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Abstract. Studies of resource allocation strategies have concentrated on the influence of natural selection
on the evolution of life history traits. To a lesser degree, the effects of trade-offs between natural and
sexual selection on the evolution of allocation strategies have also been considered. Trade-offs between
sexually selected traits that are important to females but that appear to differ in cost, however, have not
been considered. Female green swordtails, Xiphophorus helleri, prefer males with longer swords to males
with shorter swords, and in this study they demonstrated a preference for larger males to smaller males.
Furthermore, sexually mature males invested differentially in body and sword growth depending on
resource availability; males that had an unlimited amount of food invested in both body and sword
growth, but males shifted to a food-restricted regime halted investment in body growth and invested
only in sword growth. These results suggest that males shift their pattern of investment in two sexually
selected traits when food becomes restricted. In general, variable environmental conditions may favour
such conditional investment strategies in species in which there is more than one preferred male trait and

the costs of the traits differ.

The influence of natural selection on the evolution
of resource allocation strategies has been well
studied (e.g. Williams 1966; Levins 1968; Roff
1982; Clutton-Brock 1983; Warner 1984; Sibley &
Calow 1989; Stearns 1992). Less well known is the
influence of sexual selection on the evolution of
allocation strategies. Although trade-offs between
life history and sexually selected traits have been
considered (e.g. Partridge & Farquhar 1981;
Reznick & Endler 1982; Ryan 1985; Endler 1986),
trade-offs between different sexually selected traits
have received little attention.

A common tenet in life history studies is the
‘silver spoon effect’, which suggests that a lifetime
reproductive gain is realized by individuals born
in a favourable environment (Cockburn 1991).
This early advantage presumably allows the indi-
vidual to grow at a fast rate as well as store energy
reserves. When favourable conditions are not con-
stant, an initially abundant resource may become
restricted. This change in environmental con-
ditions encountered by an individual, a ‘tarnishing
of the silver spoon’, may result in a shift in
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investment strategy; available environmental
resources may be used differently, and reserves
stored early in life when conditions were favour-
able may be reallocated for immediate use. In
terms of sexual selection by female choice, a male
is faced with the dilemma of how to maximize
mating success when favourable conditions
become less favourable. One solution to this
dilemma is to invest in less expensive traits that
allow them to subvert female mating preferences,
such as sneak behaviour. If conspecific females
have preferences for more than one male trait,
however, a second solution is to shift investment
from one preferred trait to a less expensive pre-
ferred trait that is also important to females. To
my knowledge, this second possibility has not
been experimentally addressed.

In this study, | report the effect of experimental
manipulations of food availability on sword growth
and body growth in male green swordtails, Xipho-
phorus helleri. I tested whether males change their
pattern of investment in two preferred traits, body
size and sword length, when food becomes re-
stricted. | found that, with a reduction in food
availability, males shifted from growth in both body
and sword length to growth in sword length alone.
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The Test Organism

The green swordtail is a freshwater livebearer
that occurs at high and low elevations in streams,
rivers and ponds in Central America. A character-
istic feature of green swordtails is the presence of
a sword in males. The sword develops in males at
sexual maturity when a specific set of rays at the
ventral margin of the caudal fin begins to lengthen
and acquire three colour patterns (upper melano-
phore stripe, lower melanophore stripe and inte-
rior carotenoid and/or pterin). Darwin (1871) was
the first to suggest that the sword in the green
swordtail had probably evolved due to sexual
selection. Female green swordtails have been
shown to prefer males with longer swords and
the strength of this preference increases with an
increase in sword length (Basolo 1990). Although
the importance of male body size to female choice
has not been previously tested in X. helleri, body
size appears to be important to females in several
other members of the genus Xiphophorus; female
pygmy swordtails, X. pygmaeus and female EI
Abra pygmy swordtails, X. nigrensis, have been
found to prefer larger males (Ryan & Wagner
1987; Ryan et al. 1990; Morris et al. 1996).
Preliminary data suggest that in the southern
platyfish, X. maculatus, females also prefer larger
males to smaller males (unpublished data).

Body size, or length, has a strong genetic com-
ponent in the genus Xiphophorus (Schreibman &
Kallman 1978; Bao & Kallman 1982; Kallman
1983) and male body growth rate decreases at
sexual maturity as a correlated effect of matur-
ation. With sexual maturation, body growth rate
in male green swordtails is greatly reduced. It is a
general principle of life history theory that with
the onset of reproduction, there is often a corre-
lated decrease in investment in further body
growth and diversion of resources from somatic to
reproductive growth (Cockburn 1991); growth in
body size in male green swordtails after sexual
maturation appears to adhere to this principle.
Female green swordtails, however, continue to
grow after sexual maturity (in many cases doub-
ling and tripling body size), with growth slowly
decreasing with age (unpublished data).

