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Summary. Luyten and Liley (1985) obtained evidence 
that in populations of Trinidad guppies from two clear 
headwater streams, where Riwdus hartii is the major 
aquatic predator, selection has favored visual aspects 
of male mating behavior - display activity and conspicu- 
ous coloration. Males in two lowland turbid stream pop- 
ulations, with numerous aquatic predators, were found 
to rely more heavily upon non-display components of 
courtship. In this study males of the four populations 
were placed in competition in clear water for mating 
with females of the same populations. Males of two pop- 
ulations were allowed to compete in turbid water. Mat- 
ing success was determined on the basis of the frequency 
of insemination and the proportion of sperm attributable 
to males of the competing populations. The sperm of 
competing males were identified by radioisotope label- 
ling and autoradiographic techniques. Males from head- 
water populations were more successful than lowland 
males in mating with headwater females in clear water. 
There was no difference in mating success of headwater 
and lowland males in competition for lowland females 
in clear water, but in turbid water lowland males were 
more successful in inseminating lowland females. Males 
were more successful in mating with females of their 
own population when the two headwater population 
were in competition. The results are consistent with the 
hypothesis that conspicuous coloration and high fre- 
quency and duration of display are adaptations to clear 
water conditions, and that non-display tactics are 
adapted to turbid water. Evidence of intrapopulation 
preferences suggest that male traits and female sexual 
responses in the guppy have evolved in parallel as pre- 
dicted by sexual selection theory. 

Introduction 

The Trinidad guppy, Poecilia reticulata, (Poeciliidae) 
offers a unique opportunity to investigate selection pres- 
sures affecting the morphological and behavioral charac- 

teristics of a single species. Correlations between behav- 
ioral and morphological characteristics of guppy popu- 
lations and physical and biotic variables have stimulated 
a number of field and laboratory studies. Considerable 
attention has been directed to the possible role of preda- 
tion in shaping the morphology (Liley and Seghers 
1975), predator avoidance behavior (Seghers 1973, 
1974a, b; Farr 1975), and life history characteristics of 
the guppy (Reznick and Endler 1982). Field and labora- 
tory data indicate that male color patterns are the result 
of a compromise between selection due to predation for 
crypsis and sexual selection favoring conspicuous color- 
ation (Haskins et al. 1961; Endler 1978, 1980, 1983, 
1987). 

Sexual selection appears to be mediated through fe- 
male choice rather than intermale competition. Al- 
though there are several studies of male-male competi- 
tion in the laboratory (Gandolfi 1971; Ballin 1973; Farr 
1976, 1977, 1980a, b; Gorlick 1976), there is little evi- 
dence of intermale competition in nature (personal ob- 
servation) or in an artificial laboratory stream (Crow 
1981; see also Endler 1983). Accordingly, interest has 
centered upon the role of female choice, or epigamic, 
sexual selection in the evolution of sexual display and 
color pattern in the male guppy (Bischoff et al. 1985; 
Breden and Stoner 1987; Farr 1980 a; Endler 1978, 1983; 
Houde 1987, 1988; Houde and Endler 1990; Kodric- 
Brown 1985, 1989: Stoner and Breden 1988). 

The sigmoid display is the most distinctive feature 
of the male's courtship behavior, which serves to '° show 
off" the color pattern in a highly conspicuous fashion. 
Display may be followed by a mating attempt in which 
the male attempts to insert his gonopodium into the 
female's genital pore. For the mating attempt to be suc- 
cessful, the female must cooperate with the male (Baer- 
ends et al. 1955; Liley 1966). 

Alternatively, a male may inseminate a female by 
means of a gonopodial thrust, an action which involves 
neither male display nor female cooperation. In a gono- 
podial thrust the male approaches the female from be- 
hind and thrusts his gonopodium towards the female's 
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genital pore. Most  thrusts do not result in contact, but 
there is evidence that  a small propor t ion of  thrusts that  
contact the female also result in insemination (Liley 
1966; Farr 1980a). 

