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The phytophagous mite Tetranychus urticae is
broadly polyphagous, having been reported from hun
dreds of different host species in many different fam
ilies (Jeppson et al., 1975). Some hosts, such as vari
eties of tomato and cucumber, typically cause high
juvenile mortality of T. urticae (e.g., Gould, 1978a,
1979; Fry, 1988a, 1989), even though these hosts are
often used by natural populations ofthe mites (Gilbert
et al., 1966; Gould, 1978b; Fry, 1988a). In laboratory
experiments, however, T. urticaepopulations have been
shown to be able to rapidly adapt to tomato, cucumber,
and other initially unfavorable hosts, sometimes ex
periencing more than two-fold gains in survival in un
der 10 generations (Gould, 1979; Fry, 1989). This raises
the question of how genetic variation for fitness on
these hosts is maintained. In other words, why should
populations often be far below their fitness maxima in
environments they normally encounter?

One obvious way of answering this question is to
invoke "trade-offs" in adaptation to different hosts
(Gould, 1979; Rausher, 1983; Mitter and Futuyma,
1983; Futuyma and Peterson, 1985). If genotypes fa
vored by selection on some hosts are selected against
on others, this could keep populations from attaining
their fitness maximum on any host. In fact, experi
ments by Gould (1979) and Fry (1990) support the
trade-off hypothesis for T. urticae. In these experi
ments, laboratory populations that had been allowed
to adapt to cucumber and tomato, respectively, lost a
considerable proportion of that adaptation after being
maintained on a third host, lima bean, for about 10
generations. Selection rather than genetic drift ap
peared to be the more likely explanation for this "re
version," because population sizes were on the order
of 1,000 or more.

While the reversion in the above experiments gave
evidence that genotypes that were relatively well adapt
ed to cucumber or tomato were selected against on
bean, neither Gould nor Fry could detect statistically
significant differences between the cucumber or to
mato-adapted line and the control line in survival or
fecundity on bean. In Fry's (1990) study, a confidence
interval showed that fecundity on bean of the tomato
adapted line was probably not more than 10% lower
than that of the control line. The fitness comparisons
on bean in both studies were conducted under un-
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crowded conditions, and it is possible that fitness dif
ferences were more pronounced under the crowded
conditions of the reversion lines. Nonetheless, the fact
that neither Gould nor Fry could detect reduced fitness
on bean as a consequence of adaptation to cucumber
or tomato suggests that the "trade-offs" were asym
metric, with large improvements in fitness on the latter
hosts being accompanied by relatively small reductions
in fitness on bean. Models of the maintenance of ge
netic variation by environmental heterogeneity show,
however, that the likelihood ofgenetic variation being
maintained increases with both the strength and the
symmetry of selection in the different environments
(Levene, 1953; Dempster, 1955; Gillespie and Turelli,
1989). Therefore, more symmetric trade-offs, in which
adaptation to one host is accompanied by a large re
duction in fitness on a second, might be more likely to
maintain genetic variation than those observed by
Gould and Fry.

One reason that the "trade-offs" observed by Gould
and Fry were asymmetric may be that lima bean, in
contrast to cucumber and tomato, is a relatively "be
nign" host for T. urticae. Hatching-to-adult survival
of populations on this host is usually near 100% under
uncrowded conditions (Lehr and Smith, 1957; Fry,
1990; the 8% mortality reported in Fry, 1990 was most
ly due to inviable eggs), suggesting that development
on bean offers no special challenges to the mites. Thus,
it might be unrealistic to expect a large reduction in
survival on bean as a consequence of adaptation to
other hosts. Strong, symmetric trade-offs might be more
likely among hosts known to be able to cause consid
erable mortality to mites (henceforth, "stressful" hosts),
and on which inter- and intrapopulation genetic vari
ation in survival is known to be present.

It is also possible, however, that attaining high fitness
on different "stressful" hosts often requires similar
physiological or morphological adaptations in the mites.
This is suggested by the work of Gould (1979), who
showed that adaptation to cucumber was accompanied
by an increase in survival on two other hosts causing
high mortality of mites, tobacco and potato. Further
work (Gould et al., 1982) showed that the cucumber
adapted line was also better able to tolerate certain
pesticides than the control line, indicating that the in
creased fitness on cucumber may have been the result
of increased activity of a broad-spectrum mechanism
for resisting the effects oftoxins. Ifsurvival on different
"stressful" hosts indeed often requires similar physi
ological abilities, then one would expect that adapta
tion to one "stressful" host would generally result in
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increased rather than decreased fitness on others.
"Trade-offs" might then be manifested only as a slight
reduction in fitness on relatively "benign" hosts like
lima bean as a consequence ofadaptation to "stressful"
hosts.

