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the fractionation of Pb and U during fluid transport is even larger
than suggested by the data in Table 1.

In equilibrium with clinopyroxene and other minerals such as
olivine and orthopyroxene, Sr partitions in favour of a hydrous
chloridic fluid (Table 1). This provides a mechanism that allows
contamination of the Sr isotopes in the zone of melting by Sr from
the subducted oceanic slab, in agreement with the relatively
radiogenic Sr-isotope composition of many calc-alkaline
magmas*®’. Another distinctive feature of such magmas are
often radioactive disequilibria® with strong enrichments of **Ra
over ®°Th. These disequilibria may also be a result of fluid
transport. Radium behaves geochemically very similar to Ba.
From the data in Table 1, one would therefore expect that a
hydrous chloridic fluid would strongly enrich *Ra over *°Th, as is
observed”.

From the foregoing discussion, it appears that the entire trace-
element enrichment pattern in calc-alkaline magmas could be
explained by metasomatism involving an alkali-chloride-rich fluid.
This would imply that ultimately the trace element composition of
the continental crust is largely a result of the complexing proper-
ties of chloride in supercritical aqueous solutions. Because the
composition of the fluid released in the subducted slab depends on
the composition of the sea water the oceanic crust had been
reacting with, very old calc-alkaline rocks may preserve a record of
the chemical evolution of sea water. The development of the
typical modern trace element signature in subduction-zone vol-

canics may mark the point in geological history when sea water
approached its modern composition, rather than reflecting a
change in the style of global tectonics. O
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The rock-paper-scissors game
and the evolution of alternative
male strategies
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Many species exhibit colour polymorphisms associated with
alternative male reproductive strategies, including territorial
males and ‘sneaker males’ that behave and look like females'™,
The prevalence of multiple morphs is a challenge to evolutionary
theory because a single strategy should prevail unless morphs
have exactly equal fitness** or a fitness advantage when rare®’.
We report here the application of an evolutionary stable strategy
model to a three-morph mating system in the side-blotched
lizard. Using parameter estimates from field data, the model
predicted oscillations in morph frequency, and the frequencies of
the three male morphs were found to oscillate over a six-year
period in the field. The fitnesses of each morph relative to other
morphs were non-transitive in that each morph could invade
another morph when rare, but was itself invadable by another
morph when common. Concordance between frequency-depen-
dent selection and the among-year changes in morph fitnesses
suggest that male interactions drive a dynamic ‘rock—paper-
scissors’ game’.

From 1990-95, we studied territory use and patterns of sexual
selection on male side-blotched lizards (Uta stansburiana), a small
territorial iguanid lizard (3-10 g) that matures in one year in the
inner Coast Range of California (Merced County). Territory
defence by males is dependent on a throat-colour polymorphism
that develops as males mature (Fig. 1). Males with orange throats
are very aggressive and defend large territories. Males with dark
blue throats are less aggressive and defend smaller territories.
Males with prominent yellow stripes on their throats are ‘sneakers’
and do not defend territories (receptive females also have yellow-
striped throats). Aggression in orange males is linked to higher
levels of testosterone®, as is the case for other vertebrates®* 2,
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Male fitness was estimated by the number of females that are
exclusively on his home range (monopolized females), plus his
share of females (shared females) that overlap with the home
range of other males (Fig. 3a—e). Significant changes in morph
frequency among years were consistent with an evolutionary
response to sexual selection (Fig. 3), particularly in light of the
heritability (h* = 0.96) for throat colour in nature (Fig. 2). Fitness
regression coefficients”® describe the impact that neighbouring
morphs have on male fitness. ‘Local’ frequency-dependent sexual
selection among morphs could drive frequency fluctuations
among years (Fig. 3). The population cycled from high frequency
of blue (1991), to high frequency of orange (1992) to high
frequency of yellow (1993-94) and returned to high frequency
of blue (1995).

Orange males increased from 1991 to 1992, owing to their
significantly higher monopoly on females in 1991 (Fig. 3a).
Moreover, the decline in blue males from 1991 to 1994 arose
from losses to adjacent orange males. In 1992, blue males lost a
monopoly on 0.11 (P < 0.05) females for every orange neighbour
(0.59 oranges on average). Conversely, in 1993 orange males
gained a monopoly on 1.10 females (P < 0.01) for each blue
neighbour (0.09 blues on average). After peaking in 1992,
orange males declined in frequency from 1992 to 1995, and
their decline was consistent with a drop in monopolization
observed for orange males (Fig. 34, b).

