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MOLECULAR GENETIC DISSECTION OF SPAWNING, PARENTAGE, AND
REPRODUCTIVE TACTICS IN A POPULATION OF REDBREAST SUNFISH,
LEPOMIS AURITUS

J. ANDREW DEWoOODY,!2 DEAN E. FLETCHER,? S. DAvVID WILKINS,? WILLIAM S. NELSON,! AND

Joun C. Avise!
'Department of Genetics, University of Georgia, Athens, Georgia 30602
2E-mail: dewoody@arches.uga.edu
3Savannah River Ecology Laboratory, Drawer E, Aiken, South Carolina 29802

Abstract.—Despite a great diversity of reproductive behaviors in fishes, few studies have examined the genetic con-
sequences of alternative reproductive tactics. Here we develop and employ microsatellite markers to assess genetic
paternity and maternity of progeny cohorts in a population of redbreast sunfish (Lepomis auritus), a species in which
males build and tend nests. Nearly 1000 progeny from 25 nests, plus nest-attendant males and nearby adults, were
genotyped at microsatellite loci that displayed more than 18 alleles each. The genetic data demonstrate that multiple
females (at least two to six) spawned in each nest, their offspring were spatially dispersed across a nest, and more
than 90% of the young were sired by the attendant male. However, about 40% of the nests also showed genetic
evidence of low-level reproductive parasitism, and two nests were tended by males that had fathered none of the
sampled offspring. Genetically deduced reproductive behaviors in this population of redbreast sunfish contrast with
those reported previously in bluegill sunfish (L. macrochirus) wherein heteromorphic males specialized for parasitism
or for parental care coexist in high frequency. Thus, nest-parasitic reproductive behaviors in fishes appear to be

evolutionary labile.

Key words.—Cuckoldry, maternity, mating system, microsatellites, paternity, polygyny, sexual selection.
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The difficulty of continuous behavioral monitoring of
many animals in nature places logistic constraints on eco-
logical studies of mate choice and biological parentage.
Even when reproductive hypotheses can be formulated in
particular instances, they remain refractory to critical tests
in the absence of genetic data on mating systems. Many of
these difficulties can be overcome through the use of highly
polymorphic genetic markers. For some taxa, such studies
have revolutionized thought about reproductive behaviors.
For instance, genetic data demonstrate that many passeri-
form birds thought to be socially monogamous are geneti-
cally polygamous (reviews in Birkhead and Mgller 1992;
Avise 1994). Whereas avian and mammalian taxa have re-
ceived considerable attention in genetic reanalyses of mat-
ing systems, fishes have been largely neglected in such stud-
ies (but see Philipp and Gross 1994; Jones and Avise
1997a,b; Jones et al. 1998). This is surprising given the
great diversity of mating systems and reproductive tactics
suspected in fishes (Taborsky 1994).

Reproductive ecologies of North American sunfish (Cen-
trarchidae) are well documented (Breder 1936; Gross 1982;
Lukas and Orth 1993). Typically, a parental (‘‘attendant’’ or
“bourgeois’”) male constructs a nest in gravel substrate and
then swims in circular patterns above his nest. One or more
females approach and spawning is initiated. A female may
spawn her entire clutch of several hundred eggs in a few
hours or a spawning sequence may involve several successive
egg releases. In either case, different eggs could be fertilized
by different males within one or more nests. Attendant males
continually fan the nests to keep offspring well aerated and
free of silt. A bourgeois male (Taborsky 1997) also defends
the nest against intraspecific and interspecific intruders until
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the young eventually disperse, typically after about one to
two weeks.

Intruders to a nest include conspecific ““‘parasitic’’ males
(Taborsky 1997) that may fertilize some of the eggs. From
field observations, nest parasitism long has been suspected
in centrarchid species (Keenleyside 1972; Gross 1979). Par-
asitic males frequently intrude upon spawning events by
male-female pairs and may steal some fertilizations from the
attendant male (Gross 1979; Dominey 1980; Gross and Char-
nov 1980). In bluegill sunfish (Lepomis macrochirus), young
parasitic males (sneakers) swim rapidly into the nest and
release sperm during spawning, whereas older parasitic males
(satellites) gain access to the courtship process by mimicking
females in behavior and morphology (Ehlinger et al. 1997).
In general, bluegill parasites devote relatively less body mass
to somatic tissue and more mass and energy to testes devel-
opment than do bourgeois males (Gross 1982; Ehlinger et al.
1997). Although the genetic consequences of nest-parasitic
behaviors seldom have been addressed in fishes, Gross (1991)
suggested that fertilization thievery may be a common phe-
nomenon and an evolutionarily stable strategy in some sun-
fish.

