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Abstract

Male bluegill sunfish (Lepomis macrochirus) exhibit alternative life histories:
some males (parentals) delay maturation for up to 7 yr, then build nests, court
females, and care for the eggs and fry, whereas other males (cuckolders) mature
precociously, attempt to steal fertilizations from parentals, and provide no
parental care. Parental males could avoid misdirecting their nepotism (i.e. caring
for unrelated young) by abandoning entire broods if they were sired mainly by
cuckolders or by discriminating between offspring and non-kin fry within broods
for which they care. We tested for kin discrimination by obtaining sperm from
parental and cuckolder males and eggs from several females, and using them to
conceive fry in vitro. In ‘blind’ laboratory tests, parental males (but not cuckolder
males) distinguished between sources of dripping water that had been conditioned
by their own offspring vs. unrelated fry. Parental males that were in the best
physical condition were especially choosy. Because the only referents available to
our experimental subjects were chemical cues emanating from their own body, our
results imply that parental males can use self-referent phenotype matching for kin
recognition. This mechanism enables males to make the adaptive, nepotistic
adjustments in paternal care that have been documented in previous studies.
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Introduction

Many animals distinguish relatives from non-relatives, close from distant kin,
and one individual from another by assessing phenotypic attributes — including
physical (Tibbetts 2002), vocal (Hare 1998), and especially chemical cues (Sun &
Miiller-Schwarze 1997, 1998; Heth et al. 1998; Hurst et al. 2001; Mateo 2002,
2003; Todrank & Heth 2003) — and then comparing those attributes against an
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internal representation or ‘template’ of characteristics expected in various
relatives. Such direct recognition (Waldman et al. 1988) occurs when phenotypes
of recipients match templates closely enough (Holmes & Sherman 1982; Lacy &
Sherman 1983; Reeve 1989). Although templates might be genetically determined
(e.g. Grosberg & Quinn 1986; Keller & Ross 1998), typically they are learned
during associations with appropriate referents (known kin) in unambiguous social
circumstances, such as within a nest or burrow (Sherman et al. 1997, Holmes
2001). Templates sometimes develop through learning salient attributes of an
individual’s own phenotype, a mechanism known as self-referent phenotype
matching (Holmes & Sherman 1982; Sherman 1991; also called the ‘armpit effect’
by Dawkins 1982). Theoretically, self-referencing might also occur via instanta-
neous comparisons not involving templates (Hauber & Sherman 2001). Such
‘online’ processing is possible because an individual’s own phenotype is always
available for comparisons with others.

Kin recognition based on social learning is well documented (Fletcher &
Michener 1987; Alexander 1990; Brown et al. 1993; Sherman et al. 1997), and
evidence for self-referencing is accumulating rapidly (Hauber & Sherman 2001).
For example, when male peacocks (Pavo cristatus) that were hatched and raised in
large, multiple-clutch groups were released in a park outside London and
observed at sexual maturity (3—4 yr later), they lekked (displayed for females)
nearer to brothers than to unrelated birds (Petrie et al. 1999). Because the initial,
experimentally created associations among the young peacocks would have
yielded unreliable recognition templates (i.e. because groups of hatchlings
comprised kin and non-kin), the field observations imply self-referencing.
Similarly, associations among brothers on lekking grounds in free-living grouse
(Tetrao tetrix: Hoglund et al. 1999; Lagopus lagopus: Piertney et al. 1999) and
manakins (Manacus manacus: Shorey et al. 2000) have been interpreted as
resulting from self-referencing, reinforced by natal philopatry.

Among mammals, self-referencing is the most likely mechanism enabling
discrimination between full- and half-siblings within litters of Belding’s ground
squirrels (Spermophilus beldingi: Holmes & Sherman 1982) and between paternal
half siblings and non-relatives among young that were reared by different mothers
in those ground squirrels (Holmes 1986) and also savannah baboons (Papio
cynocephalus: Alberts 1999; Smith et al. 2003). Among fish, juvenile rainbow trout
(Oncorhynchus mykiss) can distinguish unfamiliar kin from unfamiliar non-kin
using waterborne chemical cues (Brown et al. 1993), and rainbowfish (Melano-
taenia eachamensis) can distinguish full siblings from half siblings using a
combination of visual and chemical cues (Arnold 2000). Arctic charr (Salvelinus
alpinus) can discriminate between full siblings that have similar and dissimilar
MHC (Olsén et al. 1998), presumably by incorporating their own genetically
based MHC odor into their recognition template.