Although no morph had a clear fitness advantage in 1992 or
1993, the decline in orange males was coincident with an increase
in the frequency of yellow males (Fig. 3c, d). Losses of orange
males were directly related to the number of neighbouring
yellows. In 1992, each orange neighbour increased a yellow
male’s monopoly by 0.23 females (P < 0.0001) and a yellow
male’s share by 0.54 females (P < 0.0001, 0.46 oranges on aver-
age). Conversely, in 1995 orange males lost a share of (.55 females
(P < 0.01) to each yellow neighbour (2.25 yellows on average).

Yellow males declined in frequency from 1993 to 1995, and
their decline was due in part to lower monopolization of female
home ranges by yellow males compared to blue or orange males
(Fig. 3d). In addition, each blue male obtained 0.25 shared
females (P < 0.01) for each yellow neighbour (0.63 yellows on
average). In 1995, the profile of selection returns to the pattern
observed in 1991, when orange males have high rates of female
monopoly (compare Fig. 3e with a), and orange males should
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FIG. 1 Colour polymorphisms of male side-blotched lizards.
Males with orange throats (lower left panel) and/or sides
(male with orange flank on the left, top panel) are ‘ultra
dominant’ to males with blue on their throat (lower centre
panel, and male on the right, top panel). Males with yellow
throats (lower right panel) resemble females in morphology
in that females have yellow throats when receptive. Whereas
males with orange, blue and yellow throats represent dis-
crete and unambiguous colour scores (orange, 2; blue, 1;
yellow, 0) a small fraction of ‘hybrid’ blue males mature with
dark blue throats and very thin orange stripes. These males
were categorized as blue based on behaviour, and given a
colour score of 1.5 for the heritability analyses. Likewise a
small fraction of yellow-throated males mature with yellow
throats with very pale blue stripes (not dark blue) and these
males were categorized as yellow and given a colour score of
0.5 for the heritability analyses.
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FIG. 2 During 1990-95, significant among-year changes
in the frequency of adult male colour polymorphisms
(Fig. 1) on a 250-m-long sandstone outcropping (central
triangle, Chi-square, P < 0.01) were consistent with sig-
nificant variation in sexual selection (histograms a-e,
number of females on a male’s territory, X +s.e.), and
morph fitness (see text). Frequency of morphs are plotted
for each year as follows: 0—100% blue from base to apex,
0-100% orange from right side to left vertex, and 0-100%
yellow from left side to right vertex.

METHODS. A male monopolized a female if he was the only
male observed on a female’s home range. We partitioned
females with many males on her home range among males
(a mean which differs from 2 means is denoted by **, and *
denotes a mean that differs from a single mean; Fisher's
LSD post-hoc test, P < 0.05). Survival which is based on
comprehensive monthly recaptures®®, reproductive suc-
cess!™"7, and territorial behaviour (discriminated with a
dorsal paint-mark)***° of all uniquely marked adults was
followed. Home ranges were mapped***® from daily visual
censuses (Npqes = 62, 127, 105, 116, 74; Nigraes = 133,
189, 178, 140, 106. Ny = 518, 1,846, 1,791,
3,466, 1,664 for 1991-95, respectively). Only females
that survived to produce eggs were considered. Eggs were
collected from all females and offspring were released
upon hatching®>*". Survival of uniquely marked offspring
was censused at maturity the next year'*,

241



LETTERS TO NATURE

FIG. 3 Heritability (h* = 0.96) of Offspring = 0.48 Sire + 0.92

male throat colouration for ani- r2=0.25
mals in nature. Maternity of off-
spring on the site was known with O . [ X

certainty®. Eggs were obtained
from uniquely marked females
and their uniquely marked off-
spring were released randomly
with respect to sibship back on
site when they hatch'*8, Throat
colour of surviving male offspring Y
was scored at maturity (Fig. 1).

We assumed that a monopolizing Y B (0]
male is the only sire of a dam’s Average colour score
offspring. In cases of shared for putative sires
females, probability of paternity

was assumed to be proportional

to a putative sire’s access to the dam. Regression of offspring and ‘sire’s’
throat score yields h, = 0.96. Quantitative genetic analysis assumes many
autosomal loci'®, however, one or two loci may govern colour.

Colour score for
male offspring
ov}

increase in 1996. However, given that each orange male lost a
share of 0.55 females to each yellow neighbour (see above), we
also predict that yellows should ‘hitchhike a fitness ride’ from
oranges and increase in frequency relative to blues, as in 1991.