Here, we employ hypervariable markers at microsatellite
loci to dissect the genetic mating system in a population of
a related species, the redbreast sunfish, Lepomis auritus. Nest-
attendant males as well as embryos and larvae of varying
developmental stage and spatial position within each nest
were assayed. The genetic data reveal the proportion of off-
spring sired by each nest-attendant male, the numbers of
females with which he had spawned, and the frequencies and
spatial orientations of fertilization thievery. When compared
to those reported previously for the bluegill, the genetic re-

1802

© 1998 The Society for the Study of Evolution. All rights reserved.



REPRODUCTIVE TACTICS AND PARENTAGE IN SUNFISH

2 kilometers

HITIISITIIIS -

road

railway
\1\\
NN
\\\.
\
\
\
\ Fourmile
Creek

1803

current
flow

Savannah River

Fic. 1.
sites within one locale.

sults indicate that a diversity of reproductive behaviors exists
and can differ in expression even between closely related fish
species.

MATERIALS AND METHODS

Nests were collected from Fourmile Creek, a tributary of
the Savannah River on the Department of Energy’s Savannah
River Site, located near Barnwell, South Carolina (Fig. 1).
Nest-tending males were identified and captured at night us-
ing a spotlight and portable electrofishing devices. Male and
female sunfish not attached to a particular nest also were
collected, yielding N = 64 adults total. Of these, 48 were
males (including three L. punctatus captured near a L. auritus
nest) and 16 were females (including one L. gulosus collected
within a L. auritus nest). Nonnesting adults were collected
by electrofishing around woody debris and vegetation within
5-10 m of the sampled nests and probably represent only a
small fraction of the redbreast sunfish in the immediate area.
Gross morphological inspections as well as examinations of
gonadal tissues in dissections of all adult fish revealed no
evidence for cryptic satellite males (i.e., female mimics),
which have been reported in bluegill sunfish.

A typical nest was about one meter in diameter and con-
tained as many as several thousand young. For genetic assay,
samples of nonmobile embryos and larvae were taken from
one center and four perimeter locations within each nest. Each
sample consisted of all offspring within a 65-mm circle on
the nest floor. Substrate samples were scooped into a jar and

Map of the eight collecting locales in Fourmile Creek near Barnwell, South Carolina, with a closeup showing the three nest

returned to the laboratory, where L. auritus juveniles were
identified under a dissecting microscope (Fletcher 1993).
Free-swimming fry were collected from the water column
above the nest. Based upon morphological inspection, each
offspring was classified as an embryo, hatchling, mid-yolksac
fry, or swim-up fry (captured in hover above the nest sub-
strate). Alternative developmental phases within a nest usu-
ally were discrete and unambiguous. Offspring were fixed in
100% ethanol, and DNA was extracted up to 18 months later.

To generate a size-selected genomic library for L. auritus,
total DNA was isolated and pooled from the liver tissue of
five adult redbreast sunfish taken from the Oconee River in
Athens, Georgia. The library, containing 300-800-bp frag-
ments, was constructed and then screened for (GATA), and
(GACA), repeats using an enriched protocol (details in Pro-
dohl et al. 1996). Fifty positive colonies were isolated using
a (GATA), probe, whereas only one proved positive for
(GACA),. Positive clones were cycle sequenced using a com-
mercial kit (fmol system; Promega), and PCR primer pairs
were designed for six of the (GATA), loci.

DNA was extracted from each embryo using the method
of Altschmied et al. (1997). Briefly, small tissue samples were
blotted to remove ethanol, macerated in 100 pl of extraction
buffer (100 mM NaCl, 0.5% sarkosyl), and boiled for 15 min.
After cooling to room temperature for 2-3 min, 100 pl of
20% Chelex was added and incubated at room temperature
for 15 min. Samples were boiled for an additional 15 min
and briefly spun in a microcentrifuge to separate DNA from
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TABLE 1.

J. ANDREW DEWOODY ET AL.

Microsatellite locus designations, primer sequences, and product size. Heterozygosity statistics are based on 64 presumably

unrelated adult redbreast sunfish from the same river drainage. P-values (and associated standard error, SE) represent departures from
Hardy-Weinberg equilibrium and are estimated by a Markov chain method (see text). Markov chain parameters were set at 1000

dememorization steps, 1000 batches, and 2000 iterations per batch.

Locus Primer sequence (5'—3') Size (bp) Obs. het. Exp. het. P-value SE

RB7 GTGCTAATAAAGGCTACTGTC 117-205 0.891 0.923 0.131 0.007
TGTTCCCTTAATTGTTTTGA

RB20 GGTCTACTGGTAAATGAGGG 200-304 0.844 0.905 0.668 0.008

GTTGGGCTGTCGAGAGTAAAAA

the Chelex/debris; 1-4 pl of this supernatant was used as a
PCR template.