An incremental increase in sword length
involves the elongation and coloration of seven to
eight caudal fin rays, but an incremental increase
in body length involves increasing muscle, connec-
tive, nerve and epithelial tissues. Furthermore, an
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increment of body length growth (even at the
narrowest part of the body, the caudal peduncle)
is well over 100-fold more mass than an increment
of sword growth. Therefore, it is a reasonable
assumption that a millimetre increment of sword
length growth is energetically less expensive to
produce relative to a millimetre increment of body
length growth. Because both body length and
sword length may be important to female choice,
we might predict that in a food-limited environ-
ment, male swordtails may change their pattern of
growth by increasing their relative investment in
sword growth, while reducing their relative invest-
ment in body growth, to maximize their relative
attractiveness to females.

METHODS

Test subjects were offspring from fish collected in
the northern Belize River drainage, Belize, Central
America. Test subjects were collected at birth
and housed as juveniles in communal aquaria
(37.5 litre). When sex was discernible, immature
females were removed to female-only aquaria
(37.5 litre). Unless stated otherwise, all fish were
fed three times daily: liver pabulum once in the
morning, live brine shrimp nauplii in the early
afternoon and TetraMin® fish flakes in the late
afternoon. All fish were maintained on a 16:8 h
light:dark cycle with natural and fluorescent
light provided during the daylight hours. Water
temperature was maintained at 24.5 + 0.5°C.

Female Preference for Male Body Size

To test for female preference for male body size,
males were removed from communal male-only
aquaria 4-6 days prior to testing and isolated in
6-litre aquaria. When sexually mature, females
were exposed to males for 24-48 h, then placed
in 37.5-litre aquaria with other sexually mature
females. Females that were not noticeably gravid
were drawn without replacement from these com-
munal tanks for testing. The method | used to test
for female preference for body size (standard
length measured from the anterior tip of the
mouth along the lateral line to the point immedi-
ately posterior to the caudal vein) was identical to
that used to test for female preference for the
sword (Basolo 1990). In short, this protocol com-
pares the summed amount of time females spend
with males in two 10-min observation periods.
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To determine whether female X. helleri prefer
larger males to smaller males, each of five pairs of
males differing in body length (standard length)
by at least 4.4 mm was tested. Although males
were not always matched for sword length in these
tests, the smaller male always had a sword of
equal or longer length than the larger male with
which it was paired. | analysed the results of
female preference tests by comparing the amount
of time females spent with each male in each of
the five pairs. Because different females were used
in each test, each pair of males represents an
independent data point.

Investigating the Effect of Food on Growth

| tested the hypothesis that swordtails change
their pattern of growth in response to environ-
mental conditions by raising swordtails under two
feeding regimes: ad libitum and restricted. Specifi-
cally, the effect of differences in food availability
was tested for: (1) growth in body length; (2)
growth in sword length; and (3) the growth in
sword length compared to the growth in body
length.

Male test subjects were housed with conspecifics
and fed ad libitum until sexual maturity. With
the appearance of a fully developed gonopodium
and the development of a sword 22+2.0 mm
(measured from the point immediately posterior
to the caudal vein on the ventral side of the body
to the distal tip of the sword), male test subjects
were moved and housed individually in 5.5-litre
aquaria and alternately placed on either an ad
libitum or a restricted diet. Ad libitum-treatment
males received an unlimited amount of
TetraMin® flakes; restricted-treatment males
received a weekly portion of 0.05 g of flakes, fed
daily (roughly 25% of that fed to ad libitum-
males). Aquaria containing males on the two
treatments were interspersed on shelves, and all
males were in visual contact with other males
throughout the experiment. For the 8-month
experimental period, test males were scored
monthly for body length and sword length.

RESULTS

Female Preference for Male Body Size

In all five tests investigating female preference
for male body size, females spent more time, on

667

Table I. Preference of females based on male body size in
the green swordtail, X. helleri

Number of females

Difference spending more time with
in male size
Test (mm) Larger male Smaller male

1 10.0 10 0

2 8.0 11 3

3 5.7 9 6

4 55 14 0

5 4.4 3 2

average, with the larger male than the smaller
male (one-tailed binomial test: P=0.03; mean dif-
ference: test 1=530s, test 2=302 s, test 3=293 s,
test 4=313 s and test 5=141 s; Table I). This result
suggests that body length, like sword length, is a
target of female choice in the green swordtail.

