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HOST RACE RADIATION IN THE SOAPBERRY BUG:
NATURAL HISTORY WITH THE HISTORY
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Abstract. —Evolution by natural selection is remarkably well documented in the diversification of
soapberry bug populations on their native and recently introduced host plants. In this century,
populations of this native seed-eating insect have colonized three plant species introduced to North
America. Each new host differs in fruit size from the native hosts, providing an unplanned exper-
iment in natural selection of the insect’s beak length. In each of three host shifts, beak length has
increased or decreased in the direction predicted from fruit size. Furthermore, museum specimens
show historical changes consistent with the host shift scenario inferred from beak length values in
contemporary populations. The extent to which beak length evolution has been accompanied by
evolution in other body size characters differs between the races, suggesting that the evolution has
proceeded differently in each case. In all cases, significant evolution has occurred in as little as 20—
50 years (40-150 generations), creating a species-level mosaic of response to simultaneous direc-
tional, diversifying, and normalizing selection.
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The processes by which life forms diver-
sify are of broad scientific interest, imping-
ing on topics ranging from details of micro-
evolution to biotic diversity in general.
Studies of speciation have received partic-
ular attention because genetic isolation is a
critical step in establishing the genetic in-
tegrity of diversifying forms (e.g., Mayr,
1970; Bush, 1975; Otte and Endler, 1989).
Unavoidably, most contemporary phylo-
genetic patterns have their origins obscured
in history, so that much of what we believe
about their evolution comes from inferen-
tial analyses alone. Direct empirical studies
of evolutionary change over more than a
few generations are very rare (Endler, 1986).
We thus have few data addressing such fun-
damental questions as what factors deter-
mine the appearance of new phenotypes and
the rate and direction of evolution (Endler
and McLellan, 1988).

A growing body of studies of insect “host
races” is beginning to provide more direct
descriptions of diversification among pop-
ulations. Especially valuable are cases in
which we know the history of ecologically
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specialized insects colonizing new host re-
sources. Over the past one to two centuries,
genetic differences have apparently evolved
among local host-associated populations in
several insect species (e.g., true fruit flies:
Bush, 1969; Prokopy et al., 1982; Mc-
Pheron et al., 1988; Smith, 1988; Feder et
al. 1988, 1990a, 19905b; treehoppers: Wood
and Guttman, 1983; and moths: Phillips and
Barnes, 1975; Pashley, 1986, 1988; Pashley
and Martin, 1987). However, the functional
significance, if any, of such differentiation
is generally not clear, revealing little about
the role of natural selection in the diversi-
fication process (Via, 1990).

In this study, we define host races as host-
associated populations that are genetically
differentiated in traits with functions that
are directly affected by unique qualities of
each host taxon. Because the probability,
rate, and extent of host-associated differen-
tiation will depend on the interaction of
many variables, we consider whether or not
specific host-adapted trait values reduce gene
flow among differentiating populations to
be of secondary importance in defining host
races (in contrast to, e.g., Feder et al., 1988).

We test the prediction that beak length in
the soapberry bug, Jadera haematoloma H.-
S. (Hemiptera: Rhopalidae) has evolved to
accommodate the fruit sizes of three sap-
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indaceous host species recently introduced
into its range in the U.S. With its needle-
like beak, this insect feeds on seeds that are
located within the fruits at varying distances
from the fruit perimeter. Previous work has
shown that isolated, interfertile populations
of the soapberry bug on two native sapin-
daceous host plant species, one in Okla-
homa and one in Florida, differ greatly in
beak length in accord with differences in
host-typical fruit size (Carroll and Loye,
1987).

In predicting that beak length will match
fruit size in the new host-associated popu-
lations, we have assumed that selection has
been sufficiently strong, that sufficient time
has passed since the colonization of the in-
troduced plants, and that gene flow among
populations has not prevented local adap-
tation. Failure to find the predicted patterns
will result if any of these assumptions is
unsound, but success will both elucidate the
role of natural selection and set the stage for
posing interesting questions about the pop-
ulation biology of this species and the po-
tential impact of novel trait values on gene
flow.

