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Summary. We studied the relationship between habitat
moisture and gall-forming insect populations. Popula-
tion sizes for most galling taxa were significantly larger
in xeric habitats compared with mesic habitats. Our re-
sults indicate that the differential abundance of galling
insects in these habitats is due primarily to differential
mortality and survivorship. Mortality factors acting
upon eight insect galling species (belonging to eight
genera and four families) were measured on six species
(five genera and five families) of host plants. Survival was
significantly higher for galling populations inhabiting
xeric habitats compared with mesic habitats. Parasitism
was higher in mesic habitats in seven of eight habitats
and fungus-induced diseases were higher in five of seven
habitats. Mortality due to predation and other (unk-
nown) factors showed no clear trends. Overall, there was
a tendency towards lower mortality and consequently
higher survival for populations inhabiting xeric habitats.
We hypothesize that reduced mortality caused by natural
enemies and endophytic fungi has contributed to the
speciation and radiation of galling insects in apparently
harsh environments.

Key words: Adaptations — Habitat selection — Herbivore
survivorship — Insect distribution — Insect galls

Geographical patterns of distributions of many species
have been described, but the underlying mechanisms are
often poorly understood. For many plants and animals
differential mortality at distributional edges versus range
centers is difficult to evaluate, and so at least one ex-
planatory component of distribution is generally un-
available. Gall-forming insect herbivores, however, offer
a particularly simple system for identifying geographical
patterns and for evaluating the possible mechanisms
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producing the pattern. Galls are conspicuous, and rela-
tively rapid and accurate surveys of their distribution can
be made; survivorship curves and sources of mortality
can usually be evaluated by dissecting galls at the end of
each generation.

Richness of insect galls appears to increase with in-
creasing hygrothermal stress, and this pattern may be
global. Many studies have described patterns of galling
insect distribution (e.g., Cornell 1985, 1986; Leather
1986; Taper and Case 1987), and strong biogeographical
patterns in the distribution of gall-forming insects were
reported by Fernandes and Price (1988, 1991; see also
Waring and Price 1990; Price 1991).

However, the processes and mechanisms that in-
fluence these patterns remain largely unknown and un-
tested. We tested the hypothesis that galls suffer from
lower mortality rates in xeric habitats compared to mesic
habitats. We developed survivorship data for galling
insects in xeric and mesic habitats, in an attempt to
unravel the proximate factors influencing their success in
drier habitats. Eight galling species (eight genera belong-
ing to four families) on six species (five genera belonging
to five families) of host plants were studied to test for
generalities in mortality factors and survivorship.

Study sites and study species
Tephritid galler

Aciurina trixa (Diptera: Tephritidae) induces bud galls
on several subspecies of Chrysothamnus nauseosus (Com-
positae) (Foot and Blanc 1963; Wasbauer 1972; McAr-
thur et al. 1979; Wangberg 1981; Dodson and George
1986; Dodson 1987a, b). The galls are green, spheroid,
glabrous, one-chambered, and have one larva per cham-
ber. A resin layer covers the external gall walls. Galls
were sampled near the Weber Power Plant (Highway
I-84, 1 km east of State Route 89), Ogden, Utah during
the summer of 1989. Xeric sites were located between 50
and 200 m from the river bed, adjacent to Highway -84,
whereas mesic sites were located in riparian habitats.



P

Psyllid galler

Pachypsylla venusta (Homoptera: Psyllidae) induces leaf
petiole galls on Celtis reticulata (Ulmaceae) (Riemann
1954; see also Moser 1965). The galls are bright green,
globoid, multi-chambered, and have up to 12 nymphs per
gall. Many parasites are known to attack P. venusta galls
(Moser 1956; Bugbee 1957; Delucchi 1962; see also
Moser 1965). Galls were sampled in Sycamore Canyon,
Arizona, during the summer of 1987. Xeric sites were
located at distances no less than 50 m from the river bed,
in sunny areas. Mesic sites were along the river bed, near
shading trees.

Cynipid gallers

a. Andricus tecturnarum (Hymenoptera: Cynipidae) in-
duces leaf galls on Quercus turbinella (Fagaceae) (Weld
1960). The galls are reddish, spheroid, hairy, one-cham-
bered, have one larva per chamber, and occur in clusters
on the abaxial leaf surfaces. Galls were sampled in Oak
Creek, Sedona, Arizona during the fall of 1987. Xeric
sites were located in sunny areas, 30-50 m from the river
bed, whereas mesic sites were located in riparian habitats,
near shading trees.

b. Neuroterus lamellae forms leaf galls on Q. turbinella
(Weld 1960). The galls are on the leaf midrib, are yellow-
ish, globoid, one-chambered, have one larva per cham-
ber, and have short hairs over the external gall walls.
Galls were sampled at Grasshopper Point, near Sedona,
Arizona, along Oak Creek during the fall of 1987. Xeric
sites were located at least 100 m from the river bed, in
sunny habitats, and mesic sites were located in riparian
habitats.

