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Summary. Males of the colonial, wing-poly-
morphic thrips Hoplothrips karnyi (Hood) fight
each other with their forelegs in defense of commu-
nal female oviposition areas. In this study, males
were reared individually under varying conditions
of food deprivation to investigate the developmen-
tal cues used in morph determination and the rela-
tionships between wing morph, developmental
time in each instar, propupal weight, and five adult
morphological characters associated with fighting
ability and dispersal ability. Males deprived of
food for five days midway through the second (fi-
nal) larval instar had smaller propupal weights and
were more likely to develop wings than males de-
prived of food in the first instar or control males.
However, the mean propupal weight of all males
that developed wings was not significantly less
than that of wingless males. Wing morph of female
parents had no measurable effect on this character
in the offspring. Wingless males possess relatively
larger fore-femora and prothoraces than do
winged males, but winged males possess relatively
larger pterothoraces (Fig. 1). Behavioral observa-
tions of wingless and winged males of similar
weight as propupae showed that wingless males
won fights and became dominant in oviposition
areas. Thus, a trade-off exists between characters
associated with male fighting and dispersal ability.
The cost of wings, in terms of fore-femora size
and prothorax size, increased with propupal
weight. Wingless males that developed in the ex-
perimental treatment that produced a high propor-
tion of winged males were relatively small in size,
and were intermediate in body shape with respect
to winged males and other wingless males (Fig. 2).
This shape intermediacy indicates that there may
be developmental constraints on alternative tactics
of resource allocation. Total developmental time
varied between wing morphs, but was not corre-

lated with propupal weight or adult morphological
characters of winged or wingless males. For
wingless males that developed in the treatment that
produced a high proportion of winged males, adult
morphological characters were negatively corre-
lated with the duration of the second instar. This
correlation suggests that the development of small
wingless males involves a compromise between the
benefits of large adult size and the costs of prolong-
ing the second instar to increase the probability
of becoming larger.

Introduction

Discontinuous morphological variation within spe-
cies is usually construed as reflecting adaptive re-
sponses to selection pressures that vary in time or
space (Huxley 1955; Mather 1955; Levins 1968;
Clark 1976; Lively 1986). The maintenance of
more than one morph implies that the different
morphs are specialized, genetically and/or pheno-
typically, to particular ecological or social environ-
ments. Such alternative specializations are impor-
tant in studies on the maintenance of morphologi-
cal and behavioral variability (Cade 1980; Thorn-
hill and Alcock 1983; Barnard 1984; Caro and
Bateson 1986), as well as in understanding long-
term evolutionary trends, such as speciation (West-
Eberhard 1983) and adaptive radiation (Hamilton
1978). However, selective trade-offs are often diffi-
cult to identify and measure, and the extent to
which the alternatives are subject to developmental
constraints is generally unknown (Maynard Smith
et al. 1985). Here I present experimental, morpho-
metric, and behavioral evidence that wing poly-
morphism in males of a colonial thrips, Hoploth-
rips karnyi (Hood), is associated with a trade-off
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between male fighting and dispersal ability, and
that the trade-off may be affected by developmen-
tal constraints.

Among non-social insects, discontinuous varia-
tion takes two primary forms: dispersal polymor-
phism and male dimorphism. Dispersal polymor-
phisms comprise variation in wing and flight mus-
cle development, and are common among female
insects (Gupta 1979). Wingless females usually ex-
hibit greater fecundity or earlier onset of reproduc-
tion than do winged females, at the expense of
being unable to colonize new habitats (Harrison
1980; Zera 1984; Roff 19864, but see Taylor 1978,
1981; Ritchie et al. 1987). In some species, wing
morph is under simple genetic control or subject
to polygenic influences (Langor and Larson 1983;
Zera et al. 1983; Roff 1986b; Solbreck 1986; Bri-
ceno and Eberhard 1987 ; Messina 1987). However,
in most species morph determination is cued pri-
marily by environmental factors, such as popula-
tion density, photoperiod or food quality. These
environmental factors suggest that wing polymor-
phisms are maintained through variation in the
costs and benefits of dispersal (Harrison 1980;
Roff 19864a).

In contrast to wing polymorphisms among fe-
male insects, male structural dimorphisms are rare
and usually involve characters associated with
male fighting (Woodring 1969; Shillito 1971;
Dominey 1980; Eberhard 1980; Cowan 1984;
Goldsmith 1985, 1987; Gross 1985), searching for
mates (Day 1984), or both fighting and dispersal.
For example, in agaonid wasps (Hamilton 1979),
scarab beetles (Eberhard 1980, 1982; Siva-Jothy
1987), ants (Kinomura and Yamauchi 1987), and,
apparently, halictid bees (Houston 1970), two
forms of males exist: “fighter” males, possessing
well-developed weaponry and limited dispersal
ability, and poorly armed but more mobile
“fliers.” Despite widespread interest in the origin
and maintenance of alternative male reproductive
tactics (Cade 1980; Dominey 1984), few studies
have addressed the developmental basis or ecologi-
cal correlates of male dimorphism (Kuhl 1928;
Woodring 1969; Hamilton 1979; Timms et al.
1981a, b, 1981; Eberhard 1982).