Amplifications were performed in 10 pl volumes, each
containing 1X Promega buffer, 1.5 mM MgCl,, 200 puM
dNTPs, 5 pmol of each primer (one of which was radioac-
tively end-labeled with y32P ATP), and 0.5 U Promega Taq
DNA polymerase. Cycling parameters were as follows: an
initial 2 min denaturation at 95°C, followed by 30 cycles of
1 min at 94°C, 30 sec at 47°C (locus RB7) or 60°C (locus

0.18
0.16+
0.14—
0.124

0.1
0.08 -

RB7

0.06
0.04 -
0.02

0.18
0.16
0.14-
0.124

RB20

allele frequency

0.1+
0.08-
0.06 -
0.04+
0.02
0

224
228
232
236
240
244
248
252
256
260
264
268
272
27

280
288
292
304

allele size (bp)

FiG. 2. Allele frequencies for the microsatellite loci RB7 and
RB20 in 64 presumably unrelated adult sunfish from the Fourmile
Creek site.

RB20), and 30 sec at 72°C. Reactions were electrophoresed
in standard 6% polyacrylamide denaturing gels and exposed
to X-ray film for 4—48 h. Alleles were labeled according to
molecular size such that, for example, allele ““177” was 177
nucleotides in length as judged by relative mobility of the
original cloned fragment.

RESULTS

Microsatellite Features

We examined six microsatellite loci from the library of
potential markers. Two loci (RB7 and RB20; Table 1) proved
highly informative. Two other loci were monomorphic in our
samples, one failed to amplify, and the sixth was difficult to
score for technical reasons. Both of the informative loci also
proved to be polymorphic in samples of two other sunfish
species, L. punctatus and L. gulosus. A microsatellite locus
Lma21 from the bluegill (Colbourne et al. 1996) also was
assessed, but it was not consistently scorable in redbreast
sunfish.

Within the sample of 64 presumably unrelated adults, 22
and 18 alleles, respectively, were observed at RB7 and RB20
(Fig. 2). Conventional exclusion probabilities (Chakraborty
et al. 1988) were 0.84 and 0.80 for these loci, yielding a
combined parental exclusion probability of 0.97. However,
in the case of unknown parentage (not just paternity), mod-
ified exclusion probabilities are required (Dodds et al. 1996;
Jones et al. 1998). In this case, our combined paternity/ma-
ternity exclusion index was greater than 0.90.

Null alleles were not a complication in this study as gauged
by two lines of evidence. First, neither locus deviated sig-
nificantly from Hardy-Weinberg proportions in the popula-
tion sample of adults (exact test of Guo and Thompson [1992]
as conducted in GENEPOP 3.1b [Raymond and Rousset
1995]). Second, null alleles were not observed in any father/
progeny array. Most individuals were heterozygous, and in
the seven cases in which a nest-attendant male appeared ho-
mozygous at one locus, he invariably transmitted this allele
to all of his biological offspring. This latter point is illustrated
in Figure 3. The attendant male (Fig. 3; second lane from
the left) at nest LA35 appeared homozygous, and all 33 as-
sayed offspring within the nest were heterozygous. Twenty-
five of these juveniles displayed an allele from the nest-at-
tendant male and thus were likely his offspring, whereas the
remaining young (eight of which are marked by arrows in
Fig. 3) probably resulted from nest cuckoldry (see below).

Genetic Paternity

By an extension of the procedures just described, genetic
parentage was assessed for all attendant (and other) males.
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Fic.3. Microsatellite gel showing the genotypes (RB20 locus, nest
LA35) of 33 embryos, the associated nest-attendant male, and a
candidate mother (a reproductively mature female captured in close
proximity to the nest). On the basis of this genetic information in
conjunction with that from the second locus (not shown), the can-
didate female did not mother more than one of the assayed embryos
in this nest. Arrows denote embryos that by genetic evidence were
not sired by the nest-attendant male. The attendant male similarly
was excluded as sire of one additional embryo by genotypes ob-
served at the second microsatellite locus.

Multilocus genotypes were determined for each attendant
male and for all embryos sampled from his nest. By com-
paring genotypes across half-sib progeny arrays, the genotype
of the shared parent became evident. For example, all off-
spring from nest LA35 (Fig. 3) were heterozygous at RB20.
Those sired by the attendant male (which was homozygous
for the ““236” allele) must have received that paternal allele,
such that the other allele was of maternal origin. The same
procedure applied to the second locus resulted in assignment
of a dilocus maternal gametic haplotype to each juvenile.
Note that LA35 was the nest most severely parasitized in our
study. In other nests, most of the clutches were sired by a
single father, so the maternal haplotypes inherited by off-
spring were immediately apparent.

