthouse (1980) incorrectly used
the name P. pirata (Osten Sacken) for a species associ-
ated with galls of D. polita. P. pirata is now known to be
the correct name for a species associated with galls of D.

. nodulosa (Beutenmuller) (Brooks and Shorthouse 1997a)
and 11 other species of Diplolepis (Ritchie 1984). Of

- interest, Ritchie (1984) recognized that P. californicus
Ashmead is associated with galls of D. polita from
California, USA and P. piceus Fullaway is from galls of
D. polita from Wyoming and Colorado, USA. The other
species of Periclistus are associated with stem galls.
Thus, four species of Periclistus are associated with the
six galls of Diplolepis highlighted in this publication.

All species of Periclistus attack monothalamous galls,
except the European species P. brandtii (Ratzburg) which
attacks the polythalamous leaf gall of D. rosae (L.)
(Stille 1984). In this gall, P. brandtii has no apparent
negative effects on-survival of inducers (Stille 1984).

~ Life cycles of all Periclistus are similar to those of
Diplolepis; they are univoltine and overwinter inside host
galls as prepupae. Adults exit their galls in the spring a
few weeks after the inducers, mate, and the females
oviposit in immature galls (fig. 2A); the proportion of

- females to males is equal. Eggs are laid on the inner
surface of the chambers and the inducer is always killed
by the ovipositing femalé (fig. 2B). Multiple oviposi-

"tions are common and galls such as D. bicolor may

receive up to 25 eggs; each stem gall of D. nodulosa
(Beutenmuller) receives an average of 78 eggs with some
galls having as many as 174 (Brooks and Shorthouse
1997a). Eggs hatch 7-10 days after oviposition.
Diplolepis-induced nutritive cells revert to gall paren-
chyma soon after the inducer is killed, but the gall
bontinues to grow. Galls where the inducer is killed but
no inquiline eggs are laid stop growing and die. Freshly
hatched Periclistus larvae feed on gall parenchyma lining

_the chamber and induce the formation of additional cell
proliferation such that galls at this stage are larger than

_ inducer-inhabited galls of the same age. Periclistus

. larvae disperse about the chamber surface and additional
proliferation of gall parenchyma results in each larva
becoming encapsulated in its own chamber (figs. 2C and
2D), the Periclistus-equivalent of growth phase. As the
larvae become encapsulated, Periclistus-induced
nutritive cells near feeding sites are differentiated into
nutritive cells. Periclistus-induced nutritive cells are
smaller than Diplolepis-induced nutritive cells, but they
are more numerous and densely packed (fig. 2E).
Periclistus larvae do most of their feeding as galls enter
the inquiline-equivalent of maturation phase. Scleren-
chyma cells are differentiated in a broad band circum-
scribing the.zone of Periclistus influence and around
each chamber (fig. 2E). Similar to inducer-inhabited
galls, Periclistus continue converting gall parenchyma

64

into nutritive cells during gall maturation until the
chambers are lined with sclerenchyma. More vascular
bundles appear within tissues of Periclistus-modified
galls than in inducer-inhabited galls. Some galls
inhabited by Periclistus are much larger than inducer-
inhabited galls, whereas galls of other species are smaller
when inquilines are present. Periclistus commonly cause
the mortality of a large proportion of inducers. Ina 2
year study of the D. nodulosa gall, Brooks and
Shorthouse (1997a) found from 55-65 percent of the |
inducer population was killed by P. pirata.

MATERIALS AND METHODS

Information on the biology of the six galls came from
numerous field seasons and collections in Alberta and
Saskatchewan, along with additional collections of all
galls, except those of D. ignota and D. gracilis, from
central Ontario in Canada. Galls of some species are
from roses growing in the forested regions of central and
northern Alberta and Saskatchewan, whereas galls of
other species are from roses growing on the open
prairies. To obtain adult inhabitants, large collections of
mature galls were made in the fall and stored for 3
months at 3°C. Galls were either placed in jars at room
temperature and adults removed, counted and curated
daily as they exited, or prepupae were placed individu-
ally in gelatin capsules and the adults allowed to emerge,
after the same cold treatment as the galls. Time in days
for the emergence of adults from pupae stored in gelatin -
capsules was recorded for both Diplolepis and
Periclistus. *
To obtain data on seasonal changes in composition of
component communities associated with galls of each
species, large number of galls were collected monthly

*during the summer in a single season by walking

haphazardly through large patches of roses and harvest-
ing every gall observed. Galls were then dissected in the
laboratory and contents identified. For the purposes of
this study, gall contents were identified as being either
inducers, inquilines or parasitoids; however, parasitoids
associated with Diplolepis leaf galls are in the genera
Eurytoma, Torymus, Aprostocetus and Pteromalus, alopg
with the torymid Glyphomerus stigma (F.) and Ormyrus
rosae (Ashmead), the only species of ormyrid associated
with Diplolepis galls (Hanson 1992). Representatives of
all gall inhabitants are deposited in the Canadian Na-
tional Collection of Insects in Ottawa, Ontario.

Antomical studies of inducer- and inquiliné-modified
galls were undertaken by collecting galls in the field,
dissecting them in the laboratory to identify inhabitants,
then fixing and sectioning tissues using standard histo-
logical techniques (O’Brien and McCully 1981). Sche-
matic drawings of gall anatomy were made after examin-
ing sections from at least 25 mature galls of each species.



Figure 2.—Schematic representation of developmental events of a typical Diplolepis gall attacked and
* modified by Periclistus. 4. Female Periclistus ovipositing in an immature Diplolepis gall. B. Gall in early
- growth phase with eggs of Periclistus and dead Diplolepis larva. Note that the Diplolepis-induced nutritive

cells have disappeared and the two oviposition channels. C. Gall with Periclistus larvae in early stage of

- chamber formation. Note that each larva is partially surrounded with Periclistus-induced gall parenchyma
. and there has been an increase in vascular bundles. D. Mature gall with each Periclistus larva enclosed in
its own chamber. E. Section of mature gall in D showing showing Periclistus chamber lined with inquiline-
_induced nutritive cells, gall parenchyma and sclerenchyma cells.
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RESULTS
' Characteristics of the Six Diplolepis and Their Galls
Diplolepis polital

Galls of D. polita (fig. 3) are monothalamous, spherical,
3.5 to 5.0 millimeters in diameter, clothed with weak
spines and formed on the adaxial surface of leaflets.
Immature galls are yellowish-green, but mature galls are
often bright red. They usually occur in clusters with
several galls per leaflet. They are found only on Rosa
acicularis-Lindl. in forested regions of Alta. and Sask.
growing in partly shaded habitats. Walls of mature galls
are thin (about 1 millimeter) and easily crushed with
fingers. The larvae feed over the entire chamber surface.
Adults removed from cold storage take an average of
26.8 days to emerge (fig. 9) and are present in the field in
early May with the first galls present by about May 20
(fig. 10). The sex ratio of 51 adults was 0.411.
Periclistus take an average of 23.4 days to emerge after
cold storage (fig. 11). Periclistus are found in about

* 71percent of the galls by mid-season (table 1) and are the
major source of inducer mortality. An average of 5.4
Periclistus are found per gall (table 2). Galls are mature
and on the ground by mid-August.

Diplolepis bicolor

" Galls of D. bicolor (fig. 4) are spherical, 7.0 to 11.0
millimeters in diameter, clothed with sharp, stiff spines,
and are induced on the adaxial surface of leaflets. They
often appear in tight clusters such that the host leaf is
obscured. Most galls remain on the host plant through-
out the winter. Immature galls are yellow-green, mature
galls are green to bright red. The most common host is
R. woodsii Lindl.; however, they are also found on R.
arkansana Porter, both growing in open, grassland
habitats. Walls of mature galls are 1.5 - 2.0 millimeters
in thickness and cannot be crushed with fingers. Larvae

"feed over the entire chamber surface. Adults removed

~ from cold storage take an average of 22.4 days to emerge
_ (fig. 9) and are present in early May with the first galls
present by about May 15 (fig. 10). The sex ratio of 98
adults was 0.857. Periclistus take an average of 25.6
days to emerge after cold storage (fig. 11). Periclistus
are found in about 59 percent of the galls by mid-season
(table 1) and are the major source of inducer mortality.
An average of 9.3 Periclistus are found per gall (table 2).
This is the fastest of the six galls to mature with most
mature by mid-July.