In what follows, we first review the host
plant associations of the soapberry bug, their
histories of introduction and colonization,
and their natural history relevant to ques-
tions of host-adaptation, particularly from
the perspective of feeding morphology. We
then report values of beak length in bug
populations on different host species in na-
ture. Finally, historical data from museum
collections are presented for comparison
with the patterns in contemporary popula-
tions.

THE INSECT AND ITS
Host PLANTS

The soapberry bug is a volant, neotrop-
ical, and nearctic true bug (hemipteran) that
feeds exclusively on the mature and nearly
mature seeds of plants in the family Sap-
indaceae (Carroll and Loye, 1987). All
phases of the life cycle occur in association
with host plants of this family, and no Jade-
ra spp. occur in the Old World (Goéllner-
Scheidung, 1979). The bug’s slender, tu-
bular beak functions to reach through the
fruit walls to the seeds, whereupon the seed
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coat is pierced, and the contents liquified
and sucked up (Carroll, 1988).

Many of the analyses in this paper ex-
amine adult females, which feed more fre-
quently than do adult males (Carroll, 1991a).
Adult females are the largest-bodied morph
of the soapberry bug, with the longest beaks,
and they thereby have the easiest access to
seeds protected within fruits. However, adult
males and all juveniles gain access to seeds
as well, often by preying on seeds in capsules
that have opened prior to wind-dispersal,
seeds that disperse beneath the parent plant,
or seeds in damaged fruits. Adult females
feed on such unprotected seeds as well.

In the United States this insect occurs
throughout the ranges of its native hosts,
the soapberry tree (Sapindus saponaria v.
drummondii) in the southcentral region, the
serjania vine (Serjania brachycarpa) in
southernmost Texas, and the perennial bal-
loon vine (Cardiospermum corindum) in
southern Florida. The native soapberry va-
riety saponaria occurs in southernmost
Texas and in southernmost Florida, but in
neither region does it serve as a host of the
soapberry bug, and its fruits differ from those
of the host variety drummondii (Carroll,
1988, pers. obs.). Balloon vine also occurs
in southern Texas, but has not been found
as a host of the soapberry bug in the Lower
Rio Grande Valley, the site of studies of
populations on the abundant serjania vine
in remnant riparian forests.

Three additional plant species in the Sap-
indaceae have been introduced to the Unit-
ed States and colonized by the soapberry
bug in and near the range of the native host
plants. Throughout the range of the soap-
berry tree, the “round-podded” golden rain
tree (Koelreuteria paniculata) from east Asia
is planted as an ornamental. In central and
northern peninsular Florida, the ‘“flat-pod-
ded” golden rain tree (Koelreuteria elegans),
from southeast Asia, is also planted as an
ornamental.

Finally, the subtropically widespread
heartseed vine (Cardiospermum halicaca-
bum) is a weed in Louisiana and adjacent
Mississippi. While bugs are common on the
plant in this region, they have not been seen
on occasional heartseed vines encountered
in southern Oklahoma and northern Texas.
(Specimens of C. cf. corindum collected in
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southern Florida are sometimes identified
as C. halicacabum. These specimens are
similar to those of C. corindum in all but
minute details, and do not closely resemble
the C. halicacabum of Louisiana, which are
annual and produce much smaller fruits.)

MATERIALS AND METHODS

Our basic approach takes advantage of
several attributes of the study system. First,
the function of beak length is straightfor-
ward: its value affects the ability of individ-
uals to reach seeds held within intact fruits.
Second, precise information about host plant
introduction times, and the colonization of
these plants by the bug, simplifies the his-
torical accounting of the population differ-
entiation. Third, multiple comparisons may
be made because field data are available on
beak length variation within and among
populations on six host species, comprised
of three plants species native to the United
States, and three introduced plant species.
Fourth, beak length is preserved in museum
collections, so that historical data can be
used as a direct test of the directions of evo-
lution inferred between contemporary pop-
ulations on native host plants and the re-
cently derived populations on introduced
host plants.