Liley (1966) suggested that the existence of alternative 
insemination tactics may  permit  individuals to occupy 
a variety of  habitats ranging f rom clear water, where 
display is effective, to localities where the water is turbid 
and gonopodial  thrusting provides a more reliable means 
of  sperm transfer. Predation may also affect the relative 
importance of  the two modes of insemination: Luyten 
and Liley (1985) proposed that in clear headstream 
waters, in which the major  aquatic predator  is Rivulus 
(a small fish that attacks only small guppies, Liley and 
Seghers 1975), sexual selection has favored the evolution 
of visual components  of  courtship, including conspicu- 
ous coloration, large size, and courtship display. In tur- 
bid lowland streams with numerous aquatic predators,  
selection has resulted in a greater emphasis upon non- 
visual components,  i.e., a reduction in size, coloration, 
and courtship displays and an increased dependence 
upon the alternative insemination tactic, i.e., gonopodial  
thrusting. 

A series of  field and laboratory studies provide sup- 
port  for this hypothesis: Luyten and Liley (1985) found 
that male guppies in two clear mounta in  "heads t r eams"  
performed more frequent sigmoid displays and displays 
of  longer duration than males in a turbid " l o w l a n d "  
river and an intermediate " m i d s t r e a m "  river. Males in 
the turbid lowland river were found to exhibit higher 
frequencies of  gonopodial  thrusts than males in the other 
three rivers. Phenotypic variat ion in dependence upon 
visual and non-visual elements of  courtship may also 
occur. Endler (1987) demonstrated a decrease in visually 
conspicuous behavioral elements of  male guppy court- 
ship in the presence of  predators or under high light 
intensities. 

This study provides a further test of  the hypothesis 
that populat ion differences in male courtship are the 
result of  sexual selection operating under different condi- 
tions of  predation and turbidity. Males f rom four popu- 
lations were placed in competi t ion for mating with fe- 
male under clear water conditions. Males f rom two of  
the populations were also allowed to compete in turbid 
water. It was not possible to measure reproductive suc- 
cess directly, i.e., the product ion of progeny of different 
males; instead, mating success was determined on the 
basis of  number  of  inseminations and sperm contributed 
by males of  the different populations. Sperm were identi- 
fied using radioisotope labelling and autoradiographic 
techniques. 

The hypothesis outlined above led to the following 
predictions: 
1. Under  clear water conditions, males f rom a head- 
stream populat ion with their bright coloration and more 
vigorous display activity would be more successful in 
mating than males f rom turbid and predator-rich mid- 
stream or lowland rivers, when placed in competi t ion 
for females of  both  populations.  
2. I f  heavy predation and turbid water have resulted in 
selection for less conspicuous appearance and mating 

behavior, then in turbid water the converse would apply, 
i.e., males f rom predator-rich, turbid streams would be 
more successful than those f rom headstreams. 
3. There should be little or no difference in mating suc- 
cess of  midstream and lowland males, with similar court- 
ship adaptations,  when placed in competi t ion for females 
of  both populations. Similarly, there would be no differ- 
ences in mating success between males of  the two head- 
stream populations in competi t ion for females of  both 
populations. 

Methods 

The study populations. Mating competition experiments were car- 
ried out with wild-caught guppies from four locations: two head- 
stream populations, the Naranjo and Paria rivers, which flow south 
and north, respectively, off the Northern Range of Trinidad; a 
lowland river, the Guayamare; and an intermediate midstream, 
the Lower (L.) Aripo, l0 km downstream of its major tributary, 
the Naranjo (locations in Luyten and Liley 1985). Except for a 
few hours after heavy rain, the Naranjo and Paria rivers remain 
crystal clear. The Guayamare is persistently turbid, even after a 
period of several days without rain. In a series of readings from 
May to November 1978, a white "secchi" disk could no longer 
be distinguished at a mean depth of 5.4 cm±0.465 SE. The Lower 
Aripo is intermediate between headstream and lowland rivers: the 
water may remain turbid for several days after heavy rain but 
becomes clear in a dry period. 

The only major fish predator in the Naranjo and Paria rivers 
is Rivulus hartii (Cyprinodontidae). In the L. Aripo and Guaya- 
mare, there are a number of cichlid and characid predators (Seghers 
1973; Liley and Seghers 1975; Endter 1983). 

Labelling of sperm with radioactive tracer. The radioisotopes thymi- 
dine-3H and thymidine-14C are incorporated into the DNA of cells 
(Reichard and Esteborn 1951). Billard (1966) and Crowley (1968) 
documented incorporation of thymidine-H 3 into guppy sperm and 
subsequent identification of labelled sperm using standard autora- 
diographic methods. 