In 22 of the 25 nests surveyed (88%), 90% or more of the
juveniles sampled displayed genotypes consistent with Men-
delian inheritance from the nest-attendant male (Table 2). One
exception already has been mentioned: in nest LA35, nine
of 33 young (27%) were incompatible with the genotype of
the resident adult male. However, genotypes of eight of these
latter offspring were consistent with paternity by a single
parasitic male, as is the ninth embryo if a single mutation is
assumed in the germ line of the hypothesized parasitic father.
Thus, we provisionally conclude that the attendant male of
nest LA35 sired 24 embryos, and a parasitic male sired the
remaining nine embryos, one of which displayed a mutation
at locus RB20.

In the two other exceptional nests, LAO3 and LAI1l, few
or none of the progeny could have been fathered by the nest-
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TABLE 2. Genetically deduced parentage for redbreast sunfish ju-
veniles in 25 nests. Individuals that apparently were not sired by
the attendant male are described in Table 3 or, in the case of nest
LA35, in Figure 3.

No. assayed
Total no. young sired by
Nest young in nest!  attendant male Minimum no. mothers
LAO1 161 9 of 10 3
LAO3 342 0 of 50 5
LAO4 3352 21 of 21 4
LAO7 195 10 of 10 2
LAO8 7077 15 of 15 4
LAO9 4401 10 of 10 2
LAll 219 =5 0f 50 4
LAI12 2577 47 of 50 3
LA13 1546 58 of 59 4
LA14 4947 90of 9 3
LAl6 2553 15 of 15 2
LA18 175 21 of 22 2
LA19 1339 47 of 48 5
LA21 4390 38 of 38 4
LA22 997 10 of 10 2
LA23 727 60 of 60 3
LA25 4295 20 of 20 4
LA26 1105 174 of 175 6
LA27 1066 22 of 23 4
LA28 4606 99 of 100 6
LA31 1103 29 of 29 4
LA32 6731 44 of 44 4
LA33 684 49 of 49 5
LA35 214 24 of 33 4 with attendant,
2 with cuckolder
LA36 317 43 of 46 4

! Calculated extrapolation based on size of nest and juvenile densities in
the spot samples from sites within the nest (the tremendous task of sorting
embryos from substrate prevented absolute counts).

attendant male (Table 2). In each of these cases, nearly all
juveniles had genotypes consistent with the possibility that
they had been sired by only one nonattendant male (the ex-
ceptions occurred in nest LAO3, where a second father must
be postulated for two of the 50 offspring assayed).

A small proportion of juveniles in several additional nests
displayed genotypes that at face value appear inconsistent
with paternity by the nest-attendant male (Table 3). The ge-
notypes of three of these offspring indicate that the true sire
was not the attendant male because the paternity exclusions
involved both loci. However, the remaining 12 ‘“‘anomalous”
offspring (other than those in nest LA35, but including the
two embryos from nest LAO3 that were not consistent with
the half-sib progeny array) had genotypes inconsistent with
the putative father at only one assayed locus (Table 3). In
seven of these cases, a possible paternal allele in a juvenile
differed from a nearest counterpart allele in the resident male
by two or more increments in microsatellite repeat count. For
example, in offspring LA12AS5I (Table 3), allele “189” at
locus RB7 differed by three steps in repeat count from the
nearest-size allele (‘“177”") in the nest-attendant male. In oth-
er species, multi-unit mutations at microsatellite loci are
thought to be rarer than single-unit mutations, although the
former do occur as well (Jarne and Lagoda 1996 and refer-
ences therein). Thus, it remains uncertain from our data what
fraction of the single-locus paternity ‘‘exclusions’ are to be
attributed to parasitism as opposed to de novo mutations.
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TABLE 3.

J. ANDREW DEWOODY ET AL.

Juveniles provisionally excluded as biological offspring of the corresponding attendant male. Underlined genotypes indicate

the genetic exclusions. For those juveniles that differ from the attending male’s genotype at a single locus, the number of mutational
steps required to generate the difference is listed. ““?”* indicates missing data. The two juveniles from nest LAO3 are included as departures

from the hypothetical parasitic male’s genotype (see text).