Introduction History, Distribution and
Abundance of the Host Plants

The introduction times of the host plants
are estimated from collection data from 25
national and regional herbarium collections
(listed in the Acknowledgments). Such data
give general estimates of introduction times,
and close concordance among herbaria in
the dates of initial independent collections
of species in a region implies that new spe-
cies were actively sought as specimens. To
increase resolution, these herbarium data
were supplemented with information from
published regional floral accounts and hor-
ticulture manuals, and with personal com-
munications from Drs. R. Knight and W.
Jones of the U.S. Department of Agricul-
ture. In addition, tree-ring age analyses were
made of cores taken from large specimens
of the flat-podded golden rain tree in central
Florida in 1991. Notes on the current dis-
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tribution and abundance of host species were
made during field surveys in Oklahoma
(1981-1988), Louisiana (1987-1989), Flor-
ida (1984-1989, 1991), and Texas (1989).

Field Measurements of Soapberry
Bugs and Host Seeds

Breeding (mating or egg-bearing) females
were collected as encountered from host
plants. Beak lengths and other body dimen-
sions of live specimens were measured with
hand held dial calipers with a =0.02 mm
measurement increment. As in Carroll and
Loye (1987), beak length was measured as
the distance from the anterior tip of the tylus
to the distal tip of the beak. Body length was
measured as the distance from the anterior
tip of the tylus to the distal tip of the closed
forewings. The few short-winged morph fe-
males encountered were excluded from the
samples. The same calipers were used for
measuring the dimensions of the host fruits.
The most important measure was the fruit
radius, defined as the distance from the ex-
terior wall of a fruit to the center of the seed
nearest the wall. This is the minimum dis-
tance that a bug would need to reach to get
a good meal. Fruit diameter in cross section
and longitudinal section was also measured
for descriptive purposes. Fruits were chosen
from 5-10 plants of each species.

Collection sites and times are as follows.
In the southcentral United States, bugs and
fruits were measured at soapberry trees in
Oklahoma at Boiling Springs State Park
(Woodward Co.) in September 1987, and
near Prescott, Arizona (Yavapai Co.) in June
1986; at serjania vines in Texas at Bentsen
Rio Grande State Park (Hidalgo Co.) in Jan-
vary 1989; at round-podded golden rain
trees on the campus of the University of
Oklahoma in Norman (Cleveland Co.)
Oklahoma in September 1987; and at heart-
seed vines in Louisiana at Baton Rouge (East
Baton Rouge Parish) in February 1989. In
Florida, bugs and fruits at balloon vines were
measured on Key Largo (Monroe Co.) in
March 1988, and at flat-podded golden rain
tree at Bok Gardens in Lake Wales (Polk
Co.) in March 1988.

Sample sizes ranged from 18 to 64 adult
female bugs, depending on the population,
and from 20-25 mature fruits of the host
plant species.
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TaBLE 1.
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The native and introduced host plants of the soapberry bug: origin, geographic range, population age,

fruit radius, and interpopulation variation in beak }ength.l

Host species Origin Range Age (yrs b.p.) Fruit radius Beak length

Florida:

Cardiospermum corindum Native Southern Florida <10,000 11.92 + 0.51 9.32 = 0.86

Koelreuteria elegans Introduced  Central Florida 30-60 2.82 £ 0.59 6.93 +0.48
Southcentral US:

Sapindus saponaria Native Throughout <10,000 6.05 £ 0.34 6.68 = 0.82

Koelreuteria paniculata Introduced Throughout 40-100 7.09 = 0.84 7.23 = 0.47

Cardiospermum Introduced Throughout, 20-80 8.54 £ 0.65 7.80 = 0.52

halicacabum principally Gulf

Coast region

! Data termed “fruit radii” are actually the minimum distance from the outer wall of the fruit 1o the center of the seed nearest the outer wall; these

means, and those for beak length, are presented in millimeters £1 SD.