Preliminary studies revealed that 21-28 days after an injection 
of the isotopes, 70-80% of sperm taken from male guppies were 
labelIed. Furthermore, it was established that labelled sperm could 
be successfully recovered from females mated with injected males 
for a period of 7 days. Neither the injection nor the isotope were 
found to have a significant effect on the courtship behavior of 
isotope-injected males as compared with saline-injected and non- 
injected males. 

In the mating experiments described below, males were anaesthe- 
tized with 1:600 MS 222 (Tricaine methane sutphonate - Sandoz) 
and stripped of sperm by firmly stroking the abdominal region 
with a blunt probe. In the first experiment, 2.0 gl of thymidine 
solution (methyl C1~; 1.0 Ci/1; New England Nuclear) was injected 
into the abdominal cavity using a Hamilton syringe fitted with 
a no. 30 needle. In the second experiment, males received 2.0 ~tl 
of thymidine-H 3 (1.0 Ci/1; New England Nuclear). In each case, 
the total dose at each injection was 2.0 ~tCi. UnIabelled males were 
injected with 2.0 ~tl of saline (0.6% NaC1). 

Recovery of labelled sperm from females. Females were anaesthe- 
tized with MS 222 and placed under a dissecting microscope. Mi- 
cropipettes drawn from 2.5-ram diameter glass tubing were used 
to take oviduct samples from the females. The micropipette was 
first partially filled with distilled water and then inserted into the 
female's genital opening. The distilled water was flushed 4 times 
from pipette to oviduct to pipette before emptying onto a glass 
slide. The procedure was repeated 3 times for each female. The 
sample was spread over approximately two-thirds of the slide and 
allowed to dry in the air. 



Staining and autoradiography. The dry smears were stained in 
Mayer's haemotoxylin and eosin, dehydrated in alcohol, and al- 
lowed to dry. Each slide was then dipped in liquid Kodak NTB-3 
Nuclear Emulsion (diluted 1:1 with distilled water) and placed 
in a vertical position to dry. The dry slides were placed in slide 
boxes containing a small amount of anhydrous CaSO4 (Drierite), 
sealed, and stored at room temperature. After 14 days, slides were 
developed in Kodak D19 developer, followed by Kodak Fixer and 
Edwal Hypoeliminator. 

Assessment of sperm-smears. Smears were examined under a light 
microscope for the presence of sperm. When sperm were present, 
the smear was scanned for a region in which individual sperm 
could be identified and "scored"  (in some areas the density of 
sperm was too high to allow identification of individual sperm). 
A sperm was considered labelled if there was one or more black 
grains in the emulsion overlying it. Beginning at the left side of 
a micrometer grid, labelled and unlabelled sperm were tallied until 
a total of 100 sperm had been assessed, moving the grid to the 
right as many times as necessary. This procedure was repeated 
in two other areas of the same preparation, giving a total of 
300 sperm. 

Mating experiments 

Experiment 1 : Mating competition in clear water. Four competitive 
mating trials were conducted in clear water. In each trial, males 
from two of the four populations were placed with females from 
the same two populations. Males of one of the populations were 
injected with isotope. In a replicate of each trial, the population 
receiving the isotope in the first trial was injected with saline, and 
vice versa. Males were allowed to compete for mating for 7 days, 
starting 25 days after the initial injection of the males. 

Limiting the experimental mating period to 7 days was a com- 
promise between the period over which high levels of labelled sperm 
could be expected to be present in isotope injected males, and 
the period of time after insemination over which sperm remain 
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accessible by oviduct flushing. Pilot data suggested that maximum 
levels of labelled sperm were present in male ejaculate from day 22 
to 32 after the first of two injections. On the other hand, sperm 
may be readily recovered from the oviduct for up to 7 days follow- 
ing an insemination (Clark and Aronson 1951; Liley 1966). Few 
if any sperm are present in smears taken after 10 days or more, 
as the sperm become embedded in cells lining the ovarian lumen 
(Jalabert and Billard 1969). In order to minimize the contribution 
of pre-experimental inseminations to the sperm smear, females were 
isolated from males 15 days before the mating trial after first flush- 
ing the oviduct with saline to remove sperm remaining free in 
the oviduct and ovarian lumen. 

Mating competition experiments were conducted in an outdoor 
concrete pool (270 × 200 x 43 cm deep) at the Asa Wright Nature 
Centre (Simla), Trinidad. The pool received a continuous flow of 
clear water from a local spring. Water depth was maintained at 
24 cm. Each replicate of each trial was conducted in one of six 
cages placed in the pool. The cages (122 cm long x 61 cm wide x 
43 cm high) consisted of a wood frame covered with a plastic mos- 
quito screen. 