I investigated how adaptation to tomato in a Te
tranychus urticae population affected fitness on two
other hosts, cucumber and tobacco. The latter hosts
were chosen because they are known to be capable of
causing considerable juvenile mortality of mites, and
because genetic variation for survival on them is pres
ent in some T. urticae populations (Gould, 1979); ex
tensive among-population variation for survival on cu
cumber has also been documented (Gould, 1978b). The
results rule out the possibility of symmetric trade-offs
between adaptation to tomato and adaptation to cu
cumber and tobacco in the population I studied. While
some trends towards increased fitness of the tomato
adapted line on cucumber and tobacco were detected,
overall the results indicate that adaptation to tomato
proceeded largely independently of adaptation to cu
cumber and tobacco.

MATERIALS AND METHODS

For this work, I made use of the tomato-adapted
population (the "tomato line") and two control pop
ulations (the "bean" and "minimum selection" lines)
described in Fry (1989, 1990). All three lines were
established from the same, recently collected base pop
ulation; the tomato line was maintained on potted to
mato plants, while the bean and minimum selection
lines were maintained on lima bean. The minimum
selection line was originally intended as the control for
the other two lines, being maintained in a manner de
signed to minimize its adaptation to the laboratory
environment containing bean (for details, see Fry, 1989).
The bean line, however, showed no evidence for di
vergence from the minimum selection line in any mea
sure of fitness on bean, tomato, or three other hosts
(Fry, 1988b, 1989, this paper), and thus can also be
viewed as a control for evolutionary changes in the
tomato line. Twenty-five weeks (ca 8 generations) after
the lines were established, juvenile survival on tomato
of tomato line mites was 56% compared to 25% in the
two control lines, and development on tomato was also
faster in the tomato line (Fry, 1989).

Twenty-five to 40 weeks after establishment of the
lines, I compared the tomato line to both control lines
in juvenile survival and development rate on tobacco
(cv "Havana 501"), and to the minimum selection line
only in survival, development rate, and fecundity on
cucumber (cv "Hawaii 60G-IO"). To compare lines in
survival and development rate, I used a randomized
block design, in which each block consisted ofseparate
cohorts ofmites from the two or three lines being com
pared, reared on the same plant at the same time. To
initiate a block, I created two or three circular enclo
sures made of tanglefoot, a sticky substance that en
traps mites; enclosures on tobacco (2.5 ern diameter)
were on the same leaf of 7-8 week old plants, while
enclosures on cucumber (2 em diameter) were on op
posite cotyledons of 3-4 week old seedlings. Four or
five (tobacco) or two (cucumber) adult females from
the appropriate line were introduced to each enclosure,
allowed to lay eggs for one day, and then removed. To
minimize variation caused by parental environment,

all females used to lay eggs had been reared on lima
bean, regardless of source line. The progeny obtained
in this way (x, range: 31, 3-67 on tobacco; 14, 3-30
on cucumber) were allowed to develop until ca 50%
had reached the adult stage; the development time re
quired was 9-13 days on tobacco and 9 days on cu
cumber (within a block, all lines were given the same
amount of time to develop). After the development
period, the progeny were examined under a dissecting
microscope and classified as live adults, live juveniles,
or dead. Full details of these tests are presented else
where (Fry, 1988b, 1989).