Diplolepis rosaefolii

Mature galls (fig. 5) are lenticular, 2.0 to 2.5 millimeters
thick and 3.0 to 5.5 millimeters in diameter and protrude
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from both adaxial and abaxial surfaces. Both surfaces
are smooth and the lateral walls are thicker than adaxial
and abaxial surfaces. The lens-shape of chambers
restricts larval movements to lateral regions. Galls can
be found singly but usually are densely packed and
coalesced. Hosts are R. acicularis, R. woodsii, and R.
arkansana growing from forested to dry grassland
habitats. Immature galls are green, mature galls are
green to reddish purple. Larvae lie parallel to the leaflet
surface with most feeding restricted to lateral regions.
Adults removed from cold storage take an average of
21.9 days to emerge (fig. 9) and are present in the field
from late April to late June. Immature galls are found
from late June to late July (fig. 10). The sex ratio of 609
adults was 0.582. Periclistus take an average of 36.5
days to emerge after cold storage (fig. 11). Periclistus
are found in 63.2 percent of the galls by mid-season
(table 1) and are a major source of inducer mortality.

An average of 1.4 Periclistus are found per gall (table
2). :

Diplolepis nebulosa

Mature galls (fig. 6) are spherical, 5.0-7.0 millimeters in
diameter, spineless and on the abaxial surface. They
occur singly or in rows. They are most common on
short R. woodsii on dry exposed prairie. Immature galls
are green to light brown with scaly, thick walls and a
prominent depression distal to the point of attachment.
Mature galls are pale brown and the depression is less
prominent. Walls are thin and easily crushed between
fingers. Larvae feed over the entire chamber surface.
Adults removed from cold storage take an average of
26.3 days to emerge (fig. 9) and are present in the field
from mid-May to mid-June. Immature galls are found
from early July to mid-August. Both immature and
maturing galls appear together suggesting a lengthy
period of gall initiation (fig. 10). The sex ratio of 315
adults was 0.647. Periclistus take an average of 58.0
days to emerge after cold storage (fig. 11). Periclistus
are found in 66.6 percent of the galls by mid-season
(table 1) and are a major source of inducer mortality.
An average of 3.3 Periclistus are found per gall (table

2). v
Diplolepis ignota

Mature galls (fig. 7) are either spherical, irregularly
globose, or kidney-shaped, spineless and on the abaxial
surface. Sperical galls average 6.0 to 9.0 millimeters in
diameter whereas those kidney-shaped may be up to
20.0 millimeters in length, making it the largest gall in
the prairie region. They are soft, succulent and light
green when immature, but become light brown and hard
when mature and usually do not abscise in the fall.

They are only found on R. arkansana in open habitats or



Figures 3-8 —Schematic drawings of six Diplolepis galls with mature galls to the left and dissected galls to the right. 3.
Galls of D. polita. 4. Galls of D. bicolor. 5. Galls of D. rosaefolii. 6. Galls of D. nebulosa. 7. Multichambered gall of
D. ignota. 8. Galls of D. gracilis.

'

v
Table 1.—Percentage of galls from central Saskatchewan modified by Periclistus larvae

Gall Mid-season maximum Mature galls
Diplolepis polita 71.0 12.0
Diplolepis bicolor 58.8 28.1
Diplolepis rosaefolii 63.2 14.7
Diplolepis nebulosa 66.6 13.1
Diplolepis ignota 11.4 5.8
Diplolepis gracilis 20.0 19.1
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Figufe 9.—Time taken for laboratory emergence of Diplolepis females from larvae stored in gelatin capsules at 3 °C for 3
months then transferred to 22°C. Day 1is first day at 22°C.
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“Table 2.—Number of Periclistus larvae per modifed Diplolepis gall without parasitoid inhabitants.

All galls from central Saskatchewan

Species of inducer Number of galls Number of Periclistus larvae
. (xS.D.)

Diplolepis polita 350 5.4 (x4.4)

Diplolepis bicolor 53 9.3 (#4.3)

Diplolepis rosaefolii 47 1.4 (£0.6)

Diplolepis nebulosa 31 33(3.1)

Diplolepis ignota 31 29(x1.4) s
- Diplolepis gracilis 78 1.8 (£1.0)

Diplolepis polita
Diplolepis 'bicc.alor
Diplolepis rosaefolii
Diplolepis nebulosa
Diplolepis ignota

Diplolepis gracilis

I MAY I JUNE I JULY I AUGUST I
-F iglire 10.—Seasonal occurrence of immature Diplolepis
galls (less than 2.0 millimeters in diameter) in central

Alberta and Saskatchewan.

- . on the sides of coulees. Most spherical galls are single-

chambered whereas all others are composed of several
coalesced chambers. Larvae feed throughout the
chamber surface. No data on time for emergence after
cold storage were obtained for this species. Adults are
found in the field from early to late May. Both immature
_and maturing galls appear together suggesting a lengthy
period of gall initiation. Immature galls are found from
mid-July to late August (fig. 10). The sex ratio of 577
adults was 0.662. Periclistus take an average of 51.3
days to emerge after cold storage (fig. 11). Periclistus
are found in 11.4 percent of the galls by mid-season
(table-1) and are not a major source of inducer mortality.
An average of 2.9 Periclistus are found per gall (table 2).

Diplolepis gracilis

Mature galls (fig. 8) are ellipsoid, averaging 4.0 to 6.0

millimeters in diameter, have blunt protuberances

extending from their lateral circumference, and form on

the abaxial leaf surface. The protuberances are of

various lengths and thickness, giving the gall the

* appearance of a large beet seed. They are found on R.
acicularis growing in shaded, thick woods. Maturing

galls are white, single-chambered and usually found in
non-coalesced clusters. Walls of the gall are thin and soft
to maturity and easily crushed between the fingers. Galls
abscise with their host leaves in late fall. Adults re-
moved from cold storage take an average of 27.6 days to
emerge (fig. 9) and are present in the field from mid-June
to mid-July. Immature galls are found from mid-July to
early September (fig. 10) making this the latest maturing
gall of the six. The sex ratio of 44 adults was 0.568.
Periclistus take an average of 55.2 days to emerge after
cold storage (fig. 11). Periclistus are found in 20.0
percent of the galls by mid-season (table 1) and are not a
major source of inducer mortality. An average of 1.8
Periclistus are found per gall (table 2).

Anatomy of Inducer and Inquiline-Inhabited Galls In
Mid-Maturation Phase

.

Diplolepis polita

Mature, inducer-inhabited galls consist of a single layer
of nutritrive cells (NC) lining the larva chamber (fig.
12A), followed by a layer of gall parenchyma (GP), a
thick layer of sclerenchyma cells (SC) (fig. 13A) with
cytoplasm occluded, a thin layer of cortex parenchyma
cells (CP) and a distinct epidermis (EP). Sparse vascular
bundles (VB) are found within the GP with strands
crossing the SC and extending to the NC. P

Inquiline-modified galls are 2-3 times the diameter of
inducer-inhabited galls. Inquiline chambers protrude into
the former inducer chamber (fig. 14A). Walls are much
thicker than those of inducer-inhabited galls with a thick
layer of GP and CP beyond the chambers. A layer of 1-4
inquiline-induced NC line the interiors of each chamber
(fig. 14A). The layer of SC is thicker than in inducer
galls and circumscribes the gall; as well, inquiline-
induced sclerenchyma circumscribe each Periclistus
chamber (fig. 15A). VB are much denser in the GP than
in inducer galls. There is a distinct EP.
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Figure 11.—Time taken for laboratory emergence of Periclistus females removed from Diplolepis galls
and stored in gelatin capsules. All larvae were stored at 3°C for 3 months then transferred to 22 °C.
Day 1 is first day at 22°C.
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" Figures 12.—Schematic drawings of sections of mature
Diplolepis-inhabited galls. 12. Arrangement of
nutritive cells (in black). A. Gall of D. polita. B.
Gall of D. bicolor. C. Gall of D. rosaefolii. D. Gall

~ of D. nebulosa. E. Gall of D. ignota. F. Gall of D.
gracilis.

" Diplolepis bicolor

Walls of inducer-inhabited galls are twice the thickness

"+ (fig. 12B) of those of D. polita galls consisting of patches

" of single NC (fig. 12B), a thick layer of GP, a thick layer
of barely perceptable SC (fig. 13B), the walls of which
have a thin layer of lignin (the lumen of these cells are

" not occluded), a thick layer of CP and a distinct EP. VB
aré much denser than in D. polita galls.