The combinations of populations examined in each of four trials 
are listed in Table 1. Trial 1 is used as an example of the procedure 
for all trials : 
Trial 1. Naranjo and Guayamare populations. 
Day O: Twenty-five Naranjo (N) males and 30 Guayamare (G) 
males were stripped and injected with thymidine-C 1~ and saline, 
respectively, and placed in separate holding tanks. In a replicate 
begun on the same day, Guayamare males received the thymidine 
and the Naranjo fish received saline. 
Day 5: Stripping and injection were repeated. 
Day 10: Thirty-five N females and 35 G females were clipped for 
later identification. Two posterior rays (6, 7) of  the anal fin of 
N females and the 2 anterior rays (1, 2) of G females were clipped. 
The oviduct of each female was flushed with saline to remove 
free sperm from previous inseminations. Females were then placed 
together, but isolated from males, in a cage. The replicate group 
females were given the same treatment, except the rays clipped 
were reversed. The cages were checked regularly for young and 
these were removed. 

Table 1. Mating competition in clear water: total number of females inseminated by males of each population including females mated 
with both populations; female mated with males of only one population. Asterisks difference significant, P < 0.05, ~2 

Females n Total Number of females 
inseminated inseminated by: 

Inseminations attributable to males 
of one population only: 

Male Male Male Male 
Trial 1 Naranjo Guayamare Naranjo Guayamare 

Naranjo (headstream) 60 28 26 17 11 * 2 
Guayamare (lowland) 59 26 20 20 6 6 

Trial 2 L.Aripo Naranjo L.Aripo Naranjo 

Naranjo (headstream) 60 25 19 24 i * 6 
L. Aripo (midstream) 60 29 25 26 3 4 

Trial 3 L.Aripo Guayamare L.Aripo Guayamare 

L. Aripo (midstream) 59 21 16 18 3 5 
Guayamare (lowland) 58 27 21 23 4 6 

Trial 4 Naranjo Paria Naranjo Paria 

Naranjo (headstream) 60 32 32 23 9 * 0 
Paria (headstream) 60 28 19 26 2 * 9 
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Table 2. Mating competition in turbid 
water: total number of females inseminat- 
ed by males of each population, including 
females mated with males of both popula- 
tions; females mated with males of only 
one population. Asterisks difference signif- 
icant P < 0.05, )~z 

Females n Total 
inseminated 

Number of females 
inseminated by males 
of: 

Inseminations 
attributed to males 
of one population: 

Naranjo Guayamare Naranjo Guayamare 

Naranjo (headstream) 59 25 20 23 3 5 
Guayamare (lowland) 60 22 9" 20 2" 13 

Day 24: The number of females of each stock was reduced to 
30. 
Day 25." The start of the mating period: 20 N males and 20 G 
males were added to the 30 females of each stock already present 
in a cage. Sperm samples taken from the remaining isotope-injected 
N males on day 28 provided an estimate of the proportion of sperm 
labelled at the middle of the mating period. Sperm smears taken 
on day 28 from the remaining saline injected G mares provided 
a measure of naturally occurring background radiation. 
Day 32: End of the mating period: oviduct samples were taken 
from all females. 

Experiment 2: mating competition in turbid water. Males of one 
headstream population, Naranjo, and one lowland population, 
Guayamare, were allowed to compete for mating under turbid 
water conditions. Guppies from Naranjo and Guayamare rivers 
were shipped to the University of British Columbia, Vancouver. 
Stocks were housed in tanks of 43- and 61-1 capacity with gravel 
substrates and planted with Vallisneria sp. and Lemna sp. All tanks 
were illuminated by 30- to 40-watt fluorescent tubes (13L:IID) 
and maintained at 23-26 ° C. Tank water was filtered by subgravel 
or charcoal filters. One-third of the water in each tank was regular- 
ly replaced with dechlorinated tap water. All fish were fed with 
a commercially prepared dried fish food, Tetra-rain, occasionally 
supplemented with brine shrimp or Tubifex worms. 