To date, the strongest evidence of self-referencing comes from three studies,
two in the laboratory and one in the field (Hauber & Sherman 2001). First, golden
hamsters (Mesocricetus auratus) that were cross-fostered within 12 h of birth
discriminated between flank-gland odors of siblings and non-siblings at sexual
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maturity even though they were not reared with either of the stimulus animals
(Mateo & Johnston 2000). Flank-gland odors are not produced until pups are
about 1 mo old, implying that these hamsters did not learn kin identities before
being cross-fostered. It seems most likely that hamsters incorporated their own
odors into their kin-recognition template, although it is conceivable that they
imprinted on some chemical with a similar structure that was produced by their
mother or littermates in utero or during the first 1-12 h after birth (Mateo &
Johnston 2000, 2003). Secondly, brown-headed cowbird chicks (Molothrus ater)
were raised in visual isolation from conspecifics and their feathers were dyed black
as they broke from their sheaths. As fledglings, these experimental birds
approached black-dyed adult females more than undyed (brown) females,
indicating that they incorporated their own feather color into their species-
recognition template (Hauber et al. 2000; Hauber & Sherman 2003). Thirdly,
when free-living male savannah baboons intervened in fights between juveniles,
they favored offspring over non-kin (Buchan et al. 2003; Sherman & Neff 2003).
This indicates phenotype matching because females mate with several different
males, so indirect cues, such as time spent alone with a fertile female (e.g. Davies
et al. 1992, 1996), do not reveal paternity.

In general, social learning and indirect cues are unreliable indicators of
paternity if cuckoldry or intraspecific brood parasitism commonly occur (Neff &
Sherman 2002). When social learning yields unreliable templates, only direct
recognition mechanisms would enable a parent to discriminate its own young
from foreign young. For example, parental male bluegill sunfish (Lepomis
macrochirus) care for eggs and newly hatched fry in their nest, but parental males’
genetic relatedness to broods is variable because cuckoldry is frequent and its
genetic outcome can be unpredictable (Gross 1982; Neff 2001). Previously, we
discovered that males adjust their paternal efforts in response to cuckoldry based
on: (1) an indirect cue, the frequency with which cuckolders streak-spawned in
their nest; and (2) a direct cue, the odors emanating from fry after eggs hatch
(Neff & Gross 2001; Neff 2003). In a recent follow-up study, Neff & Sherman
(2003) reported that parental males can differentiate between fry collected from
their own nest in the field (most of which were offspring) and fry collected from
another male’s nest (none of which were offspring) using direct (water-borne)
cues. However, parental males were unable to distinguish between eggs that were
collected from their own nest and eggs collected from another male’s nest,
implying that chemical recognition cues are produced only after hatching (Neff &
Sherman 2003; also see Brown & Colgan 1986).

The present study was undertaken to test if either parental or cuckolder
males can distinguish between water conditioned by fry sired with their sperm via
in vitro fertilization, but whom they have never contacted, from water
conditioned by fry they have not sired and also have never contacted. Such
discrimination would provide strong evidence of use of chemical cues in
recognition and of recognition via self-referencing. It would also provide a
mechanism by which parental males could adjust nepotism toward broods
depending on their paternity.
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Methods
Study Animals

Bluegill sunfish are native to lakes and rivers of North America (Lee et al.
1980). Males exhibit a polymorphism in life histories and behaviors termed
‘parental’ and ‘cuckolder’ (Gross 1982, 1991). At our study site, Lake Opinicon,
Ontario (44°16’N, 76°30’W), parental males delay maturation for 7 yr and then
establish breeding sites near the shore in colonies consisting of nests (approx.
45 cm in diameter) that are tightly packed together. Females arrive at these
colonies in schools, visit males’ nests, choose a mate, and lay eggs in his nest.
Multiple females often spawn with the same parental male. Parental males remain
at their nest for 7-10 d because eggs hatch 2-3 d after fertilization and fry linger
in the nest for up to 7 more days before dispersing.