Many species of mycophagous thrips in the
suborder Tubulifera exhibit wing dimorphism and
sexual dimorphism in foreleg size and shape (Stan-
nard 1968 ; Ananthakrishnan 1979, 1984) that have
been interpreted as polymorphisms associated with
male fighting (Hamilton 1979; Crespi 1986a, b,
1988). Large males often possess greatly developed
forelegs, whereas smaller males have less developed
forelegs similar in size to those of females. Al-

though males of a particular wing morph vary con-
tinuously in body and foreleg size (Hood 1935,
1937; Ananthakrishnan 1967, 1970; Kiester and
Strates 1984), several authors (Stannard 1957; An-
anthakrishnan 1968 ; Mound 1970, 1972) have not-
ed that males with large forelegs tend to be
wingless or short-winged. Crespi (1986a; 1988)
showed, for Hoplothrips pedicularus and H. karnyi,
that although males with the largest forelegs were
invariably wingless, winged and wingless males
overlap considerably in foreleg size. In H. pedicu-
larius and H. karnyi, males fight each other with
their forelegs and abdomens in territorial defense
of communal female oviposition sites, and large
males win (Crespi 1986a, 1988). Consequently,
foreleg and wing variation may have considerable
effects on male reproductive success.

This study was designed to investigate the de-
velopment, morphometrics, and behavioral basis
of wing dimorphism and foreleg variation in Hop-
lothrips karnyi, a mycophagous, colonial, wing-po-
lymorphic thrips. The study has three purposes:
(1) uncovering the influences of pupal weight, food
deprivation during each instar, and heredity on
wing morph determination, (2) describing, for
winged and wingless males, the morphometric rela-
tionships among characters associated with male
fighting and dispersal ability, and the relationships
between the experimental treatments, developmen-
tal time in each instar, and morphology; and (3)
evaluating the relationship between male wing
morph and fighting success. Analyses of variation
in patterns of male size, shape, developmental
time, and behavior are designed to indicate the
extent to which male phenotypes can be considered
adaptive responses to variation in developmental
conditions.

Methods

Biology and development of thrips

Thrips are minute haplodiploid insects with an unusual form
of development, termed remetaboly, intermediate between ho-
lometaboly (complete metamorphosis) and hemimetaboly (par-
tial metamorphosis) (Heming 1973, 1975). Tubuliferan thrips
have two larval instars, designated here as L1 and L2, a propu-
pal instar, designated as PP, and two pupal instars, designated
as P1 and P2. Larvae coexist with adults and exhibit similar
feeding habits. Propupae and pupae do not feed and are inac-
tive, but capable of movement if disturbed. In individuals des-
tined to develop wings, wing sheaths evaginate in the first pupal
instar and are retained in the second pupal instar. Developmen-
tal studies have shown that the propupal and pupal instars
involve considerable histolysis and internal reorganization, pro-
cesses characteristic of true pupal stages (Davies 1969; Heming
1970, 1973, 1975). :



Hoplothrips karnyi is a black thrips 3-4 mm long that lives
in colonies on shelf fungi and feeds on mycelium. Colonies
vary in size from a few individuals to hundreds of larvae, pupae
and adults in close proximity (Graves 1960), and may persist
for years (Crespi pers. obs.). In Michigan, this species is multi-
voltine and reproduces whenever the fungi on which it feeds
are growing (Crespi pers. obs.). The systematic position of H.
karnyi is uncertain; this thrips keys to Hoplothrips beachae
(Hinds) in Stannard (1968), but actually belongs to the H. kar-
nyi (Hood) species complex, which comprises “a number of
closely related and ill-defined species from North America and
Europe” (Mound and Palmer pers. comm.). Voucher specimens
from this study have been deposited in the University of Michi-
gan Museum of Zoology insect collection.

A detailed account of the sexual and social behavior of
Hoplothrips karnyi is presented elsewhere (Crespi 1988); rele-
vant details are summarized here. Female H. karnyi oviposit
onto communal egg masses in crevices under bark. Males fight
each other with their forelegs and abdomens in territorial de-
fense of egg mass areas, mating with females that come to
oviposit. Large, wingless males win fights and defend egg mass
areas, whereas smaller wingless males and winged males mate
with females away from egg mass areas and attempt to *‘sneak ”
matings with females in egg mass areas. In the absence of large
wingless males, small wingless males and winged males fight
and defend egg mass areas. Observation and inference of take-
overs shows that individual males can switch between the
“guarding” and “sneak” strategies. Guarding an egg mass dra-
matically increases a male’s success at mating with ovipositing
females; in four laboratory colonies consisting of 6 males and
8-10 females, males defending egg mass arcas secured about
80% of the matings that precede ovipositions (Crespi 1988).