The mating experiment was carried out in two stream tanks. 
Each tank consisted of an oval channel of plexiglass 25 cm wide, 
15 cm deep. Mating experiments were conducted in the straight 
(100 cm) sections of the channels. Each tank held approximately 
500 1 of water and was aerated using air stones. Water in the tanks 
was made turbid by adding fine sediment from the bed of a local 
stream. A barely perceptible current maintained by a submersible 
pump helped to keep the fine sediment in suspension. Turbidity 
was checked twice a day during the experimental period: the dis- 
tance at which a white disk l0 cm in diameter became no longer 
visible was maintained at 6_+ 2 cm. This was done by removing 
water from the experimental tanks and adding fresh turbid water. 

The experimental design and procedures were similar to those 
in Experiment 1 with the following modifications. Tritiated thymi- 
dine was used instead of the C 14 isotope. Each fish was injected 
3 times with 2 gCu in 2 gl on days 0, 5, and 10. (The third injection 
was added in an attempt to increase the period over which high 
levels of labelling would be maintained.) Females were marked 
by injecting a small amount of trypan blue under the skin of the 
upper or lower caudal peduncle. Turbid water was added to the 
experimental tanks on day 22, 3 days before males and females 
were combined in the experimental sections of the channels and 
allowed to interact freely. 

population was assessed in terms of (1) the total number of females 
inseminated by males of that population (this includes females also 
inseminated by males of the other population) and (2) females 
inseminated by males of only one population (a subset of females 
in (1)). 

Identification of females mating with males of only one popula- 
tion was as follows: If a smear contained over 81.6% (experi- 
ment 1) or 79.3% (experiment 2) labetled sperm, it was attributed 
to a male(s) from the isotope injected population. If the smear 
contained over 94.6% (experiment 1) or 94.3% (experiment 2) un- 
labelled sperm, it was attributed to a male(s) from the saline in- 
jected population. These criteria are based on corrections for (a) 
background radiation: on average just over 5% of sperm of saline 
injected males °' appeared" to be labelled, and (b) the mean propor- 
tion of labelled sperm present in sperm stripped from isotope in- 
jected control males (corrected for background radiation) = 76.2%, 
n=40 (experiment I) and 73.9%, n=20 (experiment 2). 

The number of inseminations by males in each replicate were 
combined and compared using the ~2 test, ~=0.05 (Snedecor and 
Cochran 1967). 

The proportion of sperm contributed by males of  competing popula- 
tions. The sperm sampling techniques did not allow a reliable esti- 
mate of the actual number of inseminations achieved by an individ- 
ual female with males of each population. An overall assessment 
of the relative success of males of competing populations is pro- 
vided by comparing the number of sperm (out of 300 scored) attrib- 
uted to males of the competing populations (Wilcoxon matched- 
pairs signed-rank test, e=0.05, Snedecor and Cochran 1967). 

Results 

Almos t  45% of  females in bo th  experiments  showed evi- 
dence of  recent in semina t ion  (Tables i and 2). The simi- 
larity in the n u m b e r  of females mated  in each trial 
( m e a n = 2 6 . 7 ,  range 21-32) suggests tha t  it is unl ikely 
that  ma jor  differences in sexual mo t iva t ion  were respon- 
sible for differences in mate  preference between and  
within trials. 

In a major i ty  of  mated  females (64%), the p ropor t ion  
of  labelled and  unlabel led sperm indicates they had been 
insemina ted  by one or more  males of  bo th  compet ing  
popu la t ions  (Tables 1 and  2). In  the r emain ing  females, 
i n semina t ion  could be a t t r ibuted  to males of one popula-  
t ion only (Tables I and  2). 

Measures of  mating success and mate choice 

Attribution of inseminations to males of  competing population. For 
many of the females that mated, it was possible to attribute the 
insemination to a male(s) of one population only; for others, the 
proportion of labelled and unlabelled sperm (corrected for back- 
ground radiation, see the following) indicated that females had 
been inseminated by one or more males of both competing popula- 
tions. Therefore, for each trial the mating success of males of one 

Exper iment  1 : mating competi t ion in clear water 

N a r a n j o  (headstream) males were more  successful in 
ma t ing  with N a r a n j o  females than  either G u a y a m a r e  
( lowland) (trial 1) or L. Ar ipo (midstream) males 
(trial 2), A l though  suggestive, the differences are no t  sig- 
nif icant  when the total  n u m b e r  of  females insemina ted  
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Fig. 1. Mating competition in clear water: 
proportion (%) of sperm recovered from fe- 
males attributed to males of the competing 
populations in four separate trials (see Ta- 
ble 1). Asterisks difference significant P< 
0.05, Wilcoxon Test: N=Naranjo; P=Par- 
ia; G = Guayamare; L = Lower Aripo 

by competing males are compared (Table 1). However, 
in both trials if the numbers of inseminations attribut- 
able to males of only one population are compared, the 
differences are significant (P < 0.05). There were no dif- 
ferences in the number of Guayamare females (trial 1) 
and L. Aripo females (trial 2) inseminated by males of 
competing populations. 