Cuckolder males, by contrast, mature precociously when they are 2 yr old,
and they do not compete for territories, build nests, or associate with young.
Instead, cuckolders gain access to nests by either mimicking female behaviors or
stealthily sneaking in, and then stealing inseminations by ejaculating simultaneous
with the pair’s spawning. Molecular genetic paternity analyses have revealed that,
on average, cuckolders fertilize 21% of eggs in a nest and parentals fertilize 79%
(Neff 2001).

Experimental Fish

Experiments and observations were conducted at the Queen’s University
Biological Station on Lake Opinicon, during May—July 2002 and 2003. Breeding
colonies of bluegill were located along the lake’s shore and surveyed by snorkeling
(see Gross 1982). Just prior to spawning, parental and cuckolder males and gravid
females were collected using dip nets. Parental males always were non-neighbors
whose nests were at least 1 m apart (e.g. see Fig. 1 in Neff 2001). Cuckolders and
females were collected opportunistically from schools that formed above breeding
colonies. Captive males were housed individually in aquaria measuring approx.
60 x 60 x 60 cm, supplied with fresh lake water via a flow-through system that
pumped water from near the shore, and exposed to natural light cycles through
several windows. Captives were fed blood worms ad libitum at 08:00 EST each
day until discrimination experiments began.

On the day each female was captured, approx. 500 eggs were collected by
applying gentle pressure to the abdomen. These eggs were placed into 500 ml jars
containing 50 ml of fresh lake water. Milt was immediately collected from a
parental or a cuckolder male by holding him over a 2 ml graduated syringe and
gently applying pressure to his gonadal region. The milt was squirted over the
eggs and the mixture was left alone for 2 min. Then the jar was filled with fresh
lake water and a bubbler was inserted to maintain oxygen levels. For the next 5-
6 d, 30% of the water was exchanged every 12 h (08:00 and 20:00).

Eggs typically hatched 3 d after fertilization, and fry were allowed to develop
for another 2-3 d before use in discrimination experiments. By then fry had eyes
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but were still feeding endogenously on their yolk-sac, and they were a few days
away from ‘swim-up’ (i.e. when they would have left the nest in nature).

Kin Discriminations using Olfactory Cues

Experiments were conducted between 09:00 and 19:00. The parental or
cuckolder male that was to be tested was weighed (g) and measured (mm), then
placed into a large aquarium (approx. 120 x 60 x 60 cm) containing 250 1 of fresh
lake water. Simultaneously, groups of fry were placed into 1 1 of fresh lake water
inside 5 1 plastic carboys. One set of fry had been conceived in vitro with sperm
from the focal individual and the other had been conceived in vitro with sperm
from another male from the same breeding colony. The test individual had no
prior exposure to either group of fry. To avoid experimental artifacts associated
with handling and injuring fry, samples were paired by eye to have roughly equal
numbers; fry numbers were counted at the end of each experiment in 2002.

Once everything was in place, the fish were left alone to acclimatize for 1 h.
Then water from the carboy containing offspring and the carboy containing non-
kin fry was simultaneously dripped into opposite sides of the test aquarium at a
rate of 10 ml/min. A video camera with a field of view that included the entire
tank was switched on and behaviors of the focal male were recorded for 1 h. The
sides of the test tank were alternated in successive trials and the tank was drained
and rinsed between each trial. Each adult bluegill was tested once, after which it
was released near the site where it had been collected. In total we tested 24
parental males and 13 cuckolder males.