Inquiline-modified galls are 2-3 times the diameter of
.inducer galls and the chambers fill the former inducer
chamber (fig. 14B). A layer of 1-4 inquiline-induced NC
" line the chambers (fig. 14B) followed by a thick layer of
‘GP. The layer of CP beyond the inquiline chambers is
thicker than in inducer galls. Each of the inducer
chambers are surrounded by a layer of SC (fig. 15B) with
the lumen of all cells occluded. The circumscribing layer
of SC in tissues beyond the inquiline chambers is thicker
than in inducer galls and the cell walls have more lignin.
. VB are denser than in inducer galls and there is a distinct
EP..

Figure 13.—Arrangement of sclerenchyma layers (in
black). A. Gall of D. polita. B. Gall of D. bicolor. C.
Gall of D. rosaefolii. D. Gall of D. nebulosa. E. Gall
of D. ignota. F. Gall of D. gracilis. .

Diplolepis rosaefolii

The lenticular shape of this gall results in walls on
adaxial and abaxial surfaces being thinner than regions
lateral to the inducer’s chamber. This is the only gall of
the six with a lenticular chamber (figs. 12C and 13C) and
as such the inducer is restricted to circular movements
parallel to the leaflet surface and most NC and larval
feeding occur in lateral regions (circular in paradé#mal
section) (fig. 12C). NC in lateral regions (circumscribing
the chamber parallel to leaflet surface) consist of thick
patches adjoined by thick patches of GP. Two disc-
shaped patches of SC, each about 10-15 cells thick, occur
in each gall, one below and the other above the chamber
with no SC in lateral, circumscribing regions (fig. 13C).
Lumen of SC are partially occluded. Periclinally, the SC
is 10-15 cells thick. A thin adaxial and abaxial CP lies
outside the SC and there is a distinct EP. In coalesced
galls a thin SC may form between adjoining chambers.
VB are only present in lateral regions suggesting that
nutriment comes directly from nearby VB’s of the host
leaflet.
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Figures 14.—Schematic drawings of sections of mature
Periclistus-inhabited galls. 14. Arrangement of
inquiline-induced nutritive cells (in black). A. Gall of
D. polita. B. Gall of D. bicolor. C. Gall of D.

- rosaefolii. D. Gall of D. nebulosa. E. Gall of D.
ignota. F. Gall of D. gracilis.

Inquiline-attacked galls with one Periclistus larva are

, \ab_out half the size of inducer galls; however, when 3-4

larvae are present, gall diameter is greater than that of
inducer galls and they are thicker. Inquiline chambers

. are spherical and a uniformly thick NC lines the chamber

surface (fig. 14C). GP occurs beyond the NC and is
thickest in lateral regions. Walls between inquiline

. larvae are thin, but never completely consumed. SC
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surrounds the inquiline chambers (fig. 15C), regardless
of the number of chambers present. The lumen of SC
cells are more occluded than those in inducer galls. VB
appear in abaxial GP and the EP is normal.

Diplolepis nebuiosa

This gall is initiated within spongy mesophyll and early
growth is between the epidermal layers. The abaxial EP
is ruptured by abaxial growth of GP such that the surface
of the spherical gall is no longer covered by an EP.
While still immature, discs of sclerenchyma, about 20
cells thick, form in the GP above and below the larval
chamber (fig. 12D). Lignification of these cells occurs

Figure 15—Arrangement of inquiline-induced scleren-
chyma layers (in black). A. Gall of D. polita. B. Gall .
of D. bicolor. C. Gall of D. rosaefolii. D. Gall of D.
nebulosa. E. Gall of D. ignota. F. Gall of D. gragilis.

soon after they are initiated. CP external to the distal
disc grows slower than in other regions resulting in a
depression in the gall surface. The proximal and distal
discs do not expand as the gall matures but remain
separated by GP.

Walls of mature galls are thin and the chamber surface, is
lined with a layer of 1-2 NC (fig.12D) and a layer of GP.
A circumscribing layer of SC (fig. 13D) with about ote-
quarter of their lumen occluded and filled with unidenti-
fied phenolic-like substances is found between the two
discs. VB are found within the GP.

Periclistus-inhabited galls are smaller than D. nebulosa-
inhabited galls, regardless of the number of inquilines
present. In most cases, the former Diplolepis chamber is
filled with Periclistus chambers (fig. 14D). Tightly
packed NC, varying in size and shape, encircle walls of
the Periclistus chambers (fig. 14D). Thickness of the
adjacent GP is variable. Periclistus-induced SC appears
adjacent to the GP and surrounds each chamber (fig.
15D). The Diplolepis-induced sclerenchyma discs



remain as does the circumscribing layer and the SC
surrounding each chamber (fig. 15D) joins the circum-
scribing SC.

Diplolepis ignota

Eggs are laid on the abaxial leaflet surface near the
midrib with egg clusters resulting in large, coalesced
galls. Initial gall growth is within the mesophyll but the

- abaxial EP is ruptured as the gall becomes spherical and

~ expands abaxially leaving CP on the gall surface. While
in early growth phase, the NC is thickest in lateral
regions and larval movement is restricted; however, as
the gall enlarges, chamber volume increases and the
inducer feeds over its entire surface and the NC becomes
evenly, thickened (fig. 12E). Two disc-shaped patches of
SC (fig. 12E) appear above and below the larval chamber

. early in gall growth, but do not circumscribe the larval
chamber.. VB are abundant throughout the GP.

Once the gall is about 4.0 millimeters in diameter, a band
of GP between the two discs become lignified, forming
the first circumscribing SC (fig. 13E). CP near the gall
exterior becomes stretched and ruptures as the gall
matures. Cells flake off at high humidity and are
responsible for the ‘powdery’ appearance. As the gall
matures, a second SC (fig. 13E) develops next to the

~layer of ruptured cells. Cells of this layer are filled with
unidentified phenolic compounds. Intercellular spaces
are prominent in the GP giving the gall a corky appear-
ance.

" Periclistus oviposit in galls 5.0 millimeters or less in
diameter-and only those occurring singularly. GP

- proliferates once larvae begin feeding and the SC discs

induced by D. ignota are unaffected. The inducer’s
chamber becomes filled with inquiline-induced GP which
are the same size as those induced by D. ignota. Each

" Periclistus becomes surrounded by GP and VB are

chmon. A layer of 1 or 2 NC appear along the surface
of all chambers once the inquiline larvae are enclosed

_ (fig. 14E). SC forms around each chamber, but a
circumscribing layer does not form between the D.
ignota-induced discs (fig. 15E). A second SC appears in
the same external region as normal galls (fig. 15E).

- Diplolepis gracilis

Eggs of D. gracilis are laid in rows on the abaxial leaflet

- surface and the resulting galls are equally spaced.

“ Immature galls are easily located because a patch of red
cells appears adaxial to each larva. Galls do not develop
at uniform rates for freshly initiated galls are found
‘alongside older galls.

Immature lens-shaped galls originate in spongy meso-
phyll and the first NC appear lateral to the chamber with
the larva positioned parallel to the leaflet surface. The
gall increases in thickness as the GP proliferates and the

* EPis stretched. Two sclerenchyma discs (fig. 12F)

appear adaxial and abaxial to the larval chamber and are
forced apart as the gall grows. The growing gall be-
comes ellipsoid and the abaxial EP separates from the
leaflet with the outside layer of CP becoming the’
exterior. The ruptured circular patch of EP remains»
attached to the gall (fig. 12F). NC (fig. 12F) lines the
chamber to a thickness averaging 4 cells.

As the gall matures, a layer of 6-8 GP cells near center of
the gall wall lignify forming a circumscribing SC (fig.
13F); however, the walls of these cells are much thinner
than those of all galls other than D. bicolor. Also, the
circumscribing layer forms inside the sclerenchyma discs
(fig. 13F). VB are common throughout the SC and GP.
Intercellular spaces are prominent in GP making walls of
the mature galls soft.

Periclistus lay in galls 4.0 millimeter or less in diameter.
Periclistus-induced GP occupy most of the inducer’s
chamber (fig. 14F). In contrast to the previous
Periclistus-inhabited galls, the border between D.
gracilis and Periclistus-induced cells are not easily
distinguished. Periclistus-induced NC line the chambers
(fig. 14F). SC appear around each chamber (fig. 15F). A
circumscribing layer of SC is differentiated near the
outside of the gall and occurs between the Diplglepis-
induced sclerenchyma discs (fig. 15F).