The pattern of frequency-dependent sexual selection among
years leads to a key prediction: when a morph reaches a low
frequency, it should produce the most mature offspring in the next
year (for example, at the ‘vertices’ of the cycle, Fig. 3). Indeed,
analysis of fitness, as measured by survival of offspring from
putative sires, showed a significant morph x year interaction
(P < 0.0001, morph fitness, W, =W_ e/ Weommon)- In 1991,
orange males produced the most offspring that survived to the
next year (W, = 4.73, W, = 1.00, W, = 1.61), yellow males pro-
duced the most in 1992 (W, = 1.28, W, = 1.00, W, = 1.45), and
blue males produced the most in 1994 (W, = 0.90, W, = 1.26,
W, = 1.00). Differences in fitness of putative sires were consistent
with sexual selection (above) and were not due to survival
differences of offspring to maturity (P > 0.36, N = 1,202).

We estimated the frequency-dependent ‘fitness payoffs’ of a

FIG. 4 a, The pay-off matrix of a rare yellow, blue or orange strategy playing
against each strategy when common. The strategy (yellow) is an ESS if it
cannot be invaded when common by either a rare orange or a rare blue
strategy: W,, > W,,, and W,, > W,,. Similarly, blue is an ESS if Wy, > W,,,,
and W,, > W,;; and orange is an ESS if W, > W,,, and W,, > W,,. It is
clear that every morph is invadable by one other morph and thus no morph is
an ESS. Analysis of the pay-off matrix, W, was partitioned according to
access to monopolized and shared females (equation (2) and Fig. 2). We
observed significant frequency-dependence in every year (see text). Partial
regression coefficients (adjusted to relative fitness) describing gains and
losses are given by:

503 0 O
NGy+Gs)=| 0 235 0
0 0 295
0 0 +015 0 0 4035
x||lo o -007|+]|+027 0 O
0 124 0 ~093 0 O

For example, a rare yellow would gain 0.15 females by monopoly and 0.35
females by sharing when playing against common orange males. A rare
yellow's gains in relative fitness are equal to 5.03 x (0.15 + 0.35), given
5.03 orange neighbours for the rare yellow. Fitness gains and losses
between rare and common neighbours, N(Gy, + Gs), are used to adjust
relative fitness of each morph (for example, female monopoly and shares,
Fig. 2). b, The empirically derived pay-off matrix, W, was used in a simple
quantitative genetic model (equation (3)). The model predicts cycles in
morph frequency with a period of 12 years. Although the magnitude of
oscillations appears to damp over time, any random perturbation of
frequency will renew the strength of the oscillations.
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rare morph competing against a common morph’ from the ‘local’
frequency-dependent interactions among males (Fig. 4). The
fitness of a rare i™ strategy against a common (j) strategy was
estimated as:

mj:[Mi+NiXGM,,]‘*‘[Si"‘NiXGS,J (1)

where fitness, W, is the sum of two linear equations. The linear
equation in the left brackets is fitness acquired through monopoly
of female territories, M;, adjusted by GM“ which is the slope of the
line (partial regression coefficients, above) describing gains and
losses for the i " strategy for each neighbour of the j™ strategy. The
number of neighbours, N,, is a phenotypic trait of the i™ strategy.
N; describes the total number of males that the i™ strategy is
playing against (N, = 5.03, N, = 2.35 and N, = 2.95 from 1991-
95). This assumes gains and losses are linearly related to the
number of neighbouring males. Likewise, fitness from shared
access to females, S, is also adjusted by G, and N;. Equation (1)
can be written in a compact matrix form where, W, is a pay-off
matrix (Fig. 4a) that describes the relative fitness of each rare
morph in competition with a common morph (elementsi = 1, 2,
and 3 of W correspond to strategies y, b, and 0):

W=M+S+N-(Gy +Gs) (2)

When the rare and common morph are the same strategy, they
have equal fitness (diagonal elements of W are equal to 1.0, Fig.
4a). To be an evolutionary stable strategy (ESS), a morph must
have higher fitness than the other morphs when it is both rare and
common. It is clear that no morph is an ESS (Fig. 4). When
generations are discrete, the population may be expected to
oscillate around an ‘attractor’. Assuming h* = 1, the frequency
of the i™ morph in the next generation, p; ., can be written as®:

P =pa () o

where W, = p, Wi, + p, Wi, +p; Wis (Where W, W, and W; are
elements of W, equation (2)), and W = 3" p,, x W;,. Iterations of
the model using parameter estimates from field data, give oscilla-
tions qualitatively similar (Fig. 4b) to those observed in the field
(Fig. 2). The model also shows that no morph is an ESS, which
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leads to dynamic oscillations in frequency (Fig. 4b). Oscillations in
morph frequency (not shown) are surprisingly robust in an age-
structured model that includes small, but significant differences in
yearly adult survival between morphs (I, = 0.167, (N = 209),
I, =0.136 (N =199), and [, = 0.048 (N = 84), Chi-square: /,
versus I, P < 0.01, [, versus I, P = 0.05, [, versus [, n.s.):

W,
Pier1 = [l X pie] + (1= Lgu) X piy (W) 4)

where, p;,,, is determined by the probability of adult morph
survival to the next year(/)) and relative fitness of each morph
(equation (3)) is adjusted by the proportion of new recruits in the

next year, which is approximated by (1 — l,4,) =1 — >_p;, x [, or
one minus average adult survival.

We have described the first biological example of a cyclical
‘Rock—paper—scissors’ game’. As in the game where paper beats
rock, scissors beat paper, and rock beats scissors, the wide-ranging
‘ultradominant’ strategy of orange males is defeated by the
‘sneaker’ strategy of yellow males, which is in turn defeated by
the mate-guarding strategy of blue males; the orange strategy
defeats the blue strategy to complete the dynamic cycle. Fre-
quency-dependent selection maintains substantial genetic varia-
tion in alternative male strategies, while at the same time
prohibiting a stable equilibrium in morph frequency. O
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THE hypothalamus plays a central role in the integrated regula-
tion of energy homeostasis and body weight, and a number of
hypothalamic neuropeptides, such as neuropeptide Y (ref. 1),
galanin?, CRH (ref. 3), and GLP-1 (ref. 4), have been implicated
in the mediation of these effects. To discover new hypothalamic
peptides involved in the regulation of body weight, we used
differential display polymerase chain reaction® to identify
messenger RNAs that are differentially expressed in the hypo-
thalamus of 0b/+ compared with ob/ob C57B1/6J mice. We show
here that one mRNA that is overexpressed in the hypothalamus
of ob/ob mice encodes the neuropeptide melanin-concentrating
hormone (MCH). Fasting further increased expression of MCH
mRNA in both normal and obese animals. Neurons containing
MCH are located in the zona incerta and in the lateral hypo-

1 Present address: Department of Clinical Chemistry, Glostrup Hospital, University of Copenhagen Medical
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thalamus. These areas are involved in regulation of ingestive
behaviour, but the role of MCH in mammalian physiology is
unknown. To determine whether MCH is involved in the regula-
tion of feeding, we injected MCH into the lateral ventricles of rats
and found that their food consumption increased. These findings
suggest that MCH participates in the hypothalamic regulation of
body weight.

Using differential display polymerase chain reaction (PCR)
with 180 primer pairs, we screened 30% of expressed mRNAs.
Fifty-two DNA bands appeared to be differentially expressed. Of
35 bands further evaluated using northern blot analysis with
riboprobes, no signal could be detected for 9 bands, and no
difference in expression was observed in 20 bands. Thus, of
about 9,000 complementary DNAs screened, differences in
expression were confirmed for only six bands (about 0.7%). Of
these, two had matches in Gene Bank: one was MCH (Fig. 1) and
the other was the mouse oncogene, fau. A third band had
homology to a DNA-binding factor, and three additional bands
that were differentially expressed had no known homology.
Although the difference in MCH expression on differential dis-
plays appeared to be absolute, that is, no signal was detected in the
ob/+ mice versus an obvious signal in ob/ob mice, assessment of
MCH expression using a ribonuclease protection assay showed
that the difference between fed ob/ob and ob/+ mice was a 50—
80% increase in the ob/ob animal (Fig. 1b).

To evaluate further the expression of MCH in lean versus obese
mice and to evaluate the possibility that MCH expression was
affected by nutritional status, C57Bl/6J mice +/+, C57Bl/6] ob/+
heterozygotes and C57BI1/6]J ob/ob animals were compared both in
the fed state and after 24 hours of fasting. In these experiments we
also probed for neuropeptide Y (NPY) mRNA because it is
known that NPY expression increases with fasting and is also
increased in ob/ob mice. Figure 2 shows the results of hypo-
thalamic mRNA blots in fed and fasted mice probed for MCH
or NPY. In the fed state, wild-type control mice express low levels
of MCH, whereas ob/+ animals and ob/ob animals express higher
levels of MCH. Fasting led to an increase in MCH expression in all
three groups of animals.

Figure 3 shows the quantitative data derived from several
experiments. Figure 3a and b compares relative expression of
MCH in the fed and fasted state in control, heterozygous and
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