Fry samples were used at most twice as stimuli, once for their genetic parent
and again as an alternative, unrelated sample for a non-parent. In some instances,
the unrelated sample was sired by a parental male that was not used in the present
study (because the male was used in another study not reported here). All fry
samples were paired to be equal in age (i.e. they were produced by in vitro
fertilization on the same day and following the same methods). After each test in
2002, numbers of fry in each sample were counted on a gridded tray, and fry were
released back into the lake. Samples of fry comprised 130-1575 individuals (X =
454 + 53 SE), and differences in paired fry samples averaged 95 + 75 individ-
uals (i.e. <20% of the total). Most importantly, numbers of fry did not differ
significantly between stimulus groups (i.e. offspring vs. non-offspring) in the
discrimination tests (paired t-test: t = 1.26, df = 19, p = 0.22).

Dye-Tracer Trials

To visualize how olfactory cues might circulate and be distributed during the
course of our kin recognition trials, we added Methylene Blue (1.0 g/I; Sigma-
Aldrich, St. Louis, MO, USA) to lake water in one of the carboys that we
normally used for fry, and paired it with a carboy containing untreated lake
water. A parental male that was not involved in the recognition trials was placed
into the test tank and after a 1 h acclimation period the water from each carboy



430 B. D. Neff & P. W. Sherman

was dripped into the tank at a rate of 10 ml/min. Every 10 min for 60 min, a
25 ml water sample was collected from the center of the tank. A spectrophotom-
eter (Spectronic 20; Milton Roy, Conroe, Texas, USA) was used to quantify
absorption of each sample in the blue—green wavelength (500 nm). Values at a
given time were averaged across trials and expressed as a percentage of the
absorption of the stock solution in the carboy. Four dye trails were conducted,
each with a different parental male. After a trial the fish was released near the site
where it had been collected.

Analyses

Video tapes of male behaviors were replayed to a ‘blind’ observer who
recorded the time the test individual spent on each half of the tank and the
number of times it crossed the centerline. The number of centerline crosses was
used to gauge each individual’s activity level and to ensure that each male assessed
both sides (i.e. odors) of the tank in each trial (see Griffiths & Magurran 1999).
Data from the first and second 30 min of each trial were analyzed separately
because it takes time for odor cues to accumulate in the test tank and for the test
individuals to assess those odors (see below; also Hauber et al. 2000). We used
Wilcoxon signed-rank tests for two related samples to determine if test individuals
spent more time on the side of the aquarium with dripping water that had been
conditioned by offspring vs. unrelated fry, and also to compare the number of
times test individuals crossed the centerline in the first vs. second 30 min of each
trial. Although the data did not deviate from normality (Shapiro—Wilk test:
p > 0.49 for all) we relied on non-parametric statistics because they yield more
conservative tests than parametric tests (Zar 1999).

We used linear regression to explore the relationships between time males
spent on the side of the tank with offspring and each male’s length, condition
(calculated from weight divided by cube of length, which is referred to as Fulton’s
condition factor), time of day when the trial was conducted, fry numbers in each
stimulus sample, and the side of the tank on which the related fry sample was
located. Total body length was used instead of weight because, although the two
variables are highly correlated, length is less prone to short-term fluctuations.
Moreover, weight was captured within the condition index, a measure that
correlates with non-polar lipid density in parental male bluegill and other fish
(Sutton et al. 2000; Neff & Cargnelli 2004). Both length and condition previously
have been shown to correlate with a male’s association behavior with nestlings
(Neff & Sherman 2003). We also used linear regression to explore the relationship
between the mean absorption values and the collection time in the dye trials. All
statistics were performed using SPSS (version 12.0) and are expressed asX + 1 SE.

Results

Parental males spent more time on the side of the tank with dripping water
conditioned by offspring than on the side of the tank with dripping water
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Table 1: Summary of results (times spent on the side of the test tank with kin or non-kin)
from the kin recognition trials over the entire 60 min and over the first or second 30 min

Entire 60 min First 30 min Second 30 min

Kin Non-kin Kin Non-kin Kin Non-kin

Parentals 344 + 2.4 256 + 24 162 + 1.3 13.8 + 1.3 182 + 1.3 11.8 + 1.3
m=24) Z=17p=0.092 Z =0.70, p = 0.48 Z=23,p=0.022
Cuckolders 29.7 + 42 30.3 + 4.2 14.5 £ 24 155 + 24 152 + 2.1 148 + 2.1
m=13) Z=028p=0.78 Z =035 p=073 Z=0.07,p=09