Collection and rearing

An overwintering colony of several hundred adult and larval
Hoplothrips karnyi was collected on 10 December 1983 on a
log of beech (Fagus grandifoliay wood infested with Polystictus
versicolor fungus in Warren Woods, a virgin beech-maple forest
in Berrien County, Michigan. The log containing the colony
was kept at —2° C until March, when several dozen second-
instar larvae were removed, reared on small pieces of fungus-
infested wood at 22° C, sexed, and scored for wing morph.
Seven brachypterous females and 11 macropterous females, all
virgin, were allowed to feed until fully gravid. (Since thrips
are haplodiploid, virgin females produce only male eggs). Eggs
from each female were removed daily for 14 days and trans-
ferred to empty petri dishes containing a few drops of water.
Hatching, which took place 12-14 days after oviposition, was
monitored daily. Each newly-hatched larva was put alone in
a 50 x 9 mm tight-sealing petri dish containing pieces of fungus-
infested beech wood from its natal colony, such that the larva
inhabited a 0.1-1 mm space between the wood and plexiglass.
The wood was kept moist with distilled water.

Larvae and pupae were reared individually at 22° C on
a 16L:8D light cycle. Larvae were subjected to five treatments,
involving food deprivation, by transfer to petri dishes contain-
ing only a few drops of distilled water, for two or five days
beginning on the fourth day after hatching (treatments L12
and L15), or for two, five, or eight days beginning on the fourth
day after molting to the second instar (treatments [22, 125
and L28). These treatments were designed to mimic natural
variation in fungal growth during larval development. Control
males (designated as CON) were not transferred or deprived
of food. Larvae from each female were randomly assigned to
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treatments, such that each female had roughly equal numbers
of progeny in each group. Transfers to empty petri dishes were
conducted between 1100 and 1300 h daily, and larvae and pu-
pae were checked twice daily (between 830-1130 and
1530-1930 h) to monitor their molts. Half (22 of 44) of the
L25 males and 86% (43 of 50) of the L28 males molted to
the propupal stage during the food deprivation treatment; as
a result, L.25 and 1.28 males had been without food as larvae
for an average of 4.84+0.37 and 5.60 +1.10 days respectively
before molting. Because these two treatments were nearly ident-
ical, they were pooled for the analysis and designated as L.25.

Developmental times in each instar were calculated using
the midpoints of the intervals between the time at which an
individual molted to a new instar and the last time prior to
this that the individual was checked. This method resulted in
non-normal distributions of developmental times, so non-para-
metric tests were used for these data. In the 24 h following
the molt to the propupal stage, individuals were weighed to
the nearest 0.001 mg on a Cahn electrobalance. Since propupae
and pupae do not feed, and at this moult most of the body
material is fat-body (Priesner 1960), propupal weight should
be an accurate measure of food resources accrued as larvae.

Adults were scored for wing morph (brachypterous or mac-
ropterous, referred to here simply as wingless and winged).
Fore-femoral length, prothorax length, prothorax width, pter-
othorax length, and pterothorax width were measured to the
nearest 0.001 mm with a LASICO movable hairline micrometer
on a WILD M8 microscope at 50-fold magnification. Thoracic
characters were measured dorsally; prothorax width and pter-
othorax width were measured posteriorly and anteriorly respec-
tively, and prothorax length and pterothorax length were mea-
sured along the dorsal midline. In thrips, the prothorax contains
muscles for the forelegs and the pterothorax contains the flight
muscles (Priesner 1960; Mickoleit 1961).

Field collection and measurement

On 6 and 12 June 1987, several hundred adults and pupae
were collected from a colony of Hoplothrips karnyi inhabiting
a log infested with Polystictus versicolor fungus in Livingston
County, Michigan. The pupae were allowed to eclose, and the
five morphological characters described above were measured
on 14 winged males and 24 wingless males. These measurements
were taken to determine if the range and nature of morphologi-
cal variation was similar in the field and in these experiments.