There were no differences in the number of females 
inseminated when Guayamare and L. Aripo males com- 
peted for mating with Guayamare and L. Aripo females 
(trial 3, Table 1). In trial 4, Naranjo females were more 
frequently inseminated by Naranjo males than by com- 
peting Paria males, but only in the numbers of females 
for which insemination could be attributed to males of 
only one population is the difference significant. Conver- 
sely, Paria females were inseminated more often by Paria 
males: the difference in the numbers of females insemin- 
ated by males of only one population is significant. 

In comparing the overall mating success as indicated 
by the proportion of sperm from competing males, Nar- 
anjo males contributed more sperm to Naranjo females 
than did Guayamare males in trial 1 (Fig. 1) and L. Ari- 
po males in trial 2 (Fig. 2). There were no significant 
differences in the amount of sperm contributed to 
Guayamare females by Naranjo and Guayamare males 
(trial 1). Similarly, there were no significant differences 
in numbers of sperm from Naranjo and L. Aripo males 
recovered from L. Aripo females (trial 2). 

There were no significant differences in the numbers 
of sperm contributed to L. Aripo and Guayamare fe- 
males by males of those two rivers (trial 3). In trial 4, 
Naranjo females had more sperm contributed to them 
by Naranjo males than Paria males. Conversely, Paria 
females carried more sperm from Paria males than Nar- 
anjo males. 

80 
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Fig. 2. Mating competition in turbid water: proportion (%) of 
sperm recovered from females attributed to males of two competing 
populations, Naranjo and Guayamare. Asterisks difference signifi- 
cant P <  0.05, Wflcoxon Test 

G 

Exper#nent 2: mating competition in turbid water 

Guayamare males were more successful than Naranjo 
males in mating with Guayamare females in turbid 
water, both in terms of inseminations attributable to 
one population and total numbers of sperm (Table 2; 
Fig. 2). Among the Naranjo females, there was no signif- 
icant difference in the number of inseminations attribut- 
able to Guayamare and Naranjo males. Naranjo males 
did, however, contribute significantly more sperm to 
Naranjo females than did Guayamare males. 

Discussion 

Female guppies remain sexually receptive for several 
days following parturition (Liley 1966) and may cooper- 
ate in mating with several males over that period. In 



334 

this study, almost 45% of females were found to have 
mated during the experimental mating period. Although 
the sampling technique did not allow a precise estimate 
of the number of inseminations achieved by an individ- 
ual female, it was clear from the proportion of sperm 
found to be labelled that 62% of the females had mated 
with males of both competing populations. 

The total numbers of females inseminated by males 
of competing populations, including those mated with 
males of both populations (Tables 1 and 2), provide sug- 
gestive evidence (not statistically significant) of non-ran- 
dom mating in several of the trials. Our inability to esti- 
mate the actual number of inseminations achieved by 
males of competing populations evidently obscures the 
degree of selectivity in mating. Differences in mating 
success of males of competing populations are indicated 
more clearly in estimates of the proportions of sperm 
attributable to males of the two populations. Further- 
more, when females mated with a male(s) of only one 
population are considered (Tables 1 and 2), there are 
significant differences in the numbers of females inse- 
minated by competing males. Females mating with males 
of only one population may have been more selective 
in their responses, perhaps because of motivational dif- 
ferences: a female close to the end of her period of recep- 
tivity may have a higher response threshold and show 
a higher level of discrimination than a female at peak 
receptivity. 

Underlying the hypothesis that female choice has re- 
sulted in the evolution of conspicuous coloration and 
courtship of the male guppy is the assumption that the 
capacity of a male to evoke sexual responses from a 
female is directly related to both the conspicuousness 
and the vigor of the male's display. It is difficult to 
separate completely the two aspects of the display. 