Effect of Food Availability on Growth

The data presented include only fish that sur-
vived and that were scored over the entire
8-month period. Survivorship did not differ
between the males in the two treatment groups
(survivorship: ad libitum=12 of 19, restricted=14
of 19; G-test: G, =0.49, P<0.40). This survivorship
rate is within the normal range for mature males
in a laboratory situation. For two of these males,
one from each treatment group, a monthly scoring
period was inadvertently missed, so they were not
included in the results.

Body growth

At the beginning of the experiment, body length
did not differ between the males in the two groups
(two-tailed t-test: t,,=0.36, P=0.73; restricted treat-
ment: X £ sE=47.0+ 1.55 mm, N=13; ad libitum
treatment: X + s=46.2 + 1.68 mm, N=11).

The body length of males in the ad libitum
group increased significantly (two-tailed paired t-
test: t,,=2.92, P=0.015; Fig. 1) a mean + sg of
1.58 +0.54 mm, or an average increase after 8
months of 3.4% (range=0-13.4% increase).

In contrast, body length in males on the
restricted treatment decreased significantly (two-
tailed paired t-test: t,,=3.55, P=0.004) mean of
0.57 £0.16 mm, or an average decrease of 1.2%
after 8 months (range=0-3.3%). Not surprisingly,
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Figure 1. (a) Mean =+ sE change in body length for ad
libitum-treatment and restricted-treatment males at the
end of the 8-month experimental period. (b) Mean + se
change in sword length for ad libitum-treatment and
restricted-treatment males at the end of the 8-month
experimental period.

the difference between the two groups in the
changes in body length was significant (two-tailed
paired t-test: t,,=4.09, P<0.001).

Sword growth

At the beginning of the experiment, sword
length did not differ between the two treatment
groups (two-tailed t-test: t,,=0.099, P=0.922;
restricted treatment: 21.87 +0.27 mm, N=13; ad
libitum treatment: 21.83 + 0.33 mm, N=11).

At the experiment’s end, however, ad libitum
males had significantly longer swords (two-
tailed paired t-test: t,,=19.596, P<0.00; Fig. 1),
with an average increase of 17.27 + 0.88 mm and
an average increase after 8 months of 79%
(range=62-103% increase).

Sword length in males on the restricted treat-
ment also increased significantly (two-tailed
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paired t-test: t,,=10.24, P<0.00) a mean =+ sg of
14.05+1.37 mm, an average increase after 8
months of 65% (range=30-116% increase). At the
end of the experiment, growth in sword length
did not differ significantly between the two treat-
ment groups (two-tailed paired t-test: t,,=1.89,
P=0.072). Despite a lower level of available food,
restricted-treatment males appear to have main-
tained investment in the sword at a rate not
significantly different from that of ad libitum
males. Although there was not a significant differ-
ence in sword growth between the two treatment
groups after 8 months, the rate of sword growth in
ad libitum-treatment males tended (P=0.07) to
outdistance that of restricted-treatment males; the
average sword growth for ad libitum-treatment
males was 3.22mm greater than that for
restricted- treatment males.

Field data suggests that sword length is posi-
tively correlated with body length (A. L. Basolo
and W. E. Wagner, Jr, unpublished data; r=0.71,
N=31, P<0.001). Because food affects body
length, and sword length is correlated with body
length, variation among treatment groups in
sword growth may be a correlated consequence of
the effect of food on body growth. Sword growth
was not significantly correlated with body growth
for subject males, however, either in the ad libitum
treatment (r=0.24, N=11, P=0.48) or the
restricted treatment (r=0.28, N=13, P=0.36).

DISCUSSION

The results suggest that when food is a plentiful
resource, male green swordtails invest in both
body growth and sword growth; with a reduction
in food availability, however, males shift their
growth pattern and invest solely in sword growth.
Clearly, body size is a condition-dependent trait.
Although there was not a significant difference in
sword growth between the two groups, there was a
trend for ad libitum males to show greater sword
growth than restricted males.

Sword growth and body growth may not ‘com-
pete’ measurably for available energy when food
is not limited, but they apparently do so when
food becomes limited. In fact, restricted-treatment
males decreased in body length over the exper-
imental period, suggesting that reserves stored in
body tissue prior to the change in food availability
were subsequently used by restricted-treatment
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males when food became limited. Whether these
reserves were reallocated to sword growth, or
whether available food was allocated to sword
growth, was not addressed in this study. Although
investment in body size was retractable to a small
degree, investment in sword growth does not
appear to be retractable; energy invested in sword
tissue was not reallocated, but the results suggest
that a portion of energy invested in body tissue
can be reclaimed.