Museum Collections of
Soapberry Bugs

Historical specimens from each region
were examined in entomological collec-
tions. Because relatively few historical spec-
imens were available for Oklahoma popu-
lations, specimens from northern and central
Texas were examined instead, for compar-
ison with contemporary populations stud-
ied in adjacent Oklahoma. Measurements
of beak length, body length, wing length,
and pronotum width were made of adult
females and males, either with an ocular
micrometer in a 6 X stereo microscope or
dial calipers. Morphometric data were col-
lated with that on the specimen labels re-
garding the date and locale of the original
field collections. Data for some Florida
specimens include only beak length and body
length. Specimens were provided by the
American Museum of Natural History in
New York City, United States National Mu-
seum in Washington D.C., The State Ar-
thropod Collection of the Florida Division
of Plant Industry, the Department of En-
tomology of Louisiana State University, and
Texas A&M University.

The body size measures were compared
for specimens collected before, versus after,
the time at which the introduced hosts be-
came common, or were correlated with col-
lection dates.

RESULTS
History of Host Plant Introduction,
Colonization, and Current
Distributions
Table 1 lists the native and introduced
host species and indicates estimated times

of colonization before the present. Times
for the native hosts are general estimates
based upon when the habitats would have
become suitable for the plants’ growth after
the most recent recession of continental gla-
ciers (cf. Delcourt and Delcourt, 1987). The
fruits of two native and three introduced
host species are portrayed in Figure 1, which
also illustrates the relation between fruit di-
ameter and the beak length of the bug pop-
ulations that feed on them. The U.S. dis-
tributions of the host plants, and the
geographic patterns in which the soapberry
bug occurs on them, are mapped in Fig-
ure 2.

The semitropical flat-podded golden rain
tree (K. elegans) was introduced to Florida
from Taiwan in a U.S.D.A. experimental
garden south of Miami in 1926 (R. Knight,
pers. comm.), but was rarely planted in
Florida until the 1950s (Hume, 1929; Mor-
ton, 1972). The oldest specimens cored in
central Florida were approximately 35 years
old in March 1991, as determined from the
number of annual rings. Specimens of sim-
ilar age in the Miami region are hosts to
large aggregations of the West Indian J. san-
guinolenta, but are only rarely used by J.
haematoloma, in contrast to central and
northern peninsular Florida, where J. hae-
matoloma is abundant on this host and J.
sanguinolenta is absent. This tree is cur-
rently found mainly north of the Everglades
and is principally urban. It is especially
common as a street and parking lot tree in
towns of the calcareous soil region of central
Florida as far north as Gainesville. It also
occurs rarely in southern Louisiana and
coastal Texas, but appears not to have been
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@®Study populations on native hosts Populations on 1ntroduced host plants
Filled symbols: bugs present

A. Sapindus saponaria v. drummondii A A Koelreuteria paniculata
V V Koelreuteria

C. Cardiospermum corindum u

B. Serjania brachycarpa elegans

Cardiospermum halicacabum

FiG. 2. United States distributions of the soapberry bug and its hosts. The stippling shows the ranges of the
three native host species. A. The soapberry tree (v. drummondii) is widespread in the southcentral and south-
western states, but it is replaced by the non-host variety saponaria in the lower Rio Grande Valley, where the
serjania vine (B) is the host. The soapberry bug occurs throughout the range of the soapberry (v. drummondii)
in this region, and also occurs here on the introduced round-podded golden rain tree and the heartseed vine
(Louisiana). A few specimens have been collected to the north of this region, but there is no evidence that they
breed there (Carroll and Loye, 1987). C. The balloon vine is common only in southernmost Florida, principally
in the Keys. The flat-podded golden rain tree is mainly planted in towns on the low ridge that extends NNW-
SSE through much of peninsular Florida. Specimens of this tree planted in Louisiana, Texas, and California do
not serve as hosts. Specimens of the round-podded golden rain tree well to the north of the distributions of the
native hosts, including plantings along the East Coast that were not visited, may now, or in the near future,
serve as hosts for the soapberry bug.

colonized by the bug in this region (S. Car-
roll, pers. obs.).