Cecidomyiid gallers (Diptera: Cecidomyiidae)

Four species were studied, including two tropical and
two temperate species.

a. Contarinia sp. induces galls on the compound leaves
of Copaifera langsdorffii (Leguminosae) (Fernandes et al.
1988). The galls are brownish, button-like, dehiscent,
one-chambered, and have one larwa per chamber. Galls
were sampled in Macacos (near Belo Horizonte), Minas
Gerais, Brazil during the summer of 1988. Xeric sites
were located at least 300 m from the river, in sunny
habitats, whereas mesic sites were in riparian habitats,
near shading trees.

b. Unidentified cecidomyiid induces leaf galls on Bau-
hinia sp. (Leguminosae). The galls are reddish, spheroid,
hairy, one-chambered, have one larva per chamber, and
generally occur in clusters on the adaxial leaf surface
(G.W. Fernandes, unpublished). Galls were sampled in
the Estag¢do Ecologica de Parapitinga, Trés Marias, Mi-
nas Gerais, Brazil during the summer of 1988. Xeric sites
were located in sunny habitats, away from water sources,

and mesic sites were located adjacent to the margins of

the Trés Marias Lake.
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c. . Asphondylia garryae forms bud galls on Garrya
flavescens (Cornaceae) (R.J. Gagné, pers. comm.; see
also Gagné 1989). The galls are green, globoid, one-
chambered, and have one larva per chamber. Coalescent
galls occur frequently. Galls were sampled in Oak Creek,
Sedona, Arizona during the summer of 1987. Xeric sites
were located 10-15 m from the river bed, whereas mesic
sites were located in riparian habitats.

d. Rhopalomyia chrysothamni produces stem galls on
several subspecies of Chrysothamnus nauseosus (e.g. Felt
1940; Gagné 1989); we studied C. n. consimilis. The galls
are green, conical, one-chambered, have one larva per
chamber, and have hairs that cover the gall portal area,
from which the galling insect and most of its parasitoids
emerge. Galls were collected near Flagstaff, Arizona,
during the summer and fall of 1987. Xeric sites were
located along Schultz Pass Road (US Forest Service road
420), and mesic sites were located along the shore of a
small pond (Schultz Tank).

Materials and methods

Population sizes were quantified as the number of galls per stem or
leaf depending on the location of the gall. Ten stems or leaves were
randomly selected from each plant and the number of galls counted.
We tried to collect at least 10 plants per site. Table 1 shows how
many plants were collected for each galling species in xeric and
mesic habitats. For gregarious gallers, we counted the number of
larvae or nymphs per chamber also.

Samples of galls were taken for taxa present in both xeric and
mesic sites at a single elevation. We measured plant xylem water
potential using a Scholander Pressure Bomb, as an indicator of
plant physiological status (e.g., Mason 1969; Ritchie and Hinckley
1975), for C. nauseosus, Q. turbinella, and C. n. consimilis. We were
unable to measure the water potential for all specimens of the
species measured because of difficulties in reaching individuals
located in inaccessible cliffs.

Mortality factors and survivorship

Ten randomly selected galled stems or leaves were collected from
each plant, and 10 plants constituted a sample at a site. Sample sizes
varied according to the number of galls per plant organ. The smal-
lest sample (n=>5) was for the cynipid Andricus tecturnarum on Q.
turbinella in mesic sites. All galls on each stem or leaf were counted,
measured and opened after adult emergency for the identification
of mortality factors. Overall, we dissected 5,653 galls.

Mortality was caused by: parasitoids of the galling larva, preda-
tion on the gall tissue and/or galling larva, fungus-caused diseases,
and other factors probably including plant resistance, and death
caused by parasitoids during feeding or oviposition. For the galling
tephritid, Aciurina trixa, the mortality factor of “resinosis” was also
applicable. Here, plant resins cover the gall’s external surface and
punctures during oviposition by parasitoids may cause droplets of
resin to be produced. In this category, we grouped all dead larvae
that were yellowish and dry, with a resinous appearance. Larvae
were perhaps killed directly, or plant resins may cover and damage
the feeding larva. Furthermore, the host C. nauseosus is known for
its stem and leaf resin contents (e.g. Hegerhorst et al. 1985, 1987).
Deaths of galling larvae in galls opened by predators, but with
fungus invasion, were considered as death by predation; those of
galling larvae in closed galls with fungus invasion were considered
as death by fungal disease.
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Table 1. Population size of tropical (southeast Brazil) and temperate (southwest United States) galling insect species in xeric and mesic

habitats at different dates between 1987 and 1989

Galling Plant Hahita Cialls per stem or leal Mumber of I-lest £
species organ (£5E) plants ()
galled