Embryo genotype

Paternal genotype

Nest Embryo RB7 RB20 RB7 RB20 steps
LAOQ1 B3A 149/149 248/256 133/189 236/256 =4
LAO3 AlO 165/181 244/256 149/165 236/248 =1
LAO3 ASE 165/169 244/288 149/165 236/248 =1
LA12 AlC 165/? 232/236 177/177 244/252 =2
LA12 ASH 177/193 256/268 177/177 244/252 =1
LA12 ASI 153/189 244/252 177/177 244/252 =3
LA13 C5G 173/177 244/244 129/181 244/292 =1
LA18 AdM 145/161 ? 149/177 256/256 =1
LAI9 D5B 133/165 252/260 173/177 248/252 =2
LA26 C1T 173/173 248/252 149/157 2441244 both loci
LA27 AS5W 153/205 240/240 133/189 236/256 both loci
LA28 A2D 149/161 260/276 157/177 236/260 =2
LA35 AGE 153/169 236/252 145/177 236/236 =2
LA35 A6H 173/181 252/260 145/177 236/236 both loci
LA35 A6M 177/181 240/252 145/177 236/236 =1
LA35 A6N 153/153 240/252 145/177 236/236 both loci
LA35 A60 149/181 252/264 145/177 236/236 both loci
LA35 AGP 153/153 240/252 145/177 236/236 both loci
LA35 A6Q 153/161 248/268 145/177 236/236 both loci
LA35 A6V 173/181 252/260 145/177 236/236 both loci
LA35 ATA 165/181 244/252 145/177 236/236 both loci
LA36 A6B 145/173 236/252 153/181 252/260 =2
LA36 A7P 149/177 236/248 153/181 252/260 both loci
LA36 AT7L2 145/153 236/244 153/181 252/260 =2

Also of interest is the fact that nest LA36 was less than
one meter from LA35, yet none of the three ‘‘aberrant” young
within it displayed a composite genotype compatible with
being the offspring of the same individual that parasitized
nest LA35. However, all three excluded young in nest LA36
did have genotypes consistent with paternity by the attendant
of LA35, suggesting that this nest-attendant bourgeois male
was also a nest parasite.

Genetic Maternity

Because most juveniles possessed genotypes consistent
with inheritance from the nest-attendant male, genetic as-
signments of maternity were facilitated greatly. Thus, the
maternally derived haplotype in each such offspring could
be specified. An accumulation of such data across progeny
cohorts yielded information on maternal contributions to a
nest. In some instances, maternal diploid genotypes could be
reconstructed from the progeny arrays given the inferred pa-
ternal contribution to each offspring, but this was possible
only when a large number of progeny was assayed relative
to the number of females spawning in a nest. In more usual
situations, maternal gametes could be specified but maternal
diploid genotypes at one or both loci remained uncertain.
These maternal haplotypes nonetheless provide further in-
formation on minimum numbers of females that contributed
to progeny cohorts within a nest.

These concepts and procedures can be illustrated by ref-

erence to nest LA28 (Figs. 4, 5). This nest initially was char-
acterized by possession of two developmentally distinct
broods, “A” and “B.”” Examination of maternal genotypes
in the progeny revealed that two females contributed off-
spring to brood “A” (Fig. 4). One of these mothers was
deduced to have had the diploid genotypes 145/149 and 236/
260 at loci RB7 and RB20, respectively; the other mother
had the genotypes 153/177 and 248/248. However, only the
haploid maternal genotypes could be deduced securely for
brood “B”’ because some of the mothers must have shared
alleles. For example, maternal allele 165 is represented in
three distinct gametes and maternal allele 169 is represented
in four different gametes. A total of sixteen maternal gametes
was deduced for brood “B”’ (Fig. 5), and these could have
stemmed from no fewer than four different mothers (none of
which were the same as the two mothers of brood ‘‘A,” as
can be seen by examination of the alleles at locus RB7; Figs.
4, 5). Thus, as judged by maternal gametic contributions,
altogether at least six different females contributed to the
progeny in nest LA28.

Ten nests contained juveniles of more than one develop-
mental stage. By genetic evidence (deduced female gametic
contributions), the different developmental phases within a
nest usually represented broods from different mothers (the
only exception was nest LA13, where two of three putative
developmental broods could have come from the same moth-
er, who released eggs in the nest on two occasions). Thus,
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145/149 at RB7 153/177 at RB7

236/260 at RB20 248/248 at RB20

FiG. 4. Spatial distribution of the maternal genetic contributions
to progeny of developmental phase ‘A’ in nest LA28. Each embryo
is represented as a circle within a collecting position. For these
offspring, maternal diploid genotypes could be deduced (see text).

many of the polygynous matings by a nest-attendant male
must have been separated sufficiently in time (at least 12 h)
as to be reflected in detectable developmental differentiation
among clutches within a nest. However, as for nest LA28,
the genetic data also indicate that progeny of a given de-
velopmental phase often had multiple mothers. Another ex-
ample involved nest LAO3, where all offspring were indis-
tinguishable in developmental phase but 10 different maternal
alleles (at least five mothers) contributed to the nest. Thus,
the observed numbers of different developmental phases pro-
vide a minimum estimate of the number of females that
spawned within a nest.