The native balloon vine in Florida is
largely restricted to the southern Everglades
and the upper Florida Keys, but rare (N =
3) herbarium specimens indicate historical
occurrence as far north as the Gainesville
vicinity.

The widely introduced East Asian round-
podded golden rain tree (K. paniculata) has
been colonized by J. haematoloma only in
and near the range of the native soapberry
tree (v. drummondii) in the southcentral
states, and perhaps in Georgia and South
Carolina (8. Carroll, pers. obs.). The earliest
herbarium specimens for this species in the
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Fic. 3. Proposed colonization histories for bug
populations moving from the fruits of two native host
species to those of three introduced host species. The
time periods estimate the intervals between when the
new hosts became common, and the present.

southcentral region are from the 1880s in
Kansas, butitis very rare in collections until
the 1940s. In Oklahoma, both the soapberry
and the round-podded golden rain tree are
presently common trees. The former typi-
cally occurs in rural areas, while the latter
is in cities and towns. The soapberry trees
from which bugs were collected in western
Oklahoma (Woodward Co.) are circa 8 km
from the nearest round-podded golden rain
tree on which bugs also occur (but from
which no measurements of bugs have been
taken). Likewise, bugs have been found on
soapberry trees within 1 km of the round-
podded golden rain trees on which bugs were
measured in Norman, Oklahoma.
Heartseed vine was collected in the Gulf
Coast region in the early 1900s, with col-
lections rare until the 1930s, and abundant
since 1970, when it became an agricultural
pest in soybean fields in Louisiana and ad-
jacent Mississippi (W. Jones, pers. comm.).
In Louisiana, the native soapberry is very
rare, and the introduced heartseed vine is
common in sandy flood plain, waste, and
agricultural regions. (Beak length data from
Oklahoma populations on soapberry are
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used as the basis for comparison with those
from Louisiana populations on heartseed
vine.)

With the exception of the serjania vine in
extreme southern Texas, none of the other
native and introduced sapindaceous plant
species or varieties in the continental U.S.
(N = 10) serve as hosts for J. haematoloma
(S. Carroll, pers. obs.).

Characterization of the Host Fruits

Fruits of five of the host species are pre-
sented in cross section in Figure 3. In all
species, the fruit consists of three sections,
two of which are commonly aborted in Sa-
pindus. In the host genus Cardiospermum,
the fruit is an inflated spherical capsule up
to 10 times the diameter of an individual
seed. In Koelreuteria, the species K. panicu-
lata has a similar inflated capsule that often
opens slightly at maturity, while K. elegans
does not seal or inflate its capsule. In con-
trast, Sapindus saponaria v. drummondii
produces a simple fleshly drupe. The iso-
lated Serjania brachycarpa has a small
winged samara. In Florida, the introduced
host has seeds closer to the fruit wall than
does the native host, and in the southcentral
U.S., both introduced host species have
seeds farther from the fruit wall than does
the native host. Fruit radius varies signifi-
cantly among species (Fis 75y = 1,327, P <
0.0001, ANOVA of measured values; all
means are different at P < 0.05 or less, Stu-
dent-Newman-Keuls muitiple range pro-
cedure, Table 1).