Acinring trixa Buds Keric 0600+ 006 25 1.758 <005
Mesic 0433+ 0.07 20

Pachypsvila venusia Leaves Keric 0.304 4+ 005 25 5386 < 0.0001
Mesic (.064 4 001 an

Amidricus fecturrarin Leaves Xeric 1449 4+ 027 10 3.053 < (L0035
Mesic 0.244+ 012 5

Newroterus lamellae Leaves Xeric 0,396 4 005 0 4.365 < (L0001
Mesic (LO80 £ 0.03 11

Cortarinia sp. Leaves Xeric 0711+ .29 14 4.203 < (1K}
Mesic 0194+ (.04 10

Unidentified sp. Leaves Xeric 0,541+ 0.14 14 2.307 <002
Mesic 0182+ 0.08 17

Asphancylia garryae Buds Xeric 95.07 +£25.7™ 14 .69 =005
Mesic 98,00 +£33.3 b

Rhopalompia chrysodharrn Stems Xeric 07284+ 0.25 10 0.937 =003
Mesic 0.43 ]

* (Galls per plant

5+ 0.18

Differences in population size between habitats were analyzed by two-sample -1ests (see Zar 1984)

Table 2. Temperate host plant xylem waler potential estimates based on Scholander Pressure Bomb measurements (in bars)

Mumber ol r-lest

Host plant species Gralling Habitat Plant water potential P
species [X+5E) plants
(K4}
Chrysothamnus nauseosus A. trixa Xeric 19.924+0.85 7.000
Mesic 12.524+0.63
Quercus turbinella A. Xeric 18.31+0.87 9.677 <0.0001
tecturnarum Mesic 5.641+0.56
Q. turbinella N. lamellae  Xeric 34.51+1.21 12.792 <0.0001
Mesic 11.29+1.06
C. n. consimilis R. Xeric 12.1740.57 5288 <0.0001
chrysothamni Mesic 9.544+0.19

Measurements were taken between 12:00 a.m. and 6:00 a.m. Differences in plant xylem water potential between habitats were analyzed by

two-sample #-tests (see Zar 1984)

Statistical analysis

Two-sample t-tests were used to test for differences in population
size between xeric and mesic habitats (Zar 1984) (Table 1). Due to
differences in gall density within and among sites, mortality data
were transformed into proportions (percent mortality) to allow
weighted comparisons. We used Hotteling-Lawley Trace mul-
tivariate statistics (Morrison 1976) to test for differences in percent
mortality of gallers per plant between the two habitat types studied.

Results
Galling population densities in the field
Galling insect populations were significantly larger in

xeric habitats compared with mesic habitats for six out
of eight species (Table 1). In addition to higher gall

density per plant, there were more Pachypsylla venusta
nymphs per gall in xeric habitats than in mesic habitats
(xeric=3.987, SE+0.287 nymphs; mesic n=2.933,
SE £ 0.089 nymphs; Student’s ¢, so5 = 3.439; P<0.0005).
Only two species, Asphondylia garryae and Rhopalomyia
chrysothamni, did not show significant differences in pop-
ulation sizes between the two habitats studied.

Host plant xylem water deficits

Plants in xeric habitats experienced significantly higher
water deficits compared with plants in mesic habitats.
Host xylem water potential estimates based on pre-dawn
Scholander Pressure Bomb measurements were higher in
xeric than in mesic habitats for all species measured
(Table 2).



Mortality factors affecting galling insect populations in

xeric and mesic habitats
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General trends in galling insect populations in xeric and

mesic habitats
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Six galling species were significantly more abundant in
xeric habitats than in mesic habitats. One species, R.
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chrysothamni, showed the same pattern of greater abun-
dance in xeric habitats but the differences in population
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Asphondylia garryae

female and

survival of larval gallers in these two distinct environ-

ments (discussed in the next section).
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Waring and Price 1990; see also Fernandes and Price
1991). This phenomenon may be widespread and the
General trends in mortality factors and survivorship of

Consistent with the pattern of increased population den-
sity in xeric habitats, mortality factors were also reduced

result of differential preference by ovipositing
galling insect species in xeric and mesic habitats
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in the xeric environment. Parasitism and fungal diseases
were stronger mortality factors in galling insect popula-
tions living in mesic than in xeric habitats. Galling insects
suffer from some of the richest parasitoid faunas (Price
et al. 1986, 1987; see also Askew 1961; Hawkins and
Lawton 1987; Hawkins 1988). High parasitism rates
have been commonly reported in the literature (e.g.,
Osgood and Gagné 1978; Washburn and Cornell 1979,
1981; Ehler 1982; Fernandes 1987a). On the other hand,
the effects of fungus-caused diseases upon galling popu-
lations have only seldom been reported (Smirnoff 1970;
Lasota et al. 1983; Taper et al. 1986; Carroll 1988).