Farr (1980a), working with laboratory strains of gup- 
pies, could find little evidence of an effect of color and 
pattern brightness on reproductive success and con- 
cluded that display rate is the major determinant of male 
success. Farr proposed that male coloration serves as 
a tie-breaker among males having similar display fre- 
quencies. However, experimental studies by Breden and 
Stoner (1987), Endler (1983), Houde (1987, 1988), 
Houde and Endler (1990), Kodric-Brown (1985, 1989), 
Long and Houde (1989), and Stoner and Breden (1988) 
demonstrate clearly the importance of male coloration 
in the responses of females in choice situations. In addi- 
tion, Endler (1983) emphasizes the importance of the 
background - environmental illumination and substrate 
characteristics - in determining the conspicuousness of 
male color patterns. 

In the first experiment reported here, the water was 
clear and only partially shaded for much of the day. 
The mating cages provided a uniform, fine-grained, grey 
screen background. Under these conditions, Naranjo 
(headstream) males were more successful than Guaya- 
mare (lowland) males in mating with Naranjo females. 
This result is consistent with the prediction that head- 
stream males would be more successful than midstream 
and lowland males in competition for headstream fe- 
males in clear water. However, contrary to expectation, 

Naranjo males were no more successful than Guayamare 
and L. Aripo (midstream) males in mating with Guaya- 
mare and L. Aripo females, respectively. 

These findings suggest that whereas greater display 
activity and more conspicuous appearance may enhance 
the ability of headstream males to achieve mating with 
their own females, these characteristics are less effective 
in eliciting sexual responses in midstream or lowland 
females. 

Increasing the turbidity of the water effectively re- 
versed the outcome: in turbid water, Guayamare males 
were considerably more successful than Naranjo males 
in mating with Guayamare females (proportion of sperm 
contributed by Guayamare males: 52% in clear water, 
72% in turbid water, P_<0.025, Mann-Whitney U-test). 
Naranjo males were still more successful with their own 
females in turbid conditions as measured by the propor- 
tion of sperm contributed by males of the two popula- 
tions, but the difference between Guayamare and Naran- 
jo males was reduced considerably compared with the 
outcome in clear water: the mean number of sperm con- 
tributed to Naranjo females by Naranjo males in clear 
water was 72%, compared with 58% under turbid condi- 
tions (P _< 0.04). 

Was the increased success of Guayamare males in 
turbid water due to less reliance by those males upon 
visual signals and to a greater dependence upon gonopo- 
dial thrusting as the mechanism of insemination? We 
have no way of answering that question. The increased 
success of Guayamare males could reflect a greater fre- 
quency of gonopodial thrusting or it could be that other 
differences, for example in schooling and in orientation 
behavior, or a response to female pheromones (to be 
discussed hereafter) increase the mating success of low- 
land males in turbid water. 

Our experimental findings confirm the importance of 
visual components in the courtship of headstream fish, 
but at the same time these findings indicate that what 
we have assumed to be the more conspicuous display 
does not itself ensure mating success with midstream 
or lowland males. Indeed, the results call into question 
the assumption that the capacity to attract a mate, and 
hence the basis for epigamic sexual selection, is simply 
a product of the conspicuousness of the coloration and 
amount of display. Instead, female responsiveness ap- 
pears to be "adaptively tuned" to the stimulus normally 
provided by males of their own populations. For exam- 
pie, in clear water the more active and conspicuous Nar- 
anjo (headstream) males were as successful as lowland 
males in mating with lowland females; in turbid water, 
lowland Guayamare males were considerably more suc- 
cessful than Naranjo in mating with their own females, 
but had less success with Naranjo females. Evidently, 
the greater conspicuousness of Naranjo males overrides 
to some extent the intrapopulation preference of Guaya- 
mare females in clear water, but any "advantage" is 
lost in turbid water where Guayamare males are relative- 
ly more successful, even with Naranjo females. 

A correlation between male traits and female prefer- 
ence is most clearly indicated by the interpopulation dis- 
crimination observed when the two headstream popula- 
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tions, Paria and Naranjo, were allowed to compete: 
males of both populations were more successful with 
females of their own populations. This result is contrary 
to our prediction that males from populations from 
rivers with roughly similar conditions and exhibiting 
similar courtship strategies would not differ significantly 
in mating success with females of either population. 
Note, however, this prediction was supported when L. 
Aripo and Guayamare males were allowed to compete. 