Beak Lengths in Nature

Do the derived populations currently
found on introduced hosts differ in beak
length from the populations on native hosts?
Increased beak length was predicted for
populations in the southcentral U.S. that
have shifted from the soapberry tree to the
round-podded golden rain tree and heart-
seed vine. Decreased beak length was pre-
dicted for those shifting from balloon vine
in southern Florida to the flat-podded gold-
en rain tree in central Florida. Beak lengths
have changed in the directions predicted in
all three cases [Table 1, Fig. 4a, 4b (which
give sample sizes for the means in Table 1)].
They differ significantly among populations
(Table 2), and each pair of ancestral and
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TaBLE 2. ANCOVA of inter-race variation in beak
length as an effect of body length, host, and the inter-
action of body length and host. ’

Source! df $§2 MS F

Body length

(covariate) 1 0.05908 0.05908 70.44%**
Host 5 0.01965 0.00393 4.68%**
Body length

X host 5 0.01960 0.00392 4.67%**

! Analyzed values of beak length and body length were log transformed.
Type three sums of squares.
*** P < 0.0005.

derived populations shows significant di-
vergence of mean beak length (P < 0.05 or
less, Student-Newman-Keuls multiple range
procedure). Both the main effect “host™ and
the covariate ““body length” have significant
effects on beak length. In addition, the effect
of the interaction of body length and host
differs among host races, which shows that
the relation between beak length and body
length differs significantly among the host
races.

For comparison with beak lengths of
Oklahoma females on soapberry, measure-
ments were taken from a group of 18 fe-
males on soapberry from Arizona. The mean
(x1 SD) value was 6.89 £ 0.56 mm, range
5.70-7.87 mm, very similar to values for
Oklahoma.

Beak Length and Fruit Size

Beak length values of adult females in
contemporary populations on introduced
hosts differ from those of nearby popula-
tions on native hosts in ways that appear to
match the fruit size of the novel hosts. The

TABLE 3.
before and after 1947.1
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Spearman rank correlation between mean
beak length and the mean fruit radius is
0.79, P = 0.06 (Fig. 5).

Historical Data

Historical collections were large enough
for analysis in central and northern Texas,
where the bug currently occupies the native
soapberry and the introduced round-pod-
ded golden rain tree, in Louisiana, where
the native host is also the soapberry and the
bug is common on the introduced heartseed
vine, and in Florida, where the bug is on
the native balloon vine in the south and on
the introduced flat-podded golden rain tree
in the central and northern regions.

Values for beak length and for other body
size measures were analyzed as a function
of collection date. Size measures other than
beak length may reveal correlated responses
between selection of beak length and other
body parts (or vice versa), perhaps via oth-
er, unknown selection pressures.

Texas. —Soapberry bug populations from
northern and central Texas were compared
between two periods: before 1947, when
mature golden rain trees were still uncom-
mon, and after 1947. No differences were
found between adult females from each pe-
riod (Table 3). In case the golden rain tree
became common in this region earlier than
is estimated, the same analyses were per-
formed with the dividing time as 1935 (39
females were collected before this date, and
40 afterwards). The results were essentially
identical. In analyses restricted to adult
males before and after 1947, all trait values

Texas: comparisons of beak length and other body size measures of adult females and males collected

Trait? Pre-1947 Post-1947 B

Females

Beak length 6.64 + 0.64 6.51 = 0.76 0.83

Pronotum width 3.44 + 0.31 3.36 £ 0.28 0.77

Wing length 8.67 + 0.63 8.55 = 0.66 0.77

Head + pronotum length 3.60 = 0.38 349 + 0.28 1.31
Males

Beak length 5.30 = 0.39 5.54 £ 0.51 2.19*

Pronotum width 297 £ 0.19 2,98 + 0.24 0.17

Wing length 7.74 £ 0.52 7.78 £ 0.78 0.11

Head + pronotum length 3.06 = 0.24 3.06 = 0.23 0.11

! Sample sizes are 48 and 31 females and 40 and 30 males before and after 1947, respectively. Values are given as means + 1 SD.

Body size traits are measured in mm.
3 t-scores are from log-transformed measures.
* P < 0.05.