Behavioral observations

To assess the relative fighting abilities of wingless and winged
males, behavioral observations were conducted in small labora-
tory colonies containing one wingless male, one winged male,
34 gravid females, and a small egg mass. Ten pairs of males
were chosen so that their propupal weights, as estimated from
the regressions of fore-femoral length on propupal weight
(Fig. 1a), were close to one another. The thrips were observed
in a 5 x 10 mm observation chamber, with a 1-2 mm space be-
tween fungus-infested wood and clear plastic. Males had not
previously been exposed to females as adults. The two males
were put into the observation chamber, and the colonies were
observed periodically over the next several hours. The dominant
male in the colony was recognized by his attacks on the other
male, and the consistent avoidance by the subordinate male
of his opponent. Each pair of males was observed only once.
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Table 1. Univariate differences between wingless and winged males in the laboratory. Propupal weight is given as mgx 103,
and morphological data are given as mm x 103, Data are given +1 SD, and tests were performed on the log-transformed data

Morph Propupal Fore-femoral Prothorax Prothorax Pterothorax Pterothorax
weight length length width length width

Wingless (n=226) 332195 477+ 96 358+62 543 4+69 295+29 540463

Winged (n=41) 309+ 68 338 +47 282435 476+ 41 384438 532446

t 1.48 8.88 F#* 7.49 #** 5.72%%% 15.3%** 0.62

**E P <0.001

Table 2. Differences in weight and morphology among wingless males in the control and treatment groups. Propupal weight
is given as mg x 10® and morphological data are given as mm x 10>, Data are given +1 SD, and tests were performed on the

log-transformed data

Control Treatment F
(n=>53)
L12(n=31) L15®m=35 L22(n=39) L25n=68)

Propupal weight 370+ 86 371+£87 356 +81 331480 274495 12,1 %%*
Fore-femoral length 512474 518 £+ 80 505474 484+ 78 411+104 14,8 #**
Prothorax length 384+ 51 386+50 372450 361+49 316465 15.3%**
Prothorax width 570455 575459 56059 544+ 55 496473 15.1%%*
Pterothorax length 299426 308+30 299423 293423 284+33 4.9%*
Pterothorax width 564450 565+ 54 555449 542454 500467 12.9%%**
*+k P<0.001; ** P<0.01
Morphometric analysis Results

To reduce scaling effects and preserve allometries, distance and
weight data were transformed to natural logarithms (Jolicoeur
1963; Bookstein et al. 1985). The relationships between mor-
phological characters and propupal weight were analyzed by
analyses of covariance of the regressions of the characters on
propupal weight for winged and wingless males. If the regres-
sions of each morphological character on propupal weight for
the different wing morphs did not overlap, or overlapped by
only a few points (Fig. 1a—d), the regressions were considered
to differ in elevation, and differences in slope were analyzed.
Highly significant non-linearity of the regression of fore-femo-
ral length on propupal weight for wingless males precluded
covariance analysis in this case.

Principal components analysis (PCA) was conducted on
the covariance matrices of the five adult morphological charac-
ters for analysis of size and shape variation among wing morphs
and experimental treatments. Principal components analysis is
a statistical method that reduces the dimensionality of a data
set by representing it as several independent linear combina-
tions of the original variables, which sequentially maximize the
variance accounted for. Two methods were used for size-free
shape discrimination between groups. First, principal compo-
nent 2 (PC2) was “sheared” by regressing out the pooled with-
in-group principal component 1 (PC1) (Humphries et al. 1981;
Bookstein et al. 1985), and an ANOVA was conducted on the
sheared PC2 scores. Second, because sheared PC2 was highly
correlated with pterothorax length, adult body size (PC1) was
also adjusted for using an analysis of covariance of pterothorax
length on PC1. The former method (PCA) analyzes overall
shape, whereas the latter method (ANCOVA) analyzes relative
pterothorax size; the ANCOVA has the advantage of being
simpler to interpret.

Wing morph determination

Three hypotheses for wing morph determination
were tested: (1) heredity (female parent’s morph);
(2) propupal weight (an indicator of food intake);
and (3) the experimental treatments of food depri-
vation. The wing morph of female parents was not
associated with the wing morph of their offspring;
21 (17%) of 126 offspring of wingless females de-
veloped wings, versus 20 (14%) of 141 offspring
of winged females (G=0.32; P> 0.05). The average
propual weight of males that became winged was
not significantly different from that of wingless
males (Table 1). A higher proportion of males de-
veloped wings under the L25 treatment of food
deprivation for five days during the second larval
instar (28%, 26 of 94), than in the control group
(5%, 3 of 56), the L12 treatment (3%, 1 of 32),
the L1S treatment (15%, 6 of 41), or the L22 treat-
ment (11%, 5 of 44) (G=20.5, P<0.001).

Univariate analysis

Although winged and wingless males did not vary
in propupal weight, wingless males had longer
fore-femora, longer and wider prothoraces, and
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Table 3. Coefficients for the regressions of the characters on propupal weight, compared between wingless and winged males.

Means are given +1 SD

Morph Prothorax length Prothorax width Pterothorax length Pterothorax width
Wingless (n=226) 0.548 +-0.054 0.400+0.029 0.225-+0.068 0.365+0.018
Winged (n=41) 0.438+0.074 0.351£0.026 0.323+0.070 0.364+0.020

F 7.99 ** 6.30%* 4.32% 0.02

* P<0.05; ** P<0.01

shorter pterothoraces than did winged males (Ta-
ble 1). Among wingless males, the treatment that
generally caused males to become winged (L25)
also produced a significant decrease in propupal
weight (Table 2). For each character except pter-
othorax length, control males, males starved for
two or five days in the first instar (L12 and L15),
and males starved for 2 days in the second instar
(L22) were larger than males starved for five days
in the second instar (I.25). For pterothorax length,
L12 males were larger than 125 males, but CON,
L15 and 122 males were not (Student-Newman-
Keuls-tests, P<0.05).