Values are X £ 1 SE. The Z statistics are from Wilcoxon signed-rank tests for two related
samples.

conditioned by unrelated fry during entire trials (60 min) and during the first and
second 30 min of trials (Table 1). The latter difference was significant, and it
remained so after correction for multiple comparisons (corrected oo = 0.05/2 =
0.025). This correction is for only two comparisons because the 60-min data are
simply the sum of the two, 30-min data and thus not a third, independent variable
as assumed by the Bonferroni method (Sokal & Rohlf 1995, p. 239; also see
Nakagawa 2004). In contrast to parental males, cuckolder males did not prefer
the side of the tank with dripping water conditioned by offspring during entire 60-
min trials or either the first or second 30 min of trials.

For both parental and cuckolder males there were positive correlations
between the time each individual spent on the side of the tank with dripping water
that had been conditioned by offspring during the first and second 30 min of each
trial (parentals: ry = 0.63, n = 24, p = 0.003; cuckolders: ry = 0.62, n = 13, p =
0.024), indicating some consistency in their preference between the two halves of
the trial.

In all trials, focal males darted back and forth between the two ends of the
test tank. Parentals crossed the centerline more often during the first than the
second 30 min of each trial (first 30 min: 25.6 + 5.1 times, range: 4-102; second
30 min: 20.0 £ 4.4 times, range: 2-79), although this difference was not
significant (Z = 1.9, n = 24, p = 0.059). Cuckolders crossed the centerline a
similar number of times during the two halves of trials (first 30 min: 25.1 + 6.3
times, range: 0-83; second 30 min: 28.9 £+ 6.5 times, range: 0-78; Z = 0.36, n =
13, p = 0.72).

Among parental males and cuckolder males, there was no relationship
between body length and time spent on the side of the tank with dripping water
that had been conditioned by offspring during the entire trial or either the first or
second 30 min of trials (p > 0.11 for all). There also was no relationship between
the condition of parental males and the time spent on the offspring side during the
entire trial or the first 30 min of trials (p > 0.10 for both), but there was a
positive relationship during the second 30 min (1> = 0.17, n = 24, p = 0.045;
Fig. la). There was no similar relationship for cuckolder males (r* = 0.05, n = 13,
p = 0.48; Fig. 1b).
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Fig. 1. Relationship between the time bluegill spent associated with related fry and their condition
(Fulton’s index) during the second 30 min of the recognition trials for (a) parental males or (b)
cuckolder males. The solid line is from a significant regression

The positive relationship observed for parental males during the second
30 min of trials was stronger when multiple linear regression was used (overall
model: r* = 0.59, n = 20, p = 0.018) including condition (B = 0.63, p = 0.003),
time of day the trail was conducted (B = 0.54, p = 0.010), and side of the test
tank on which the offspring were located (B = —0.41, p = 0.041); absolute
differences in numbers of fry in the two stimulus samples (offspring minus
unrelated) and total numbers of fry used to condition the water (offspring plus
unrelated) were excluded from the final model (p > 0.18).
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Dye trials revealed that the blue color spread throughout the test tank and
increased in concentration linearly over time (r* = 0.89, n = 7, p = 0.001). It
took approx. 30 min for the concentration to double at the centerline; it doubled
again 30 min later. The blue color always appeared most intense right under the
source carboy and least intense at the far end of the test tank.

Discussion

Our experiment capitalized on the fact that bluegill eggs are fertilized
externally. We used in vitro fertilization to generate groups of fry that were either
offspring or unrelated to parental or cuckolder males, and with which they had no
physical or chemical contact prior to being tested. Results demonstrated that
parental males could distinguish water conditioned by fry conceived with their
gametes from water conditioned by fry conceived with gametes from a conspecific.
In contrast, cuckolder males did not appear to display a similar kin discrimination
behavior, although statistical power in this group was low (= 35% assuming an
effect size equivalent to that observed during the second 30 min of parental male
trials; Zar 1999, p. 107) and one cuckold was inactive during the trial.