For statistical analysis, I calculated the proportion
of mites per enclosure that were alive, and the pro
portion oflive mites that had reached the adult stage.
The latter proportion served as a qualitative index of
development rate [the tomato and control lines were
strongly differentiated in this measure on tomato (Fry,
1989)]. Mites that had become caught in the tanglefoot
barriers (about 15% on average) were excluded; this
did not affect the outcome of any analysis. Angular
transformed proportions were compared among lines
by means oftwo-way unreplicated analysis ofvariance.
I also constructed 95% confidence intervals for the dif
ference in mean proportion surviving between lines on
both hosts (because the development rate measure was
a relative one, similar confidence intervals for devel
opment rate would have little meaning). On cucumber,
the confidence interval was obtained by first calculating
the difference in untransformed survival between the
tomato and minimum selection lines for each block;
because these differences were approximately normally
distributed (Shapiro-Wilk test, P > 0.4), the ordinary
parametric confidence interval for the mean ofthe dis
tribution ofdifferences could be used. On tobacco, dif
ferences calculated similarly were not normally dis
tributed; instead, I calculated a confidence interval in
angular-transformed survival units for the linear con
trast between the tomato line and the mean ofthe bean
and minimum selection lines (Neteret aI., 1990). While
the confidence limits so obtained cannot be back-trans
formed into differences in the untransformed propor
tions surviving, they can be used as a rough gauge of
the magnitude of any possible differences. I note that
the proportion surviving in these tests was not corre
lated with the number of mites per enclosure (Spear
man rank correlations, P > 0.05 in each case).

To compare the tomato and minimum selection lines
in fecundity on cucumber, I placed single bean-reared
adult females, two days past emergence, inside tangle
foot enclosures on cucumber seedlings. The total num
ber ofeggs produced over a 12-day period was record
ed, with the females being transferred to a fresh seedling
after the sixth day. The resulting fecundity distribu
tions were strongly skewed to the left and leptokurtic;
accordingly, I used the Mann-Whitney U test to com
pare lines.

REsULTS

There was no significant variation among the to
mato, bean, and minimum selection lines in survival
on tobacco, although a slight trend towards higher sur
vival of the tomato line was present (Tables I and 2).
The 95% confidence interval for the linear contrast
between the mean of the tomato line and the mean of
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TABLE 1. Mean proportions of mites surviving and proportions of live mites that had reached the adult stage
(a measure of development rate) in tests on tobacco and cucumber. M.S. line = Minimum selection line.

Mean proportion surviving Mean proportion adults

Host

Tobacco
Cucumber

Tomato line

0.93
0.74

Bean line

0.91

M.S. line

0.90
0.75

Tomato line

0.50
0.47

Bean line

0.45

M.S. line

0.49
0.44

the two control lines shows that angular-transformed
survival of the tomato line may have been less than
that ofthe control lines by 0.022 radian, or greater than
that of the control lines by 0.133 radian. These lower
and upper limits are 1.7% and 9.9%, respectively, of
the grand mean survival of 1.336 radians. Therefore,
adaptation to tomato in the tomato line may have
substantially increased ability to survive on tobacco,
but did not substantially decrease it.

The tomato and minimum selection lines did not
differ significantly in survival on cucumber (Tables 1
and 2). The 95% confidence interval for the mean dif
ference in the untransformed proportions surviving
shows that the true difference (tomato line survival
minus minimum selection line survival) was probably
between -0.06 and +0.05, compared to the grand mean
survival of 0.75. Thus, adaptation to tomato did not
substantially alter ability to survive on cucumber.

There was no variation among lines in development
rate on either host, although a nonsignificant trend
towards faster development rate in the tomato line was
present on cucumber (Tables I and 2). Similarly, the
tomato and minimum selection lines did not differ
significantly in fecundity on cucumber (Mann-Whitney
U = 351, P = 0.20); means for the two lines were 68.6
(SD = 16.2, N = 29) and 64.7 (SD = 16.0, N = 30),
respectively. A nonparametric 95% confidence interval
for the difference in means between the two lines (Con
over, 1980) indicates that the tomato line may have
had lower fecundity than the minimum selection line
by 2 eggs, or higher fecundity by 10 eggs, with these
differences corresponding to 3% and 15% of the grand
mean, respectively. Therefore, adaptation to tomato
did not greatly decrease fecundity on cucumber, but a
substantial increase cannot be ruled out.

DISCUSSION

The results presented here show that adaptation to
tomato in a Tetranychus urticae population did not
greatly reduce fitness on two other hosts that can cause
appreciable juvenile mortality of mites and on which

genetic variation for fitness is present in some popu
lations. Because a large increase in fitness on tomato
was not accompanied by a large decrease in fitness on
tobacco or cucumber, the possibility ofsymmetric trade
offs among these hosts can be ruled out for the partic
ular population studied. In contrast, it was not possible
to rule out a substantial increase in fitness on tobacco
or cucumber as a consequence ofadaptation to tomato.
There are two reasons, however, to suspect that the
slight trends towards higher fitness of the tomato line
than the control lines on these hosts did not reflect real
differences among the lines. First, the trends were not
consistent among the different fitness components on
each host. Second, although the most nearly statisti
cally significant difference was between the tomato and
minimum selection lines in development rate on cu
cumber (Table 2), Gould (1979) did not observe an
increase in development rate on cucumber even when
mites were selected on this host, making such an in
crease as a correlated response to selection on tomato
seem a priori unlikely. These arguments indicate that
the most parsimonious interpretation of the results of
this study is that loci affecting fitness on tomato were
close to neutral on tobacco and cucumber.