Bivariate analysis

For a given propupal weight, wingless males had
relatively large fore-femora and prothoraces,
whereas winged males had relatively large pteroth-
oraces (Fig. 1). Differences in the slopes of the re-
gressions represent differences between the morphs
in the relationship between propupal weight and
investment in each character, or more specifically,
differences in their allometries. Table 3 shows that
winged and wingless males display significantly dif-
ferent slopes for the regressions of prothorax
length, prothorax width, and pterothorax length
on propupal weight; slopes for the prothorax are
relatively steep for wingless males, and slopes for
pterothorax length are relatively steep for winged
males. The relationship between propupal weight
and fore-femoral length is more complex. Al-
though for winged males the regression is linear,
for wingless males the regression exhibits highly
significant non-linearity (r=6.78, P<0.001 for a
quadratic term). As a result, the lightest winged
and wingless males have similar fore-femoral
lengths and the differences in fore-femoral length
between morphs increases steeply until males reach
a pre-pupal weight of about 0.300 mg. Above this
weight the difference between morphs remains ap-
proximately constant.

Multivariate analysis

Principal component 1 (PC1) accounts for 84.6%
of the variance in the data, and represents a general

Table 4. Principal components analysis on the five characters
for laboratory males and field-collected males (in parentheses).
Analyses were performed on the covariance matrices of the
log-transformed data. Sheared PC2 loadings were calculated
following Bookstein et al. (1985)

Character Principal

Component 1

Sheared Principal
Component 2

Fore-femoral length ~ 0.68 (0.55) —0.09 (—0.40)
Prothorax length 0.54 (0.63) —0.16 (—0.55)
Prothorax width 0.37 (0.36) —0.03 (0.28)
Pterothorax length 0.09 (0.24) 091 (0.56)
Pterothorax width 0.30 (0.33) 0.20 (0.25)

size factor (Table 4) (Wright 1968). The differences
between the characters in their correlations with
PC1 indicate strong allometry; in particular, large
males have disproportionately large fore-femora
and disproportionately small pterothoraces.
Sheared principal component 2 (sheared PC2), ac-
counting for 13.2% of the variance, represents a
shape factor, or contrast between characters asso-
ciated with fighting (the fore-femora and proth-
orax) and characters associated with dispersal (the
pterothorax). This factor is correlated most
strongly with pterothorax length. Sheared PC2 dis-
criminates clearly between winged and wingless
males; the difference between the morphs in
sheared PC2 scores is highly significant (F; 55 =
1156.0, P <0.0001).

The hypothesis that wingless males which de-
veloped under the experimental treatment that pro-
duced a high proportion of winged males (L25)
were intermediate in size-adjusted shape between
winged males and other wingless males (males in
the CON, L12, L15, and L22 treatments) was
tested in two ways: by an ANOVA on sheared
PC2 scores, and by an ANCOVA of PC1 and pter-
othorax length. The ANOVA was highly signifi-
cant (I 564 =0614.2, P<0.0001), and the sheared
PC2 scores of wingless males that developed in
the L25 treatment (3.47+0.07, n=68) were inter-
mediate between those of winged males
(3.83+0.07, n=41) and those of wingless males
in the other treatments and the control males
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Fig. 2. Principal component 1 versus pterothorax length for
winged males (squares), wingless males that developed in the
treatment (I.25) that produced a high proportion of winged
males (open circles), and other wingless males (CON, L12, L15,
and 1.22) (closed circles). The regressions differed for winged
males (y=0.33x+2.05, r*=0.51, n=41), wingless males in the
L25 treatment (y=0.23x+2.93, r*=0.57, n=68), and other
wingless males (y=0.23+2.83, r>=0.53, n=158). Wingless L25
males had size-adjusted pterothorax lengths intermediate be-
tween those of winged males and other wingless males

(3.44+0.06, n=158) (r=3.13, P=0.0019), com-
paring the two categories of wingless male. The
covariance analysis is illustrated in Fig. 2. The re-
gressions for the three categories of male did not
differ in slope (F, ,6; =2.09, P>0.10), but varied
significantly in elevation (F, ,¢;=399.8, P<
0.001); wingless L25 males were intermediate in
size-adjusted pterothorax length (adjusted mean=
5.686+0.071) between winged males (6.021+
0.073) and other wingless males (5.659+0.073)
(1=2.42, P=0.016, comparing the two categories

of wingless male). Males in the CON, L12, L15,

and L22 groups were not heterogeneous for either
sheared PC2 score in the ANOVA or elevation
in the ANCOVA (P>0.05 for all pairwise compar-
isons by #-tests); this justifies pooling them in the
analysis. Thus, wingless L25 males were intermedi-
ate in overall body shape between winged males
and other wingless males, and had relatively large
pterothoraces with respect to other wingless males.