Overall, for this population of L. auritus, estimates of the
minimum number of mothers per nest ranged from two to
six, with a mean of 3.7 (Table 2). Somewhat surprisingly, by
genetic evidence no adult female captured in the vicinity of
a particular nest had spawned in that nest.

Maternity also was examined with respect to the microspa-
tial positions of juveniles within each nest. Although our
sample sizes of progeny were modest, maternal alleles char-
acteristically proved to be dispersed widely across a nest such
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nest LA28

position 2

position 1 position 5

position 3

O

developmental phase "B" embryos

maternal gametes (RB7/RB20 alleles):

161/236 165/256 2 1817240 205/240

() 169/248 153/224 () 1617248 169/272

(:}) 193/248 153/226 Q) 205/272 ) 209/272

() 165/2a8 169/240 ) 1651224 169/236
Fic. 5. Spatial distribution of the maternal genetic contributions

to progeny of developmental phase ““B”’ in nest LA28 (see legend
to Fig. 4). For these offspring, only the maternal haploid (gametic)
genotypes could be deduced (see text).

that juveniles from one site could not be distinguished con-
sistently from those at others (e.g., Figs. 4, 5). This lack of
evident spatial clustering of progeny may not be surprising
given that adult pairs typically swim and deposit eggs in a
circular pattern over the entire nest during the spawning pro-
cess (Lukas and Orth 1993).

DiscUSSION

The picture that emerges from this genetic dissection of a
redbreast sunfish population is one in which multiple females
(at least two to six) spawn in a nest and more than 95% of
the young are sired by the nest-attendant male. However,
small fractions of progeny (< 10%) in a moderate proportion
of nests (40%) were the result of parasitism, and in rare cases
males tended nests composed almost exclusively (> 95%) of
offspring that they did not sire. These conclusions will be
examined for caveats and interpreted in the light of repro-
ductive behaviors previously suspected for other sunfish spe-
cies.
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Parasitism or Mutation?

Disparities at Two Loci.—Although most of the offspring
displayed genotypes consistent with their having been sired
by the nest-attendant male, a small fraction of young carried
alleles not present in the respective attending male. In each
of three cases (involving nests LA26, LA27, and LA36), the
single “‘aberrant” offspring almost certainly was the product
of reproductive parasitism because paternity exclusions for
the nest-attendant male occurred at both loci. Whether the
parasitism resulted from stolen fertilization or by immigra-
tion of foreign offspring cannot be decided by the genetic
data alone, but immigration seems highly unlikely given than
many of the juveniles assayed were embryos that lack “self
propulsion.” In any event, such progeny were rare, com-
prising only 0.6%, 4.4%, and 2.2% of the offspring sampled
from these respective nests.

Disparities at One Locus.—In other possible instances of
nest parasitism (Table 3), the paternity ‘‘exclusions” in-
volved one locus only. Thus, an alternative interpretation is
that an offspring received a de novo germ-line mutation from
the nest-attendant male which was, therefore, its true father.
This scenario is most tenable for juveniles carrying an allele
that was only one putative ‘‘mutation step’’ (a 4-bp insertion
or deletion in this case) removed from an allele in the nest-
attendant male. This is because, in other species, more than
80% of microsatellite mutations reportedly involve incre-
mental rather than saltational changes in size (Weber and
Wong 1993; Jin et al. 1996; Primmer et al. 1996).

However, for seven of the 12 redbreast sunfish young in-
volved in single-locus paternity exclusions (not including
those in parasitized nest LA35), the alleles in question dif-
fered in size from those in the nest-attendant male by at least
two repeat units (8-bp). If 80% of new microsatellite mu-
tations in L. auritus involve single stepwise changes, the
probability that seven of these 12 putative mutations involve
more than one step is less than 0.05 (binomial probability,
P = 0.004), suggesting that at least some of these juveniles
also resulted from parasitism. If all of the suspect juveniles
in Table 2 resulted from parasitism, then the stolen-fertiliza-
tion success rate within parasitized nests was about 3.9% (22
of 566 offspring). For the population at large (including non-
parasitized nests, but excluding takeover nests LAO3 and
L.A11), the frequency of offspring from parasitic matings was
about 2.5% (22 of 896 offspring).