Gould (1979) and Fry (1990, this paper) have sought
possible trade-offs in fitness among seven pairs ofhosts
in T. urticae; in no case was a pattern of symmetric
trade-offs found. It would be premature, however, to
conclude that nearly symmetric trade-offs do not occur
in T. urticae. Not only is the number of hosts so far
examined small in relation to the host range of T. ur
ticae, but certain broad categories of hosts, including
woody plants and grasses, were not examined. In ad
dition, experiments of Jesiotr and Suski (1976) and
Jesiotr (1979) gave suggestive evidence that rearing
mites on bean for several generations severely reduced
fitness on rose, and vice versa.

Nonetheless, because clear evidence for symmetric
trade-offs has not been found in T. urticae, it is im
portant to consider mechanisms that might maintain
genetic variation for fitness on particular hosts in their

TABLE 2. Results of two-way unreplicated analyses of variance on angular-transformed proportions surviving
and proportions oflive mites that had reached the adult stage. All mean squares have been multiplied by 104.

Mean squares (dfJ

Host Character Lines Blocks Error F p

Tobacco Proportion live 397 (2) 469 (35) 362 (70) 1.10 0.34 1

Cucumber Proportion live 21 (1) 2,314 (70) 831 (70) 0.02 0.88
Tobacco Proportion adults 418 (2) 4,683 (41) 436 (82) 0.96 0.39 2

Cucumber Proportion adults 1,872 (1) 1,728 (68) 657 (68) 2.85 0.10

I Single degree-of-freedom contrasts: Bean line versus minimum selection line, F = 0.17. P = 0.68; Tomato line versus bean and minimum selection
tines: F = 2.02, P = 0.16.

2 Single degree-of-freedom contrasts: Bean line versus minimum selection line, F = 1.48, P = 0.23; Tomato line versus bean and minimum selection
lines: F = 0.44, P ~ 0.51.
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absence. The asymmetry of the trade-offs observed by
Fry (1990) between fitness on tomato and fitness on
bean suggests that selection on tomato would over
whelm selection on bean in an environment consisting
of equal frequencies of the two hosts. The host range
of T. urticae, however, includes hundreds ofhost spe
cies, and most populations probably use many hosts
ina year (e.g., Brandenburg and Kennedy, 1981, 1982).
This means that the entire pattern ofgenetic variation
and covariation in fitness among large sets of hosts
needs to be considered. If, for example, genotypes fa
vored on tomato are weakly selected against not only
on bean but on many other hosts, then occasional strong
selection on tomato could be counterbalanced by weak
er but more frequent selection on the other hosts. The
possibility of this balance being achieved would be
enhanced if, as the results of this study suggest, fitness
on tomato was not strongly positively correlated with
fitness on other "stressful" hosts such as cucumber.
Fry (1990) discusses other factors that may influence
whether trade-offs in fitness on different hosts could
maintain genetic variation in T. urticae.

Of course, it is possible that mechanisms not in
volving trade-offs play a role in maintaining genetic
variation for fitness on particular hosts in T. urticae.
The possibility that T. urticae populations are not at
equilibrium for fitness on the hosts they use cannot be
ruled out. Under this hypothesis, genetic variation for
fitness on particular hosts would eventually disappear
if current patterns of host utilization were continued
for long enough. Another possibility is that mutation
contributes significantly to genetic variation for fitness
on some hosts (cfMitter and Futuyma, 1983; Charles
worth, 1987). The role of mutation could be particu
larly important in cases where loci under strong selec
tion on a host are under much weaker selection on
others, as appears to be the case for tomato. If a pop
ulation were to use tomato only 2% of the time, for
example, the net effect of selection against mutations
lowering fitness on tomato would probably be weak,
and substantial genetic variance for fitness on tomato
might be permanently maintained as a result. This
mechanism in not inconsistent with the simultaneous
operation of weak trade-offs to preserve genetic vari
ation.
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