Morphometric analysis of field-collected males

For wingless males, the ranges of variation and
the standard deviations of the five morphological
characters were similar in field-collected males and
in males that developed in this experiment (Ta-
ble 5). However, for winged males, the amount of
variation in the characters was somewhat lower

99

Table 5. The ranges and standard deviations of the five charac-
ters, for laboratory wingless males (n=226), laboratory winged
males (n=41), field-collected wingless males (n=24), and field-
collected winged males (n=14). Data for the field-collected
males are in parentheses

Character Wingless males Winged males

Range SD Range SD

Fore-femoral 0.244-0.618  0.096 0.235-0.443  0.047

length (0.270-0.594)  (0.098) (0.251-0.376) (0.036)
Prothorax ~ 0.210-0473  0.062 0.203-0.362  0.035
length (0.175-0.468) (0.080) (0.161-0.225) (0.019)
Prothorax  0.372-0.665  0.070  0.388-0.572  0.041
width (0.408-0.694) (0.084) (0.410-0.519) (0.037)
Pterothorax ~ 0.210-0.368  0.029  0.295-0.440  0.038
length (0.230-0.334)  (0.029) (0.315-0.380) (0.022)
Pterothorax ~ 0.376-0.654  0.063  0.421-0.604  0.046
width (0.424-0.678) (0.076) (0.435-0.547) (0.036)

for field-collected males than for experimental
males, perhaps because only 14 field-collected
males were measured.

For field-collected males, PC1 accounts for
97% of the variance and represents a general size
factor with loadings similar to those of experimen-
tal males (Table 4). Sheared PC2 accounts for 2%
of the variance and again represents a shape factor,
or contrast between characters associated with
fighting and dispersal, as in the analysis of experi-
mental males. PC1 may explain proportionally
more variance for the field males than for the labo-
ratory males because the field males developed
under similar conditions on the same log. The
loading of prothorax width on sheared PC2 dif-
fered somewhat between analyses, for unknown
reasons. Overall, these data show that the variation
and covariation patterns of the five morphological
characters are similar in the experimental and field-
collected males.

Variation in developmental time

The duration of the larval and pupal instars varied
between wing morphs and among treatments.
Males that developed wings spent on average 29 h
longer from hatching to adulthood (749 +68 h, n=
226), than did wingless males (720+57 h, n=41;
Mann-Whitney U-test, P<0.01). This difference
resulted from the relatively long duration of the
propupal and pupal stages in males that developed
wings (each of these three instars was 5-7 h longer;
P <0.05 for each, Mann-Whitney U-tests). Neither
of the larval instar durations differed significantly
between wing morphs (P> 0.05, Mann-Whitney U-
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tests). Wingless males did not vary among food
deprivation treatments in total developmental time
or in duration of the second larval, propupal, or
pupal instars (Kruskal-Wallis tests, P>0.10).
However, wingless males in the L12 and L15 treat-
ments spent longer in the first instar (L12:
253438 h; L15: 261 +62 h) than did wingless con-
trol males (237+32h), wingless 122 males
(229438 h) or wingless 125 males (237436 h)
(Kruskal-Wallis test, W=13.5, P<0.01).

Total developmental time (from hatching to the
adult molt) was not correlated with propupal
weight or the five adult morphological characters
in wingless males (n=221) or winged males (n =40)
(Spearman’s rho, r<0.10, P> 0.05 for each). How-
ever, among winged males, duration of the propu-
pal instar was positively correlated with prothorax
width (=0.38, P<0.05) and pterothorax width
(r=0.37, P<0.05), and pterothorax length was
negatively correlated with the duration of the first
pupal instar (r=—0.41, P<0.05). By contrast,
among wingless males, propupal weight was posi-
tively correlated with duration of the second pupal
instar (r=0.19, P<0.05), and negatively correlated
with duration of the second larval instar (r= —
0.14, P<0.05). In addition, wingless males exhib-
ited significant negative correlations of the dura-
tion of the second larval instar with prothorax
length (r=—0.13, P<0.05) and with pterothorax
width (r=—0.15, P<0.05), and duration of the
second pupal instar was positively correlated with
each of the five morphological characters (r>0.15,
P <0.05 for each).