These values can be interpreted as providing relative suc-
cess rates (i.e., reproductive fitnesses to the juvenile stage)
of males with alternative mating tactics. Clearly, the bour-
geois strategy greatly predominates over parasitic strategies
in the Fourmile Creek population. Nonetheless, the evolu-
tionary mechanism(s) that maintain these behaviors and gov-
ern their relative frequencies cannot be decided by these kinds
of genetic data. This discussion assumes that the two mating
strategies are indeed distinct and there is no parasitism by
bourgeois males. However, our data suggest that the two re-
productive strategies are not mutually exclusive and that
bourgeois males may parasitize other nests if the opportunity
arises.

Alternatively, if we postulate that de novo mutation is re-
sponsible for all of the single-locus paternity exclusions, then
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TABLE 4. Probabilities of genetic identity at two microsatellite
loci for nest-attendant males that were provisionally excluded as
biological fathers of some offspring in a nest. The probability of
identity represents the likelihood that the genotype of a nest-atten-
dant male is shared by another individual drawn at random from
the population. Calculations assume that the genotype frequencies
are in Hardy-Weinberg equilibrium.

Bourgeois
male RB7 RB20 Combined

LAO1 1.47 x 103 2.01 x 102 295 x 10-3
LAO3 7.81 X 10-2 1.10 x 102 8.58 X 10-¢
LAO12 3.23 x 102 4.03 X 102 1.30 x 10-3
LAO13 4.88 X 1073 3.66 x 10-3 1.78 x 10-3
LAO18 1.97 x 10-2 7.38 x 103 1.45 x 104
LAO19 3.09 x 102 4.83 X 102 1.49 X 103
LAO26 7.69 X 10-3 1.37 x 102 1.06 x 104
LAO027 1.47 x 10-3 2.01 x 102 2.95 x 103
LAO028 2.52 X 102 1.10 X 10-2 2.78 x 104
LAO35 8.42 x 10-3 1.37 x 1072 1.16 X 104
LAOQ36 6.83 x 103 1.61 X 1072 1.10 x 104

mutation rates can be estimated. A total of 996 embryos was
assayed, and 12 were excluded as half-sibs of their respective
progeny arrays at a single locus (i.e., were not sired by the
attendant male). Considering only the paternal side, locus
RB7 would have undergone seven mutational events, yielding
a mutation rate of 7.0 X 10-3; and locus RB20 would have
undergone five mutational events for an estimated mutation
rate of 5.0 X 10-3, These values agree well with tetranucle-
otide mutation rates in other organisms (Weber and Wong
1993; Ellegren 1995; Primmer et al. 1996).

Interestingly, these inferred mutation rates are similar in
general magnitude to the probabilities of genetic identity at
individual loci (Table 4). This means, for example, that the
paternity ‘‘exclusion” at the RB7 locus in embryo C5G from
nest LA13 (Table 3) may have resulted from a mutational
event in the nest-attendant male’s germ line (probability 7.0
X 10-3) or, with similar likelihood, from a parasitic male
hypothesized to share a genotype with the nest-attendant male
at locus RB20 (probability 3.7 X 10-3).

Regardless of the precise contribution of parasitism versus
de novo mutation to the paternity “‘exclusions,’” the following
conclusions hold for this population: (1) the success rate of
nest parasitism as gauged by the fraction of offspring pro-
duced is low (< 5%); and (2) mutation rates at the micro-
satellite loci assayed were too low (< 10-2 per generation)
to have seriously compromised the mating system analysis.

Nest Takeovers

The attendant male at LAO3 did not sire any of the 50
juveniles surveyed from that nest. One possibility is that he
and the true attendant male were mislabeled in the collections.
However, the data indicate that a single hypothetical male of
the appropriate two-locus genotype could have sired 48 of
the 50 juveniles in that nest. A male with this genotype was
not represented in our collection of adult sunfish, indicating
that the problematic male was not confused with one of our
other samples. Thus, a more likely explanation is that a for-
eign male appropriated the nest site after the parental male
departed, was expelled, or died.

The same phenomenon was observed in nest LA11. There,
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the attendant male could have sired no more than five of the
50 young sampled from the nest. Yet, genotypes in all of the
assayed progeny could be attributed to a single hypothetical
male not represented in our collection of adults. Again, the
nest site probably was appropriated by another male. Nest
takeovers are likely an opportunistic response to nest-site
availability. Perhaps a takeover male increases his chances
of siring a brood through acquisition of a desirable nest site,
even if it already contains embryos. Another possibility is
that such males may profit by eating offspring in the takeover
nest because cannibalization is a common phenomenon in L.
auritus (pers. obs.).