Role of Inquilines in Community Composition
Diplolepis polita

Nearly all of the first galls found in late May contained
an inducer larva; however, within 2 weeks, the percent-
age of galls containing a live inducer was quickly
reduced (fig. 16A). Periclistus emerge throughout the
period immature galls were present and by the first,week
in June, about 70 percent contained inquiline eggs (table
1). More D. polita galls are attacked by inquiline$than
any of the other Diplolepis leaf galls (table 1) and the
average number of inquiline larvae per gall is also high
(table 2). Parasitoids begin ovipositing in both inducer-
inhabited and inquiline-inhabited galls in June and by
early July, about 70 percent of all galls contained at least
one parasitoid (fig. 16A). Parasitoids feed on larvae of
both inducers and inquilines. The most common
parasitoids of the inducers are Eurytoma sp.,
Glyphomerus stigma, Torymus sp., Eupelmus vesicularis
(Retzius), Ormyrus rosae and Aprostocetus sp. About 12
percent of mature galls contain a G. stigma and 5 percent
a Torymus sp. The most common parasitoid of
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Figure 16.—Seasonal change in the percentage of gall inhabitants. A. Galls of D. polita collected at George Lake,
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Alberta. B. Galls of D. bicolor collected 40 km east of Saskatoon, Saskatchewan. C. Galls of D. rosaefolii collected 7
km west of Langham, Saskatchewan. D. Galls of D. nebulosa collected 7 km west of Langham, Saskatchewan. E.
Galls of D. ignota collected 40 km east of Saskatoon, Saskatchewan. F. Galls of D. gracilis collected 24 km southwest
“of Saskatoon, Saskatchewan.



Table 3.—Incidence of inhabitants, expressed in percent, in typical component communities associated
with large collections of mature galls. Fall emergents are not included. Inhabitants reported here are
the assemblages that will overwinter and reestablish the community the following year.

- Gall Inducers . Periclistus Parasitoids
Diplolepis polita 4.1 26.4 69.5
Diplolepis bicolor 8.1 66.4 25.5
- Diplolepis rosaefolii 65.9 18.2 15.9
Diplolepis nebulosa 22.1 18.4 59.5
- Diplolepis ignota 4.9 5.6 ' 89.5 .
Diplolepis gracilis 27.2 94 63.4

Periclistus is Pteromalus sp. with each inquiline being

. host to one Pteromalus. The percentage of parasitoids
‘within the final assemblage of inhabitants in mature galls
is high (table 3) because of the number of inquiline
larvae attacked by Pteromalus. Some parasitoids, such
as Eurytoma sp., Glyphomerus stigma and Torymus sp.
are partially phytophagous and eat gall tissues after
consuming an inducer or chew into inquiline chambers to
reach the inhabitants. Thus the number of galls contain-
ing inquilines decreases as the season advances (fig.
16A). Some parasitoids also consume other parasitoids.

“The slight increase in galls containing inducers or
inquilines in mid-July is because of the appearance of
later forming galls on sucker shoots. Some parasitoids

- exit galls in the yéar they were initiated; however, only
inhabitants of mature galls that overwinter and reestab-
lish the community the following year are considered

- here. D. polita comprise less than 5 percent of the

. community by the end of the season (table 3). About

five times as many Periclistus are present in the final
assemblage as D. polita, although their population is

- much reduced by parasitoids earlier in the season (fig.

- 16A). Pteromalus comprised the largest population in

* the community (about 41 percent of all inhabitants)
mainly due to mid-season abundance of Periclistus

“larvae. :

. Diplolepis bicolor

About 20 percent of the first galls observed in the spring
contain eggs of Periclistus; however, Periclistus quickly
find the galls and the percentage of galls with an inducer
larva drops (fig. 16B). By 3 weeks after the first galls

~ were observed, nearly 60 percent contained Periclistus
‘eggs (table 1). More Periclistus are found per gall than
“in galls of D. polita (table 2). Few Periclistus eggs were
found in galls past mid-June as the thick walls of
maturing galls likely deter oviposition. As with the gall
of D. polita, the most common parasitoids of the induc-
ers are Eurytoma sp., G. stigma, Torymus sp., Eupelmus
vesicularis and Ormyrus rosae. By mid-June, 34 percent
of the galls contain Eurytoma with most being found in

galls with Periclistus. Eurytoma contribute to the decline
of both inducers and inquilines (fig. 16B); however, in
contrast to galls of D. polita, it is common for several
Periclistus per gall to escape Eurytoma attack. Thus,
some galls mature with both Eurytoma and Periclistus
resulting in fewer galls of D. bicolor being depleted of all
inquilines (fig. 16B) than occurs in galls of D. polita.
Sometimes Eurytoma starve after consuming all inquiline
larvae before they mature resulting in an empty gall; this
is one reason for the decline in galls with parasitoids (fig.
16B). Periclistus are the main hosts of Pteromalus;
however, rarely are all larvae per gall attacked and this
parasitoid is responsible for only a slight reduction in the
number of Periclistus-inhabited galls. G. stigma
consume either the inducer or all inhabitants in inquiline-
inhabited galls and contributes to the decline in galls
with either inhabitant (fig. 16B). Some parasitoids exit
galls in late season resulting in empty galls. Data on
empty galls are included in figure 16B and are partly
responsible for the decrease in galls containing parasi-
toids. D. bicolor comprised about 8 percent of the
community by the seasons end, while the Periclistus
population is largest at about 66 percent. Periclistus
comprise a higher proportion of the final D. bicolor gall
community than they do in the other galls (table 3).

Diplolepis rosaefolii

Galls of D. rosaefolii are initiated over a longer {)eriod
than those of D. polita and D. bicolor and immuture galls
are present for well over a month. In eastern Canada,
galls of this species are present until late September
indicating an even lengthier period of initiation. How-
ever, the laboratory stored adults of Saskatchewan galls
emerge at the same time as D. bicolor (fig. 9). Galls are
attacked by both Periclistus and parasitoids soon after
initiation such that by mid-July only 20 percent of the
galls contain an inducer (fig. 16C). By the end of July
only 3 percent contained an inducer, while 63 percent
contained Periclistus. However, in samples collected in
mid-August, 32 percent of the galls had an inducer and
by early September, the number had risen to 68 percent,
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with only 14.7 percent with an inquiline. The steady
appearance of new galls after most of the Periclistus and
parasitoids had attacked is likely responsible for the
increase in galls containing an inducer later in the season
(fig. 16C). Sixty-six percent of inhabitants overwinter-
ing in this gall are inducers, the largest percentage of
indueers in any of the six galls (table 3). Parasitoids also

- contributed to the decline in galls containing Periclistus.
The most common parasitoids of the inducers are
Eurytoma sp:, Glyphomerus stigma, Torymus sp. and E.
vesicularis. Eurytoma was the most abundant parasitoid
comprising 3 percent of the final community. Perhaps
the low number of Periclistus per gall (table 2) and the
relatively small size of inducers makes galls of D.
rosaefolii less attractive to parasitoids than the other galls
(table 3). Pteromalus also attacked Periclistus larvae;
however, they were far less numerous in this community
compared to those of D. polita and D. bicolor.

Diplolepis nebulosa

Immature galls of D. nebulosa are found from late June
to early August, about 1 month later than the above
species (fig. 10). Of interest, adult inducers were found
in the spring inside mature galls on the ground from the
previous year, suggesting either that adults exit their galls
at the same time as the previous species (fig. 10),

~ oviposit, and the initiation of their galls is delayed, or

- that adults remain in their galls for some time. The later

emergence of Periclistus (fig. 11) confirms that oviposit-

ing inquilines are synchronized with later appearing host
galls; As with galls of D. rosaefolii, most of the first
galls to appear are attacked by Periclistus and
parastioids, but the continuous appearance of new galls
after the inquilines and parasitoids have oviposited,

- results in an increase in galls with inducers by early
September (fig. 16D). By mid-season, 66.6 percent
contained inquilines (table 1); however, by the last
collection, only 13.1 percent contained an inquiline and

- 48.1 percent contained an inducer (fig. 16D). The most
common parasitoids of the inducers are Eurytoma sp.,

.Glyphomerus stigma, Torymus sp. and Aprostocetus sp.,
with Aprostocetus comprising 48 percent of all inhabit-
ants by seasons end. Thirteen and seven-tenths percent
of all mature galls contained an Aprostocetus. Unlike
other parasitoids, Aprostocetus deposits several eggs in
the tissues of inducer larvae and feed communally. It is
common to find 15-20 larvae per gall. Although almost
half the mature galls contained an inducer, they com-
priseéd only 22.1 percent of the inhabitants (table 3), due
to the numbers of Aprostocetus. Although the number of
inquilines per gall was average for the six galls (table 2),
few were attacked by Pteromalus; most inquilines were
consumed by Eurytoma.
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Diplolepis ignota