The effects of the experimental treatments on
the relationship between developmental time and
morphology were investigated by examining the
correlations for two categories of wingless male:
those that were not affected morphologically by
the treatments (CON, L12, L15, L22) (n=155
males with complete data) and those that devel-
oped under the conditions that produced winged
males (L25) (n=66 male with complete data). For
males in the former (unaffected) treatments, pro-
pupal weight and all morphological characters ex-
cept fore-femoral length were positively correlated
with the duration of the second pupal instar
(Spearman’s rho, r=0.17 to 0.21, P<0.05 for
each), and were uncorrelated with duration of the
second larval instar (r=—0.09 to —0.15, P>0.05
for each). Males in the 125 treatment exhibited
the opposite trend: propupal weight and morpho-
logical characters were uncorrelated with the dura-
tion of the second pupal instar (r=0.03 to 0.12,
P>0.05 for each), and were negatively correlated
with the duration of the second larval instar (r= —

0.26 to —0.31, P<0.05 for each). Thus, in the L25
treatment, males that became smaller adults spent
a longer time in the second instar.

Variation in male fighting success

Winged and wingless males that interacted were
within an average of 0.060+0.052 mg in propupal
weight, which comprised 23% of the total range
of male propupal weight in this experiment.
Winged males were heavier than wingless males
as propupae in four interactions, wingless males
were heavier in two interactions, and the males
were nearly identical in propupal weight in four
interactions. Wingless males became dominant
over winged males in all ten of the interactions
(Binomial test, P<0.01). Observation of male be-
havior showed that both wingless and winged
males mated with females soon after the males
were put into the colonies, but that wingless males
won the fights that occurred, and winged males
subsequently avoided contact with their oppo-
nents.

Discussion

The rearing experiments demonstrate that wing
polymorphism and body size in male Hoplothrips
karnyi are influenced by feeding conditions that
larvae experience during the latter half of the sec-
ond instar. This finding is consistent with the casu-
al observations of previous authors that variation
in fungus quality affects wing morph determina-
tion and body size in mycophagous thrips (Hood
1935, 1940; Bournier 1961; Mound 1972, 1976).
Thus, in H. karnyi colonies, which commonly un-
dergo more than one generation on a log, wingless
males apparently develop under favorable condi-
tions when the fungus is growing, whereas winged
males develop when conditions deteriorate, favor-
ing dispersal to new habitats. The timing of the
cue, during the latter half of the second larval in-
star, allows morph determination to occur close
in time to the conditions that males will experience
as adults. However, the low proportion of males
developing wings in this experiment suggests that
other factors are also be involved in morph deter-
mination. In particular, experiments in which the
offspring of one or two foundress females were
reared together showed that the proportion of
males that developed wings was also associated
with the density of developing offspring; overall,
37% of the variation in proportion winged was
explained by variation in density (Crespi 1987). If
high density does not engender deterioration of
ecological conditions, then feeding conditions and



larval density may jointly affect morph determina-
tron.

Close correspondence between the nature and
timing of wing morph determination cues and the
costs and benefits of dispersal have been found
in a variety of insects (Harrison 1980; Zera et al.
1983; Roff 1986a). However, few studies have
been conducted on the developmental basis of male
polymorphism. In the earwig Forficula auricularia,
which exhibits a dimorphism in male cerci size that
may be associated with male fighting, Kuhl (1928)
found that food intake affects cerci size: starved
nymphs developed into the morph with short cerci
whereas well-fed nymphs developed long cerci
(Diakonov 1925; Huxley 1927). In some mites in
the genus Sancassania, males with an enlarged,
armed pair of legs kill males of the unarmed morph
and newly eclosed males of the armed morph
(Woodring 1969; Timms et al. 1981a, b). The di-
morphism is not heritable, and armed males devel-
op at low population densities. In a male-di-
morphic horned beetle, males with small horns
emerge relatively early and disperse more widely,
apparently to avoid competition with their large-
horned rivals (Eberhard 1982); in this and other
beetles, body size and morph are probably in-
fluenced by larval nutrition (e.g., Eberhard 1982;
Goldsmith 1987). Data from these species support
the hypothesis that male polymorphisms are cued
primarily by environmental factors associated with

predictable variation in the costs and benefits of

engaging in or avoiding male fighting (Hamilton
1979).