The basis for these interpopulation discriminations 
is unknown. Females may respond to differences in 
courtship not detected by us. Alternatively, in spite of 
the remarkable variety of male color patterns, females 
may respond more readily to the color patterns of their 
own populations. Males of the Paria and Naranjo popu- 
lations rely on quite different color schemes to achieve 
a conspicuous appearance: Naranjo males are character- 
ized by highly distinctive large black markings empha- 
sized by surrounding irridescent white or blue structural 
colors; Paria males typically have relatively large areas 
of intense red-orange patches of carotenoid pigmenta- 
tion separated by distinct black bars or patches; the 
black, structural and carotenoid markings of L. Aripo 
and Guayamare are generally far less bold than in head- 
stream males (see color plates in Endler 1983: a. Lower 
Aripo, b. Aripo - low predation sample similar to Nar- 
anjo, c. Paria). 

Houde (1987, 1988), Long and Houde (1989), and 
Kodric-Brown (1985) have demonstrated the importance 
of orange pigment in the color patterns of male guppies 
as a cue for female mate choice. In a comparison of 
mating responses of females of several Trinidad guppy 
populations (including Paria), Houde (1988) and Houde 
and Endler (1990) found that the degree of female sexual 
response is correlated with the population average area 
of orange pigmentation. 

Although the work cited above has emphasized the 
importance of orange pigmentation in evoking female 
responses, it is clear that other components of the colora- 
tion pattern may play a major role. Orange pigmentation 
is not well developed in Naranjo males, and Houde and 
Endler (1990)obtained low levels of sexual response to 
males with large areas of orange in females of three 
populations with males with small areas of orange. In 
addition, differences in male-female interaction may fa- 
vor the non-display insemination tactic in some popula- 
tions more than others. Females are not known to active- 
ly cooperate with gonopodial thrusting males. Neverthe- 
less, certain features of the behavior of lowland and mid- 
stream males may facilitate thrusting behavior. Lowland 
and midstream fish tend to form schools and maintain 
shorter inter-individual distances (Seghers 1973, 1974a, 
b; Luyten and Liley 1985). Although schooling is pri- 
marily a predator avoidance behavior, it almost certainly 
facilitates male-female encounters and interactions, in- 
cluding gonopodial thrusting in clear water, and is likely 
to be a major factor in turbid water where visual display 
is less effective. 

Emphasis in this and other studies cited has been 
placed upon female choice. However, there is some evi- 
dence that mate selection does not depend entirely upon 

female choice. Ballin (1973) and Crow (1981) demon- 
strated in a series of mate-choice experiments a tendency 
for males to direct more courtship to females of their 
own populations. The basis for this male preference was 
not clear. One possibility is that males responded to 
minor morphological differences or to subtle female re- 
sponses to their courtship. Population specific phero- 
mones may also play a role. Snyder (1978) working with 
a headstream (Paria) and a lowland (Caparo) population 
demonstrated that males of both populations showed 
a greater sexual response to ovariectomized (pheromon- 
ally inert) females in the presence of chemical cues de- 
rived from females of their own populations. 

Sexual selection and speciation 

The results of the present study support the hypothesis 
that population differences in coloration and mating be- 
havior are adaptations to different physical and biotic 
conditions in the streams occupied by the four popula- 
tions examined. The findings also provide support for 
Houde and Endler's (1990) proposal that male traits and 
female preferences in the guppy appear to have evolved 
in parallel, as predicted by several models of sexual selec- 
tion. 

Mayr (1963) and Dobzhansky (1951) have argued 
that geographic variation in species characteristics is the 
inevitable consequence of geographic variation in the 
environment and is the essential first step in speciation. 
West-Eberhard (1983) considered the possible role of 
sexual selection in this evolutionary process and stressed 
that under sexual selection, social signals are likely to 
diverge in isolated populations independently of any re- 
quirements for species recognition. Populations whose 
signals have diverged in this way are likely to be pre- 
adapted for species recognition by the prior acquisition 
of specific markers and need only to be selected to distin- 
guish them. 

Investigations of Trinidad guppy populations provide 
support for the Mayr (1963) and Dobzhansky (1951) 
hypothesis: guppies from geographically separated pop- 
ulations vary in a wide range of ecological, morphologi- 
cal, and behavioral characteristics that can, in turn, be 
correlated with variation in the environment. In particu- 
lar, mating behavior and mate selection show a diver- 
gence among populations which, although not sufficient 
to maintain reproductive isolation (the populations will 
interbreed freely in the laboratory), appear to represent 
an early phase in speciation and confirm that population 
recognition may arise at an early stage in evolutionary 
divergence in the absence of selection for reproductive 
isolation. 
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