As with D. nebulosa, galls of D. ignota appear late in the
season (fig.10) and although all inducers stored in
capsules died after their cold storage, they likely would
have emerged at the same time as other species. Kinsey
(1920) found that adults of D. ignota in northeastern
U.S.A. exited galls from May to August, but most
appeared near the end of May. The later appearance of”
Periclistus adults (fig. 11) illustrates synchronization
with galls appearing later in the season than those of D.
polita and D. bicolor. Fewer galls of D. ignota are
inhabited by Periclistus than those of the previous
species (table 1). All galls in the first two collections
contained inducers; eggs of Periclistus were not found
until early August. Only 11.4 percent of the galls in mid-
August contained Periclistus followed by 5.8 percent
(table 1) of mature galls by early September revealing
that Periclistus is not a major cause of inducer mortality
in this gall. As with the gall of D. nebulosa, the most
important parasitoids of the inducer are Eurytoma sp.,
Glyphomerus stigma, Torymus sp., and Aprostocetus sp.,
with Aprostocetus comprising 79 percent of all inhabit-
ants and found in 33.6 percent of all galls by seasons
end. Eurytoma comprised 7 percent of all inhabitants
and were found in 19.7 percent of the mature galls.
Torymus were found in 6.3 percent of the mature galls.
The low percentage of inducers in the final community
is caused by the large numbers of Aprostocetus and the
low percentage of Periclistus is due to fewer galls being
attacked (table 3).

.

Diplolepis gracilis

Galls of D. gracilis were the last of the six species to be
initiated, with immature galls common from mid-July to
early September (fig. 10). Twelve adults were collected
by sweeping in central Saskatchewan in early July
confirming that it is last of the species to oviposit.
However, adults emerging after cold storage were the
only species to show a bimodal emergence pattern, with
most emerging at the same time as the other species (fig,
9). As with the other inducers above, there is likely a
delay in gall initiation which is also indicated by the later
emergence of Periclistus (fig. 11). Few galls are attacked
by Periclistus either by mid-season or gall maturity
(table 1) and the mean number of inquilines per gall is
low (table 2). Only 6.8 percent of galls in mid-August
contained Periclistus and by late-September, only 19.1
percent contained Periclistus (fig. 16F). Most parasitoids
associated with this gall attack maturing larvae of
inducers. The most common species were Eurytoma,
Aprostocetus sp., and Orthopelma sp. Eurytoma were
found in 10.9 percent of the mature galls, but comprised
only 0.8 percent of final community. Orthopelma sp.
comprised 1.2 percent of the final community. As with



the previous two galls, Aprostocetus were found in 13.9
percent of the mature galls but comprised 61.4 percent of
the final community. Far fewer inducers of this gall are
attacked by Perielistus and parasitoids (fig. 16F);
however, inducers comprised only 27.2 percent of the
final community (table 3) because of the large number of
Aprostocetus. Only 9.4 percent of the community was
comprised of Periclistus (table 3).

DISCUSSION

The findings reported in this paper well illustrate that the
relationships gall-inducing cynipids have with their host
plants are highly specialized and complex. Gall inducers
do not move from place to place seeking food as do other
phytophagous insects (Strong et al. 1984), but remain
stationary and create highly nutritious food at their
feeding sites.- Although it was relatively simple to
compare the elaborate structures of the six galls exam-
ined here, we are still no closer to answering two
perplexing questions posed by all students of galls. First,
what is the mechanism by which these gallers gain
control and then manipulate the growth patterns of
attacked plant tissues, and second, by what mechanism
can a group of distinct species of gall wasps cause such
species-specific, anatomically distinct plant structures
when the eggs of each are laid on leaflets at the same
stage of development? As if questions of this type are
not sufficiently challenging, the occurrence of inquilines

“increases the complications we associate with galls to
new heights.

" - Inquilines such as Periclistus are reliant on Diplolepis for

their livelihood and their life histories and feeding
strategies are equally as complex. Indeed, the life
histories of inquilines and inducers are intricate and
interwoven. Adult Periclistus must time their appearance
to the presence of immature galls suitable for oviposition
.and then locate particular galls prior to killing the inducer
larva with their ovipositors. Once the gall inducer is
killed, original nutritive cells lose their characteristics,
but somehow the presence of Periclistus eggs causes gall
parenchyma to continue to grow and proliferate.
Periclistus then become galler-like when their larvae
begin to feed causing further proliferation where each
larva becomes enclosed in its own chamber and induces
~- the formation of its own nutritive cells.

While previous studies have shown that Periclistus are

important mortality factors for inducers and that inquiline
. larvae alter the anatomy of attacked galls (Shorthouse
1980, 1993; Brooks and Shorthouse 1997a), it is by the
examination of a series of galls, as reported here, that
_patterns useful in unravelling how these two genera
became associated, start to become evident. For ex-
ample, those Diplolepis initiating galls early in the

season suffer higher mortality than do those initiating
galls later in the season. Furthermore, early season
Diplolepis galls have many more Periclistus larvae per
gall than do later season galls (table 2), and their
Periclistus-inhabited galls become much larger than
inducer-inhabited galls. In contrast, late season galls
attacked by Periclistus remain small and less anatomi-
cally complex. Also, the assemblages of parasitoids of
early season galls are more diverse than those of later
season galls. Together, these observations provide
evidence of evolutionary events leading to the
Diplolepis-Periclistus associations seen today.

The six species of leaf-galling Diplolepis examined here
are probably closely related, and share a common
ancestor. Although the adult wasps are very similar and
difficult to distinguish taxonomically, the galls they
induce are strikingly different. For example, galls of D.
polita have a prominant layer of thick-walled
sclerencyma cells whereas those of D. ignota have two
sclerenchyma discs and two layers of sclerenchymya
cells filled with phenolic substances (figs 13A and 13E).
Furthermore, their galls are separated temporally and by
host plant and habitat differences. Some driving force
has caused the galls of these six species to become
anatomically different and separated in space and time,
and Periclistus are likely candidates. There can be little
doubt that both Periclistus and parasitoids have been
successful in tracking Diplolepis and must have played
an important role in their speciation. Others have
suggested that parasitoids and the need for enemy-free-
space have been driving forces in the evolution of gall
types (Cornell 1983, Askew 1984, Waring and Price
1989, Zwolfer and Amold-Rinehart 1994), but it appears
that inquilines may be just as important.

The first Periclistus to become associated with
Diplolepis probably adopted a species with galls that
were abundant, widely distributed and appeared early in
the spring. Galls of D. polita and D. bicolor fit these
requirements, and it is interesting that the same species
of Periclistus (as yet undescribed) is associated with both
galls across much of Canada. Furthermore, large
numbers of inquilines exist in each gall (table 2),snd
attacked galls are grossly enlarged and anatomically
modified. Less than 5 percent of D. polita galls and 20
percent of D. bicolor galls contain inducers by the end of
the season. Yet populations of each are sustained,
suggesting that these two Diplolepis-Periclistus associa-
tions have existed for a long time.

Galls of D. rosaefolii and D. nebulosa are initiated later
and over a longer period of time than galls of D. polita
and D. bicolor (fig. 10), but heavy inquiline attack is
restricted to the first galls induced. Galls of D. rosaefolii
and D. nebulosa appearing later escape Periclistus attack
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and as a result, more inducers of these species are present
in their communities by the end of the season than
occurred in galls of D. polita and D. bicolor. Periclistus
appear to cause less structural modification in galls of D.
rosaefolii and D. nebulosa compared to galls of D. polita

- and D. bicolor, which implies that their Periclistus-

inducer associations have occurred over a shorter period
of time. An undescribed species of Periclistus is
restricted to galls of D. rosaefolii. Galls of D. ignota and
D. gracilis are induced even later in the season and are
even more successful at escaping inquiline attack. In
those cases, inquilines cause 20 percent mortality or less
‘and more than half of the galls contain inducers by gall
maturation. "The same undescribed species of Periclistus
attacks galls of D. nebulosa and D. ignota and a separate
undescribed species is associated with galls of D. gracilis
(Ritchie 1984). Periclistus are therefore gall specific,
providing further evidence that the relationships between
inquilines and inducers are well refined. For example,
Periclistus associated with galls of D. polita and D.
bicolor are never associated with the galls of other

. species. Furthermore, P. pirata found in the stem gall of

D. nodulosa (Brooks and Shorthouse 1997a) are never
associated with galls of D. polita and D. bicolor even
though all three galls are induced concurrently in the
same habitat and the various species of Periclistus

* oviposit during the same period.