In Hoplothrips karnyi, the behavioral correlates
of male polymorphism are fighting and dispersal
ability: wingless males are superior fighters, but
cannot disperse. The finding that, for a given pro-
pupal weight, wingless males have larger fore-fe-
mora and prothoraces and smaller pterothoraces
than winged males indicates that this behavioral
variation reflects a morphological trade-off be-
tween characters associated with fighting and dis-
persal ability. The cost of wings in terms of fore-
femoral and prothoracic size, or the magnitude of
the trade-off, increases asymtotically with propu-
pal weight; thus for heavier males the expected
decrease in fore-femoral length and prothorax size
with the development of wings is relatively large
(see also Huxley 1932). An alternative explanation
for the observed patterns is that winged males with
large forelegs would be inefficient at dispersal.
However, the existence of many thrips species with
only winged males and greatly enlarged forelegs
(Stannard 1968; Ananthakrishnan 1984) argues
against this hypothesis.
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Recent discussions of alternative male mor-
phology and mating behavior have focused on
demonstrating the adaptive significance of the al-
ternative tactics (Thornhill and Alcock 1983). This
approach has been considered controversial be-
cause the extent to which phenotypic variation rep-
resents adaptation, as opposed to compromise,
constraint, or maladaptation, is not clear (Gould
and Lewontin 1979; Wade 1984). The results of
this study suggest that Hoplothrips karnyi wing
morph determination represents an adaptive con-
ditional response to environmental variation in-
volving a trade-off between fighting and dispersal
ability. However, the existence of relatively small
wingless males in the field and laboratory remains
problematic, because these males are inferior
fighters and would pay a relatively low cost, in
terms of forelegs and the prothorax, were they to
develop wings. Thus, it is unclear why H. karnyi
males do not exhibit two distinct morphs, large
fighters and smaller fliers. Moreover, the shape in-
termediacy of wingless males that developed in the
treatment that produced a high proportion of
winged males (L.25) suggests that the switch be-
tween wing morphs is subject to developmental
constraints, defined as “biases in the production
of variant phenotypes ... caused by the structure,
character, composition or dynamics of the devel-
opmental system” (Maynard Smith et al. 1985).

The morphometric and developmental time
data suggest that the development of small
wingless males involves a compromise between the
benefits of large adult size and the costs of prolong-
ing development to increase the probability of be-
coming larger. As discussed above, winged males,
because of their small foreleg size, effectively opt
out of male-male competition for egg mass areas.
Thus, if the potential fitness benefits of being large
and wingless sufficiently exceed, under most cir-
cumstances, the potential fitness benefits of becom-
ing winged, then males may be more likely a priori
to become wingless, even if such a tactic sometimes
leads to small body size and inability to disperse.
This hypothesis is consistent with the negative cor-
relation of propupal weight and adult morphologi-
cal characters with duration of the second larval
instar among L25 males, because prolongation of
this instar may allow males to resume feeding and
grow larger should conditions improve (see also
Scriber and Slansky 1981; Sigurjonsdottir 1984;
Forrest 1987). Presumably, at some point the cost
of prolonging the second instar, perhaps in terms
of increased mortality, becomes prohibitively
large. Mortality late during development may also
select for winglessness, because of the increased
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duration of the propupal and pupal instars in
winged males. This hypothesis does not explain
why small wingless males do not prolong develop-
ment for a period of time and then become winged
if conditions remain poor. However, this argument
assumes that males assess accurately their expected
adult body size as larvae; to the extent that any
uncertainty exists with regard to a male’s size, be-
coming wingless may be advantageous, because of
the cost, in terms of weaponry, of developing
wings. Alternatively, there may be unmeasured ad-
vantages to winglessness for small males, such as
high survivorship or high sperm production rela-
tive to males that develop wings.

The shape intermediacy of wingless males that
developed in the treatment (I.25) that produced
a high proportion of winged males may also repre-
sent a compromise between developmental timing
and adult phenotype; as Harrison (1980) noted,
“decisions made late in development allow a more
flexible response but may involve a greater cost
(e.g., development of unnecessary structures).”
Thus, for wingless males, the benefits of being able
to switch morphs late in development may out-
weigh the costs of developing, under certain cir-
cumstances, an ‘“‘unnecessarily” large pterothorax.
If L25 males were near the switch point between
morphs, and were inadequately canalized (Wadd-
ington 1957) in their development to develop pter-
othoraces of the ““appropriate” relative size for
wingless males, then this shape intermediacy may
be regarded as an expression of a developmental
constraint on the adult phenotype (Maynard Smith
et al. 1985). In thrips, developmental constraints
may be associated speculatively with their apparent
independent evolution of holometaboly, with lar-
val instars being converted to pupal stages (Snod-
grass 1954; Heming 1970), or the evolutionarily
recent addition of the first pupal stage in tubuli-
feran thrips (Heming 1973).

To understand more fully the relative contribu-
tions of natural selection, compromise, and con-
straints to Hoplothrips karnyi male phenotypes,
further research is needed on the genetic, physio-
logical, and environmental basis of wing morph
and body size and shape determination, and on
the development and morphometrics of other Hop-
lothrips species that differ in body size and wing
polymorphism patterns. However, the data pre-
sented here indicate that constraints and com-
promises may sometimes be involved in the evolu-
tion of alternative male tactics. For wing polymor-
phism and male dimorphism, developmental con-
straints and selective compromises may entail ei-
ther restrictions on the origin of new morphs, or,

as may be true in H. karnyi, biases in the range
of variation produced. Consideration of hypothe-
ses based on constraint and compromise is impor-
tant to a thorough understanding of the adaptive
and non-adaptive significance of phenotypic vari-
ability.
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