The difference in growth patterns between the
treatment groups suggests that a shift in the
allocation strategy occurs with a change in food
availability. Although not specifically tested in
this study, one explanation for the shift of invest-
ment pattern is to maximize attractiveness to
females as expediently and inexpensively as poss-
ible. Because both body size and sword length
are important to female swordtails in terms of
mate choice, investment in sword growth may
increase overall length at a lower cost to males. A
shift in growth pattern may allow males in poor
condition to enhance their mating success,
because females prefer not only larger males,
but also males with longer swords. If a unit
(millimetre) investment in sword growth for males
on a restricted diet increases their attractiveness to
females but costs less than a unit investment in
body growth, then sexual selection by female
choice will favour increased investment in the
sword by males in poorer condition. Thus,
individuals experiencing a shift from ‘good’ to
‘poor’ environmental conditions may change their
pattern of energy allocation to growth to com-
pensate for this environmental change, thereby
optimizing the likelihood of mating in a poor
environment.

In terms of the natural history of green sword-
tails in Belize, large bodies of water can be
reduced to small ponds in the transition from wet
season to dry season, with a concurrent shift from
low densities to high densities of swordtails (per-
sonal observation). By shifting limited resources
from a trait that is important to mating but is
more costly to produce, such as body size, to
another preferred trait that is relatively less costly
to produce, such as sword length, males could
maximize their attractiveness to females. As the
present laboratory results suggest, reallocation of
investment from body to sword growth would
allow food-limited males to maintain a level of
expression of the less expensive trait equivalent to
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the expression of males that are not food-limited.
Males may not be able to maintain a high rate
of investment in sword growth indefinitely, how-
ever, because by the eighth month, the rate of
sword growth in ad libitum-treatment males
tended to outdistance that of restricted-treatment
males.

If females prefer both sword length and body
length, and sword length is cheaper to increase
than body length, why then do males in favour-
able conditions not invest in sword growth to a
greater degree? There are a number of possible
answers to this question; although not inclusive,
some possible explanations follow. First, the
strength of the female preference for these two
male traits may differ. That is, the strength of the
preference for body length may be greater than
that for sword length; thus, an incremental
increase in body length would be relatively more
attractive to females than an incremental increase
in sword length. Second, body size may be import-
ant in competition between males. Male size has
been suggested to be important in X. helleri in
terms of intra-sexual selection; Beaugrand et al.
(1984) concluded that larger individuals may have
an advantage in male-male interactions, but that
sword length does not play a role. Ribowski &
Franck (1993) found a significant relationship
between weight and fighting success for X. helleri
males. Weight did not always predict fight out-
come, however, and, when prior size assessment
was allowed, encounters between males of differ-
ing sizes were less likely to escalate than encoun-
ters between males that were size-matched. Third,
the sword may decrease a male’s fitness in terms of
natural selection; for example, longer swords may
reduce a male’s swimming ability, or increase his
conspicuousness to predators. Fourth, there may
be an advantage to larger male size in relation to
predator avoidance (larger males may exceed the
gape limits of a predator) or in some other natural
selection context. Thus, when food is plentiful,
males may invest in increasing body size because
body size is important in terms of both natural
and sexual selection, but males experiencing less
favourable conditions may be making ‘the best of
a bad situation’ by switching to sword investment
only.

The results reported here suggest the presence
of different strategies of energy allocation depend-
ing on food availability. When food is limited,
males appear to use energy stored in body tissues
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to support maintenance, yet still continue to
invest in sword growth. The observed shift in
growth pattern by food-stressed males may be a
facultative strategy to maximize attractiveness to
females, given the available resources. Although
there is a wealth of information addressing the
trade-offs between life history and sexually
selected traits, the investigation of trade-offs
between sexually selected traits has so far been
limited to male strategies that attempt to subvert
female preferences (Barlow 1967; Le Boeuf 1974;
Gross 1982; Robertson 1986). The alternative
strategy addressed in this paper, that is, a shift to
investment in a less expensive trait, has not been
previously demonstrated. In an organism in which
there is more than one trait under selection by
female choice such as the green swordtail, selec-
tion may favour facultative changes in relative
resource allocation: because sword growth is
probably less expensive than body growth, food-
stressed males appear to channel energy to growth
of the less expensive sexually selected trait. How-
ever, the hypothesis that female choice has
favoured this reallocation strategy remains to be
verified.
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