- Ifiinquilines are derived from Diastrophus inducers, as

suggested by Ronquist (1994), then at some point in
time, members of this population began to attack galls
induced by other members of their own species, due
possibly to the lack of suitable oviposition sites. This led
to a change in behavior from inducing their own galls in
immature plant tissues to inducing gall-like structures
within conspecific galls. Thus, two distinct populations
formed; one that continued to induce galls and another
that relied on other immature galls for their existence.
Once inquilinism of this type evolved, then it is possible

. a population moved to galls of other genera on different

host plants, such as galls of Diplolepis on Rosa. Perhaps

- the ancestral species of Periclistus first attacked common
. and prominent clusters of galls such as those induced by
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D. polita and D. bicolor. 1t is also possible that the thick
layer of sclerenchyma found in D. polita galls and the
firm, thick walls of D. bicolor galls were in response to
Periclistus attack, but then to improve chances of
escaping the inquilines, subpopulations began delaying
the initiation of their galls and forming different struc-
tures leading to the appearance of new species such as D.
rosaefolii and D. nebulosa. Similarly, inquiline pressure
could have been responsible for the later appearing and
structurally distinct galls of D. ignota and D. gracilis.

It is also likely that one species of Periclistus originally
became associated with the Diplolepis complex and then
radiated as they moved to different galls. Once a species

of Periclistus became associated with galls such as those
of D. polita or D. bicolor, subpopulations could have
become associated with galls of other species, leading to
the radiation of the Periclistus complex. It is unfortunate
that the taxonomic study of Ritchie (1984) has yet to be
published and the new species he proposed established.
Once this occurs, the process of suggesting phylogenetic
relationships between species of Periclistus can be
enhanced and hopefully the information reported here’
will prove useful in this exercise. .

Perhaps the most intriguing aspect of Periclistus-
Diplolepis associations is the means by which Periclistus
gain control of attacked galls. For all cases of North
American Diplolepis galls studied to date, the inducer is
killed by Periclistus as they deposit eggs on the inner
surface of the chamber. Soon after the inducer is killed,
nutritive cells lose their characteristics and become
vaculoate gall parenchyma. However, these cells receive
some type of stimulus from either the ovipositing female,
or from the presence of eggs, because the gall paren-
chyma continues to proliferate prior to the inquiline’s
hatching. Galls where inducers are killed without eggs
being deposited stop growing and die (Rohfritsch 1992).
Whereas, galls of most species of Diplolepis with
Periclistus eggs and larvae grow faster and larger than
normal galls with just inducers. The rapidly proliferating
Periclistus-influenced galls cause a substantial increase
in vascular-bundle-rich gall tissues which supply the
increased number of inhabitants with food. Gall paren-
chyma proliferates near the freshly hatched Periclistus
such that each larva is enveloped within its own chamber.
Periclistus-induced nutritive cells appear in each
chamber near the feeding larvae and soon line the surface
of the chamber (figs. 14A-F) and become the inquiline’s
sole source of food. Periclistus-induced nutritive cells
are smaller and more cuboidal than those induced by
Diplolepis. However, they similarly have large nuclei
and are cytoplasmically dense.

The arrangement and structure of gall sclerenchyma is
also influenced by Periclistus. In galls such as those o
D. bicolor, D. rosaefolii and D. gracilis, there is more
sclerenchyma than in inducer-inhabited galls and in galls
of D. ignota, thick-walled sclerenchyma cells in
Periclistus-modified galls replace the phenol-filled
sclerenchyma cells of inducer-inhabited galls. Scleren-
chyma in inquiline-inhabited galls forming in the same
region as inducer-inhabited galls is not laid down in
uniform columns but rather the cells become arched,
remaining attached at either end. Sclerenchyma cells do
not form in maturing galls when the inducer is killed by
parasitoids (Rohfritsch 1992), confirming that
Periclistus, just as the Diplolepis, influence its differen-
tiation. Furthermore, Periclistus-induced sclerenchyma
cells, structurally similar to those of normal galls, form
within the walls of each Periclistus chamber.



Periclistus apparently have many of the plant-stimulating
capabilities of Diplolepis. Chambers formed by matur-
ing Periclistus are anatomically similar to maturing
Diplolepis galls and the larvae of each are nourished by
specialized nutritive cells. Thus Periclistus are close to
‘being gall inducers, but they still must rely on galls of
other species. It appears that only the Diplolepis are
capable of stimulating immature tissues of the host plant
to initiate the gall formation process. Periclistus often
Jlay their eggs in small galls about 1 millimeter in
“diameter, but they do not lay eggs on normal host plant
tissues. Leaf-galling Diplolepis and the stem galler D.
spinosa (Bronner 1985, Shorthouse 1993) attach their
eggs to single epidermal cells whereas other stem gallers
deposit their eggs at the end of a channel made with their
ovipositors, but the eggs are in close contact with plant
cells (Brooks and Shorthouse 1997b). Eggs of
Periclistus are not attached to single cells but instead are
laid on the surface of gall cells lining the chamber while
some eggs are even deposited on the dead inducer.

It is assumed that Periclistus cannot initiate galls from
immature tissues of the host plant if they accidently
deposited eggs at the same spot as a Diplolepis. Thus,
Periclistus are close to being gall inducers and it is likely
that their tissue-stimultating abilities have become more
sophisticated and galler-like as they moved away from

-the Diastrophus complex and became associated with
Diplolepis galls. Perhaps in the future some species of
Periclistus will surmount this one last hurdle and become
true gall inducers.

" Galls of each species of cynipid house a species-specific
assemblage of inhabitants which have proven useful for
ecologists interested in examining attributes of compo-

" nent communities (see references in Brooks and
Shorthouse 1997a). Galls of each species of Diplolepis
similarly have distinct component comunities that are
relatively constant from year to year where populations
of roses are stable.” It is evident that Periclistus associ-
ated with the six species of leaf gallers highlighted here
play a-dominant role in their dynamics. Periclistus are
responsible for the deaths of about 70 percent of D.
polita and 60 percent of D. bicolor populations and then
become sources of food for parasitoids such as
Pteromalus. Parasitoids such as Eurytoma, G.stigma and
. Torymuis species also consume Periclistus larvae and
- then consume inquiline and Diplolepis-induced gall
tissues. Presumably the additional plant matter in
_ inquiline-modified galls improves the success of these
© parasitoid/phytophagous inhabitants. Thus, Periclistus
tend to increase the complexity of food webs in gall
communites where they are predominant.

Although the communities associated with the six leaf
gallers and the one stem galler Brooks and Shorthouse
(1997a) are relatively distinct, there are basic similarities.
In all galls, Periclistus oviposit soon after galls are

: formed and the first parasitoids to oviposit are Eurytoma.

Most of the remaining parasitoids that require maturing
larvae of either the inducers or inquilines oviposit after
the Eurytoma. Galls of D. ignota and D. gracilis
appearing later in the season have a high percentage of
their inducers attacked by Aprostocetus.

Several factors have been suggested as influencing the
species complement of gall communities: period in the
season for gall induction, competition, position of galls
on host plants, gall size and gall structure (Askew 1961,
1984; Brooks and Shorthouse 1997a). Time of the year
for gall initiation appears to be a key factor for
Diplolepis leaf galls because assemblages associated
with the early spring initiated galls of D. polita and D.
bicolor are more gomplex than those associated with late
season galls such as those of D. ignota and D. gracilis.
Size and structure of Diplolepis leaf galls appears of little
consequence because most inquilines and parasitoids
oviposit when galls are immature and soft. Minute
parasitoids such as Aprostocetus have little difficulty
ovipositing in either the thick-walled galls of D. ignota
or the thin-walled galls of D. gracilis.

Wild roses associated with forested regions are early to
mid-successional plants and when clearings are formed
by natural or human caused events. Roses often become
dominant shrubs. Once the forest canopy reforms,
populations of roses decrease and may disappear, but
during their period of abundance, the inducers and their
assemblage of inhabitants quickly colonize the sites.
Populations of galls such as D. polita and D. gracilis
which are most abundant on roses in recently cleared
areas are probably more cyclical than species such as D.
bicolor, D. nebulosa, and D. ignota which are found in
more stable open, prairie habitats. Other studies on D.
polita (Shorthouse 1994) and the stem galler D. spinosa
(Shorthouse 1988) have illustrated that inducers and their
parasitoids are highly vagile and capable of quicklly
establishing themselves in domestic roses in atypjcal
habitats such as new urban areas. Even Periclistus were
able to find isolated galls of D. polita in urban habitats
(Shorthouse 1994). Furthermore, the presence of all
community members in widely distributed galls of most
species of Diplolepis (i.e., galls of D. polita occur from
central Yukon to central Ontario), illustrates the stability
of these intricate insect-plant complexes.