Parental males showed heightened tendencies to associate with offspring-
conditioned water during the second 30 min of trials (Table 1). Although the
overall proportion of choice time is conventionally used to detect an animal’s
preferences (Wagner 1998), we believe results from the second 30 min of our trials
are most revealing for three reasons (also see Hauber et al. 2000). First,
videotaping of males’ choice behavior began simultancously with starting the
water dripping, and undoubtedly it took some time for water-borne olfactory cues
from the fry to reach detectable levels or a critical threshold in the test tank. Our
dye trials showed that the blue color continued to diffuse and increase in
concentration at the midline throughout each 60-min trial. Secondly, during the
first 30 min of a trial males probably were familiarizing themselves with the novel
stimulus of dripping water. Indeed, parental males appeared to dart back and
forth across the centerline more often during the first than the second 30 min of
trials (p = 0.059). Thirdly, cuckolder males did not show a significant preference
during the first or second 30 min of trials, whereas parental males discriminated in
favor of offspring in the second 30 min, suggesting that choices by parental males
likely were not experimental artifacts.

We also found evidence that parental male association with related fry was
context dependent. First, there was a significant positive relationship between
Fulton’s condition factor and time parentals spent near the source of water
conditioned by fry conceived with their sperm. Fulton’s factor is correlated with
males’ non-polar lipid stores, and therefore reflects energy levels (Neff & Cargnelli
2004; also see Sutton et al. 2000). If parental males in poor condition were
especially hungry, they may have avoided offspring to minimize chances of
cannibalizing them. Secondly, there was an independent effect of the time of day
when trials occurred on the discrimination behavior of parentals. Later in the day,
parental males were more likely to associate with dripping water conditioned by
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offspring than they were earlier in the day. In nature, bluegill feed voraciously
early in the day and feeding rates drop off later on (e.g. Baumann & Kitchell 1974;
Collins & Hinch 1993). Because we fed our captive bluegill each morning, we
probably reinforced morning foraging behavior. Early in the morning, parental
males may have avoided water conditioned by offspring to minimize chances of
cannibalizing them. Context-dependent variation in tendencies to avoid associat-
ing with close relatives when individuals are hungry also has been documented in
cannibalistic tiger salamanders (Ambystoma tigrinum) and spadefoot toads
(Scaphiopus bombifrons; Pfennig et al. 1993, 1994).

How did the offspring-recognition template of our parental male bluegill
develop? It is conceivable that parentals use so-called recognition (green beard)
alleles (Dawkins 1982) to distinguish offspring from unrelated fry. Although the
occurrence of such alleles has been inferred in tunicates (Botryllus schlosseri:
Grosberg & Quinn 1986) and fire ants (Solenopsis invicta: Keller & Ross 1998), in
general, green beard alleles are expected to be rare due to suppression resulting
from intra-genomic conflict (Alexander 1990; Sherman et al. 1997). Breeding
experiments would be required to infer the existence of green beard alleles in
bluegill.

Another possibility is that the parental males we studied had already learned
their offspring-recognition template prior to our tests. It is conceivable that when
parental male bluegill themselves were fry they had learned the chemical signature
of their ‘father’ (the male that tended their nest) or their nestmates, as occurs in
Arctic charr (Olsén & Winberg 1996). Or, because parentals may spawn several
times in a breeding season and live to spawn in multiple years (Gross & Charnov
1980; Cargnelli & Gross 1996), it is possible that our subjects had imprinted on
the chemical characteristics of their first brood to form their template. Such
imprinting has been reported in female great reed warblers (Acrocephalus
arundinaceus) who learn the color patterns of their first clutch, presumably
enabling them to recognize as different any parasitic eggs laid by European
cuckoos (Cuculus canorus) in later clutches (Lotem et al. 1992; Lotem 1995).