Numbers of Spawning Females per Nest

The mean number of mothers that at face value contributed
progeny to a nest was 3.7 (range 2—6). These values must be
interpreted as minimal estimates of maternal numbers in this
population because only two hypervariable loci were em-
ployed in the genetic assays, and only modest numbers of
progeny were sampled genetically from among the hundreds
or thousands of juveniles within most nests. Unfortunately,
statistical estimation of the number of females contributing
to a half-sib progeny array is not trivial. Simulation and max-
imum-likelihood approaches currently are under develop-
ment in our lab and elsewhere (JAD, DeWoody, Fuimera, and
Avise, unpubl.; K. L. Kichler, pers. comm.), but to our knowl-
edge no mode] has been published that can account for as
many as seven parents contributing to a half-sib progeny
array (as is the case in our dataset). Such models are needed
to provide more accurate estimates of the number of mothers
to spawn in a nest.

Earlier, we examined potential mutation rates in the pa-
ternal germ line. These estimates were sufficiently high as
to raise the question of whether similar mutations in the ma-
ternal germ line might seriously affect our estimates of the
number of females to spawn in a nest. If the highest of the
possible mutation rates deduced in males (7.0 X 1073) is
assumed, then by analogy seven new maternal alleles might
be expected in our sample of 996 embryos, meaning that the
original estimates were inflated at most by seven additional
mothers. Even in this most extreme situation, this number of
females distributed over the 25 surveyed nests would de-
crease the mean estimated number of mothers per nest only
from 3.7 to 3.4.

Interspecific Comparisons

A life-history analysis of bluegill sunfish (L. macrochirus)
in Lake Opinicon, Ontario, indicated that 85% of the repro-
ductively active males were reproductive parasites (Gross
1982). The remaining males (15%) built nests and provided
parental care. Genetic estimates of cuckoldry rates in bluegill
subsequently were provided by allozyme data (Philipp and
Gross 1994). Proportions of offspring not sired by the nest-
attendant males ranged from 0% to 59% across four colonies
in Lake Opinicon and were correlated significantly with den-
sities of reproductive parasites. Microsatellites also were used
to document cuckoldry in Lake Opinicon bluegill (Colbourne
et al. 1996), albeit in a sample from a single nest.

Bluegill sunfish exhibit three distinct male phenotypes—
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parental, sneaker, and satellite—that presumably are main-
tained through negative frequency-dependent sexual selec-
tion (Gross 1991). By contrast, in the pumpkinseed sunfish
(L. gibbosus), parasitic males appear to be sneakers only
(Gross 1982); satellite behavior has not been observed.
Pumpkinseed sunfish are not colonial breeders, and repro-
ductive parasites appear to be rarer than in most bluegill
populations (Gross 1982). However, the current genetic data
on redbreast sunfish suggest that group nesting is not in-
variably associated with a high rate of male nest parasitism
in sunfish. The low levels of nest parasitism in the current
study when compared to those for bluegills from Lake Opin-
icon are perhaps not surprising given that all of the redbreast
sunfish in our sample were sexually dimorphic (i.e., no mor-
phologically distinguishable ‘‘male reproductive parasites”
as defined by Taborsky [1997] were detected). Another factor
perhaps promoting the lower rate of nest parasitism in red-
breast sunfish was the fact that L. auritus in Fourmile Creek
are not as densely colonial as are L. macrochirus in Lake
Opinicon, although in Fourmile Creek the proximity of near-
by nests does influence parasitism rates of individual nests
more than any physical characteristic of the parasitized male
such as size, age, or coloration. Parasitism rates are also
affected by aggressiveness, at least in captive populations.
The most aggressive males (regardless of size) are the best
nest defenders (D. Fletcher, pers. obs.).

Behavioral reports of attempted parasitism via male mim-
icry of females has been reported in a Virginia population
of redbreast sunfish (Lukas and Orth 1993). However, the
current genetic data for redbreast sunfish in the Savannah
River system are consistent with a predominant reproductive
strategy of parental care by biological fathers. Levels of nest
parasitism are known to vary widely among bluegill colonies
(Gross 1991) and to depend largely on the density of parasitic
males. The lack of distinctive parasitic male morphs in our
sample, together with a probable assignment of paternity for
offspring in one nest (LA36) to the nest-attendant male of
an adjacent nest, suggest that much of the nest parasitism in
redbreast sunfish from Fourmile Creek results from extrapair
fertilizations by bourgeois males rather than by specific cuck-
olding morphs.

The current study is among the few currently available that
have employed genetic markers to examine the incidence and
relative success rates of alternative mating tactics in fishes.
Results suggest that the magnitude and pattern of reproduc-
tive parasitism are evolutionarily labile features in species
with extended male parental care of offspring. Many more
studies of this sort will be needed before the true scope of
heterogeneity in reproductive strategies in fishes will be un-
covered.
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