Much remains to be learned about Periclistus-Diplolepis
associations, their galls and associated component
communities. Descriptions of new species and revision

4



of the Periclistus complex must come first. Then one
can begin more indepth studies of the galls themselves.
If gall-inducing morphogens can be identified, then
perhaps similar messages can be attributed to either
ovipositional fluids or the eggs of Periclistus, or to the

_ inquiline larvae themselves. Cynipid galls are known to
be physiological sinks for carbon assimilates (Bagatto ez

. al. 1996) and mineral nutrients (Paquette et al. 1993),
and it would be interesting to compare these attributes
between inducer-inhabited galls of Diplolepis and those
modified by inquilines. As well, much remains to be
done with the assemblages of parasitoids associated with
Diplolepis galls. The many species of Eurytoma,
Torymus, Pteromalus, and Aprostocetus néed to be
identified, and after this, further fascinating patterns of
gall spgciﬁcify will likely be revealed.
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Abstract—Recent studies have suggested that female choice may focus on characters
that are good indicators of overall male fitness, e.g., fluctuating asymmetry. We tested
two populations from central lowa, USA, of the tephritid gallmaker, Eurosta solidaginis,
for evidence of female choice on male morphological characteristics and their symme-
tries. Females from two populations (“Krumm” and “Ladora”) were allowed to choose
between potential mates in cages. “Krumm” females chose males with significantly
lower levels of tibial asymmetry, but no other differences in character asymmetries
between successful and unsuccessful males in either population were significant. How-
ever, “Ladora” females chose males with significantly darker wings. Since these popula-
tions lie in a zone of contact (or perhaps hybridization) between described subspecies of:-
E. solidaginis differentiated solely by the extent of wing pigmentation, this result suggests

_ that sexual selection via female choice may be acting against hybrids and may thus play a
role in the maintenance of reproductive barriers between incipient species.

INTRODUCTION

Sexual selection arises as a result of “the advantage

which certain individuals have over other individuals of

the same sex and species, in exclusive relation to

“reproduction” (Darwin 1871). This mating advantage

arises through competition between individuals of the
same seX, usually males, for access to a mate and through
individuals of one sex, usually females, choosing

" individuals of the opposite sex to mate with. Theoretical
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models have shown that divergent sexual selection could
result in the evolution of reproductive barriers (Lande
1981, 1982) if hybrids between types are at a mating
disadvantage (Fisher 1930). This could occur as in
classic reinforcement, wherein lower viability of hybrid
offspring creates selection favoring increasing pre-
zygotic isolation between hybridizing forms, or could
occur as aresult of divergence in female preference that
has evolved during allopatry. Thus the study of variation
in femaleé choice in wild populations is an important
component of a better understanding of the processes of
species diversification.

Females can discriminate between males in several
possible ways. The choice can be based upon direct
fitness benefits the male offers the female, such as the

provision of a nuptial gift or another indicator of thé
ability of the male to provide parental care to offspring
(Thornhill 1980). However, in species where males do
not offer such direct fitness benefits, but instead offer
only sperm, females may still show strong preference for
male traits. Current theories recognize at least two
mechanisms by which this could occur. In the first, the
male trait and an arbitrary female preference for that trait
become linked and “runaway,” with the initial preference
not necessarily being adaptive (Fisher 1930). The second
theory hypothesizes that females choose males based
upon traits that truthfully advertise male fitness and
viability. In this case, females are selecting males wit
traits that indicate heritable qualities, which will thus be
passed on to the resulting offspring.

Fluctuating asymmetry (hereafter FA) of morphological
characters may be one such truthful indicator of male
fitness. FA is a population-level measure of the slight
deviations from perfect symmetry that can arise on either
side of the body (Liggett ef al. 1993). It measures
developmental stability, reflecting the ability of an
organism to develop evenly in response to environmental
and genomic stress, an ability that has a genetic basis
(Palmer and Strobeck 1986, Parsons 1992, Watson and
Thornhill 1994). Thus, FA will theoretically be a good



indicator trait for male fitness, as it reflects the genetic
quality of the male, and could therefore be a basis for
female choice. Female fitness would increase by
choosing more symmetrical males because their off-
spring would inherit the resilience to environmental and
genetic stresses of the father, conferring a selective
advantage. Previous studies examining the relationship
between FA and sexual selection have found that a
‘mating advantage does exist for individuals with low FA
and high developmental stability (Allen and Simmons
1996, Liggett et al. 1993, McLachlan and Cant 1995,
Mgller 1996, Swaddle et al. 1994, Thornhill 1992). Thus
if fluctuating asymmetry is an indicator trait for male
fitness, it must be demonstrated that females that are
given a choice of males with which to mate choose more
symmetrical males.

METHODS
Study Organism

We examined the association between levels of fluctuat-
ing asymmetry in morphological traits and mating
success in Furosta solidaginis Fitch (Diptera:
Tephritidae), a native North-American gallmaker. This
fly exists in Iowa as two distinct host races, each
specialized on one of two species of goldenrod (Solidago
 altissima and S. gigantea) upon which it feeds, mates,
and oviposits (Craig et al. 1993). This study focused
solely on the S. altissima host race. After females
oviposit into buds of their goldenrod host, the resulting
larvae form a gall in which they over-winter. In the

" - spring adults emerge, mate, and oviposit again, living

approximately 10 days. By collecting these galls from
the field and incubating them it is possible to produce
adults in the laboratory (see Abrahamson and Weis 1997
and Uhler 1951 for more details on gallmaker natural
history).

Mating behavior and courtship rituals involve both male

and female display, which includes walking in tight

circles, wing flicking and side-to-side displays (Walton et
.al. 1990). Males perch on the apices of their host plants,

displaying to each other and to females by vigorously

rocking their bodies from side to side. Courting males

may touch females from the front with their front legs or
- attempt to mount them from the rear. In our trials,

. females reacted to the majority of male displays by
walking or flying away, or struggling to escape attempted
mounts from the rear. If a female is receptive, the male
. clasps the female from the rear with the two front pairs of

legs, bends the end of the abdomen toward the female’s

ovipositor, and attempts to insert his aedeagus into the
.ovipositor after gaining contact with it using his claspers

(Uhler 1951). Females may break off copulations during
any stage of this process, although most attempts are

broken off during male mounting attempts. These

behaviors suggest that females have the opportunity to
exert choice in which male they mate with. Male-male
competition for perch sites is also possible, although we
observed more male attempts to court and mount each
other than overtly aggressive encounters, such as

attempts to displace other males from perches. .

Female-Choice Tests

Two sets of flies hatched from S. altissima galls were
used in this experiment. We collected the first set,
hereafter “Krumm flies,” in November 1996 at Krumm
Nature Preserve (41.709° N, 92.776° W) 3 km WSW of
Grinnell, IA, USA and the second, hereafter “Ladora
flies,” were collected from a roadside prairie (41.757° N,
92.183° W) along Highway 6 0.5 km west of Ladora, IA
in March 1997. The galls were incubated at approxi-
mately 26°C and kept moist by spraying lightly with
distilled water, and flies hatched after approximately 17
days. We then utilized two experimental designs to test
the hypothesis that FA was a basis for mate choice in
these flies. For the Krumm flies, we used a paired-
design, placing two males and a female, all randomly
chosen virgin flies, in a mating arena which consisted of
a plastic cup with wooden toothpicks as perches for the
flies. Once mating had occurred, we immediately
separated the mated pair from the unmated male and
stored all three flies at -20°C. This design yielded 8
matings. For the Ladora flies, we modified our design in
an attempt to produce more matings, placing multiple
males and females, all randomly chosen virgin_s, into
several mating arenas. The overall density of flies per
arena was around 15. When a mating occurred, the pair
was removed from the cup and stored at -20°C.
Unmated males for this design were randomly chosen
from the remaining males that had not mated after the
experiment had stopped. This design yielded 17 mated
males, and 28 unmated males were chosen.

Trait Measurement and Analysis

We dissected each fly’s wings and rear legs, and mounted
all four body parts on a piece of filter paper using spray
adhesive. Wings and legs were then viewed throwgh a
dissecting microscope. Digital grayscale images were
then captured via a CCD video camera to a Powermac
8500 using NIH Image v. 1.61 (Rasband 1996). All
images were then randomly coded by JMB to avoid
measurement bias. LJF then measured and recorded the
right and left tibia length, tarsus length, wing width, wing
length, medial spot length, apical spot width, and wing
pigmentation (defined as the proportion of white on the
wing) for the coded images using NIH Image (see figure
1 for measurement definitions). Any individuals that
were damaged in the process of mounting or before were
eliminated from analyses for whichever traits were not
measurable. Subsequent calculations and analyses were
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_carried out using Minitab v. 10.5 for Power Macintosh.