Gall mortality due to fungus attack may be wide-
spread (e.g. Carroll 1988 ; Fernandes and Price 1991 ; see
also Clay 1988), and thus be an important agent against
some galling insect populations. Carroll (1988) reported
significantly higher larval mortality of cecidomyiid spe-
cies on fungus-infected host plant needles. Fungus-
caused diseases were reported as the major mortality
factor for the cynipid Dryocosmus dubiosus on two Quer-
cus species (Taper et al. 1986).

In a subsequent paper, Taper and Case (1987) report-
ed on positive correlations between leaf tannin content
and cynipid gallers species richness, survival, and abun-
dance. These findings may also apply to the Cynips di-
visa-Q. robur system studied by Sitch et al. (1988), where
fungus attack was the second major mortality factor for
the galling cynipid. The effects of tannins as fungus-
growth inhibitors is well known (e.g. Matta 1971; De-
verall 1977; Janzen 1977; Cruickshank 1980; Agrios
1988). Tannins have been suggested to accumulate in
galls (e.g., Bronner 1977) and protect the gall tissue as
well as the gall former from herbivores (Janzen 1977;
Cornell 1983; Taper et al. 1986; Price et al. 1987; Taper
and Case 1987). Corroborating these findings, Miiller et
al. (1987) reported increased leaf tannin content with
increasing plant water stress. These positive associations
between plant stress, tannins, gall survivorship, abun-
dance, and species richness are probably not coincidental
and deserve more attention (explored in the next section;
see also Fernandes and Price 1991).

The evolution of gallers in harsh environment.

The mechanisms producing the differential abundance of
gall forming insects in xeric and mesic habitats are dif-
ferential mortality and survivorship. Our findings are
corroborated by the work by Carroll (1986, 1988) on the
higher mortality of needle galling Contarinia species
on endophyte-infected needles, and by the work of
Tscharntke (1988, 1989) on the mortality and abundance
of the galling midge, Giraudiella inclusa, on Phragmites
australis plants in dry and wet sites. Furthermore, studies
by Taper et al. (1986) and Taper and Case (1987) on the
positive correlations between oak leaf tannin content and
cynipid gall survival, abundance, and richness also sup-
port our findings on the proximal factors influencing
galling distribution. The ultimate factor influencing dis-
tribution of gallers may then be an evolved positive

female response to xeric habitats in preference to mesic
habitats (Fernandes and Price 1991).

Galling insects may have speciated and radiated in
harsh environments. Fernandes and Price (1988, 1991 ;
see also Price 1991) noted that galls were commonly
associated with sclerophyllous plants. They also ob-
served that sclerophylly is associated with long-lived
leaves, reduced probability of leaf abscission, high
phenol contents, and low-nutrient status (especially phos-
phorus). Interestingly, the majority of all galls in all
biogeographical regions are on leaves (see Felt 1940;
Mani 1964). Correlations between sclerophylly, low nu-
trient status, resource stability and predictability, and
high chemical defense may all be part of a syndrome of
plant traits favoring galling species.

The lower mortality caused by endophytic fungi and
natural enemies in xeric sites appears to reinforce galling
in those habitats, fostering speciation and radiation in
harsh environments. Plant pathogens are more active in
moist environments but relatively inactive in dry en-
vironments (e.g. Preece and Dickinson 1971). Thus gall-
forming insects have lower probability of surviving in
humid habitats. Gallers may also suffer higher rates of
parasitism, as well as predation, in humid habitats be-
cause of longer maturation and hardening of the gall,

.although more studies would be needed to substantiate

this concept. Overall, in xeric sites, gallers occupy a niche
relatively free of diseases and with relatively reduced
incidence of enemies (especially parasitoids and, pos-
sibly, herbivores which eat the gall because of its con-
centrated nutrients).

The scenario we envisaged (see Fernandes and Price
1991) for the evolution of galling insects was reinforced
by our present findings. Nevertheless, more work is
needed on the ultimate factors that shape galling distri-
bution. In addition, more work is needed on the different
aspects of galler distribution to strengthen our two-level
view (xeric vs. mesic) of selection pressures and survivor-
ship for galling insects. Forthcoming papers will report
on experimental and behavioral studies on insect galling
responses to plant resources which generally support the
patterns found in this field study.
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