“ We calculated the absolute asymmetry (unsigned left-

minus-right character) and mean trait sizes (left+right/2)
for each trait measured.

Measurement Error and FA
To assess measurement error, we measured the seven

traits twice each, on separate days, and calculated the
signed asymmetry, calculated as the left-minus-right trait

- value, for each individual. We then used a one-way
_ ANOVA to determine if the variance in asymmetry
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between individual flies was significantly greater than
.the variance due to measurement error (Allen et al. 1996,
"Swaddle et al. 1994). Significantly greater difference
between individuals than between repeated measure-
ments was found for tibia asymmetry (F = 6.10, p <
0.001), tarsus asymmetry (F = 36.46, p < 0.001), wing
width asymmetry (F' = 9.70, p < 0.001), wing length
asymmetry (F = 4.68, p < 0.001), medial spot asymmetry
(F=14.09, p <0.001), and apical spot asymmetry (F =
14.72, P <.0.001), but not for wing pigmentation asym-
metry (F = 1.63, p=0.076) (table 1). Therefore wing
-pigmentation was eliminated from subsequent analyses,
since measurement error could highly influence conclu-
sions about asymmetry.

Directional vs. Fluctuating Asymmetry

For asymmetry to be fluctuating, instead of directional,
there should be an approximately equal number of
individuals with larger right-sided characters to individu-
als with larger left-sided characters (Liggett ef al. 1993).

et Tength

Figure 1.—Wing characters -
measured on male flies. A, +
CuA » Sc,and R, , refer to
the ends of the branches of
anal, cubitus and radius
veins. m andr,,; refer to

medial and radial cells.

Posiplaerostig-
melerl spol

wing

R2+3

apical spot
width

To determine if asymmetries were truly fluctuating,
rather than directional, they had to have normal distribu-
tion and not be significantly different from zero
(Swaddle et al. 1994). We first tested each asymmetry
for normality of distribution using the Anderson-Darling
Normality Test. All traits were normally distributed
except for tarsus length for the Krumm flies (A-sq, =
3.7736, p < 0.001) and medial and apical spot lengths for
the Ladora flies (medial spot: A-sq.= 1.8564, p=0.001;
apical spot: A-sq.=0.7535, p=0.0454). Because these
traits were non-normal, they were eliminated from
subsequent asymmetry analyses. Further analyses using
single-sample T-tests revealed that mean signed asymme-
tries most remaining traits (Krumm: tibia, wing length,
medial spot length, apical spot width; Ladora: tarsus,
wing length) did not differ significantly from zero,
indicating that asymmetry was fluctuating. Wing width
for both samples and tibia length for Ladora flies wer
significantly different from zero (Krumm width: ¢=
2.81, p=0.016; Ladora: width #=2.63,p=0.012, #bia
t=2.83, p= 0.0073), indicating that these traits exhib-
ited directional asymmetry.

For each of the remaining asymmetries (Krumm: tibia
length, wing length, medial spot length, apical spot
width; Ladora: tarsus length, wing length) and all
average trait sizes, we compared mated with unmated
males either with paired T-tests (Krumm flies), or
unpaired T-tests (Ladora flies). One-tailed tests are
justified for the asymmetry comparison by the a priori
prediction that mated males should be more symmetrical
than unmated males.



Table 1.—Tnitial analyses to establish whether asymmetry was truly fluctuating in both sets of flies, showing the final set

of traits able to be analyzed for asymmetry.

Area Trait Asymmetry fluctuating?
Measurement Distribution Signed asymm. Final traits
error? normal? #0? analyze
Krumm Tibia length No Yes No Yes
Tarsus length No No —_
Wing width No Yes Yes .
.Wing length No Yes No Yes
Medial spot length No Yes No Yes
Apical spot width No Yes No Yes
Wing percent white Yes —_—
Ladora Tibia Length No Yes Yes
’ ‘ Tarsus Length No Yes No Yes
. Wing width No Yes Yes
Wing length No Yes No Yes
Medial spot length No No —_—
Apical spot length No No _—
Wing percent white Yes —_ R

RESULTS
Differences in Asymmetry
“There was a significant difference in tibia length asym-

metry between mated and unmated males for the Krumm
flies, with unmated having significantly higher asymme-

- . try (t=3.48, p = 0.0052). However, for other asymmetry

traits of Krumm flies there was no significant difference
between unmated and mated males. Although not
statistically significant, two of the other three characters
show a trend towards unmated having greater asymmetry
than mated (fig. 2). For the Ladora flies, no significant
differences were found in levels of fluctuating asymme-

“try between mated and unmated for tarsus length and
wing length.

Differences in Absolute Traits

None the seven traits differed significantly between

mated and unmated Krumm flies (paired ¢-test, p > 0.05).

However, mated Ladora males had a significantly lower

proportion of white (or non-pigmented area) on their

" wings than did unmated males (Mean,, . =27.26 + 0.86

percent, Mean; .= 30.1 +0.66 percent; ¢ = -2.60, p =
0.015). None of the other traits differed significantly

~ between mated and unmated Ladora males.

DISCUSSION

Our analyses to determine the correlation between
* fluctuating asymmetry and mating success in E.
‘solidaginis did not strongly indicate that females were

choosing based upon levels of FA. Krumm females
chose males with significantly lower levels of tibia
asymmetry, and also showed a general non-significant
trend towards choosing males with lower levels of
asymmetry. The Ladora males, however, had no signifi-
cant differences in asymmetry levels between mated and
unmated. The Krumm trend might indicate an associa-
tion between mating status and asymmetry, buf'because
of small sample sizes (Krumm N = 8§, Ladora N = 17) it
is difficult to conclude anything from the current study
about FA as a basis of mate choice in E. solidaginis.

Future studies are needed to further elucidate the
relationship between asymmetry and mate choice (if any)
in E. solidaginis. Experimental manipulation of hypo-
thetically important traits is an important step needed to
establish that females are truly looking at the measured
traits and not some other character. If FA levels are
determined to be traits females pay attention to, ahd can
be correlated with mating success, the next step yould be
to examine the relationship between levels of FA and
aspects of male fitness. Teasing out FA’s exact role
would involve looking at different aspects of male
performance and fitness in relation to levels of FA. Past
studies have found that levels of FA are correlated to
greater competitive ability in dung flies, implying that it
plays a greater role for intra-sexual (male-male competi-
tion) than inter-sexual selection (female choice) (Allen
and Simmons 1996, Liggett et al. 1993). Low levels of
FA have also been correlated to quality of nuptial gifts in
scorpionflies, supporting the theory of female choice
based on direct benefits the male can offer to the female
(Thornhill 1992). If female choice based upon FA levels

85



0.04 +

0.02 +

0 IBBER]

Tibia length win

-0.02 +

-0.0a 1l

length

Medial spot
width

Apical spot
width

Figure 2.—Differences in asymmetry between unmated and mated males for 4 leg and wing characters.

is to be adaptively beneficial to the female, however, FA

_must serve as an indicator trait of male fitness. Mgller

(1996), for example, established that in Musca domestica
levels of FA were correlated with parasite resistance and
predator avoidance, therefore serving as appropriate
indicators for male fitness. It would also be necessary to
estimate heritability for FA, to demonstrate that offspring
of symmetrical males are more developmentally stable
and inherit the same correlated fitness traits (e.g., parasite
resistance, predator avoidance).

Female Choice on Absolute Characters

Our analysis of average trait sizes to determine did not

indicate that females were choosing males of larger size.

. Studies of female choice in some insects have found
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significant preferences for larger males or larger male
traits (Fairbairn and Preziosi 1996, Gilburn et al. 1993),
although such preferences are not universal (Markow et
al. 1996).

The discovery of significant differences in wing pigmen-
tation between mated and unmated Ladora males is an
intriguing result. Ming (1989) used variation in areas of
pigmentation in the wings to distinguish two subspecies
of Eurosta solidaginis, an “eastern” form (E. s.
solidaginis) and a “western” form (E. s. fascipennis
Curran). In the eastern form, the medial and
postpterostigmatal spots (non-pigmented sections of the
wing) are separated by a pigmented area in cell s

while in the western form “the two hyaline areas are
either fully connected forming a complete diagonal
subapical band across the wing from anterior to p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>