However, first clutches of female great reed warblers are parasitized
infrequently enough and broods of Arctic charr are multiply sired rarely enough
that their visual and chemical characteristics can yield a reliable recognition
template. In contrast, the paternity of nest-tending male bluegill is highly
variable, and cuckoldry rates appear to be especially high among broods of
younger, smaller parental males (i.e. first-time breeders; B. D. Neff, unpubl.
data). Furthermore, broods typically comprise offspring from numerous
cuckolders and females. Thus, an olfactory signature from a brood would be
highly variable (mixed) and not specific to the parental male guarding the brood
or to the fry themselves. Finally, parental and cuckolder life histories have low
levels of heritability (M. R. Gross, unpubl. data; but see Alcock 1989, p. 412)
and therefore, some adult parentals will have been sired by cuckolders. Learning
the odor of the nest-tending parental, of an early brood, or of one’s nestmates
thus would provide an unreliable kin recognition template (Neff & Sherman
2002).
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Because all our tests were conducted in an aquarium that was previously
unfamiliar to the parental males, our results indicate that parentals do not
require physical features of their breeding colony to discriminate chemical cues
of offspring from those of non-offspring. Results also indicate that parentals do
not require associations with the mother of their fry to enable them to
discriminate. In our experiment, females were collected from the school above
the colony prior to spawning, and the males we tested had no direct experience
with any particular female (i.e. they had not yet spawned). Males also did not
know which female we used to produce the artificial crosses, and both samples
presented to each parental male were generated using females from the same
school.

Taken together, our data imply that parental male bluegill sunfish can use
(chemical) cues from their own phenotype in discriminating among offspring
and non-kin. Apparently this mechanism is what enables parental males to
make the adaptive adjustments in parental care that have been documented in
previous studies. Our results bring the number of species in which self-
referencing has been shown or legitimately inferred to four comprising golden
hamsters, brown-headed cowbirds, savannah baboons, and bluegill. The search
for the chemical cues that facilitate self-referent phenotype matching in bluegill
now is underway.

Acknowledgements

Joanna Lister, Sarah Magee, Jeff Stoltz and especially Elizabeth Clare provided field
assistance. We also thank Mark E. Hauber, Jill M. Mateo, Trevor E. Pitcher, Scott K. Sakaluk
and two anonymous reviewers for comments on the manuscript. The field work was conducted at
the Queens University Biological Station where Frank Phelan and Floyd Connors provided
logistical support. This work was supported by NSERC of Canada (BDN), and by the US
National Science Foundation and the Agricultural Experiment Station at Cornell (PWS). The
experiments presented in this study comply with all laws for animal use in Canada (Canadian
Council on Animal Care); fish were collected under permit 1000713 issued by the Ontario Ministry
of Natural Resources.

Literature Cited

Alberts, S. C. 1999: Paternal kin discrimination in wild baboons. Proc. R. Soc. Lond. B 266,
1501—1506.

Alcock, J. 1989: Animal Behavior, 4th edn. Sinauer, Sunderland, MA.

Alexander, R. D. 1990: Epigenetic rules and Darwinian algorithms: the adaptive study of learning and
development. Ethol. Sociobiol. 11, 241—303.

Arnold, K. E. 2000: Kin recognition in rainbowfish (Melanotaenia eachamensis): sex, sibs and shoaling.
Behav. Ecol. Sociobiol. 48, 385—391.

Baumann, P. C. & Kitchell, J. F. 1974: Diel patterns of distribution and feeding of bluegill (Lepomis
macrochirus) in Lake Wingra, Wisconsin. Trans. Am. Fish. Soc. 103, 255—260.

Brown, J. A. & Colgan, P. W. 1986: Individual and species recognition in centrarchid fishes: evidence
and hypotheses. Behav. Ecol. Sociobiol. 19, 373—379.

Brown, G. E., Brown, J. A. & Crosbie, A. M. 1993: Phenotype matching in juvenile rainbow trout.
Anim. Behav. 46, 1223—1225.

Buchan, J. C., Alberts, S. C., Silk, J. B. & Altmann, J. 2003: True paternal care in a multi-male primate
society. Nature 425, 179—181.



436 B. D. Neff & P. W. Sherman

Cargnelli, L. M. & Gross, M. R. 1996: The temporal dimension in fish recruitment: birth date, body
size, and size-dependent survival in a sunfish (bluegill: Lepomis macrochirus). Can. J. Fish. Aquat.
Sci. 53, 360—367.

Collins, N. C. & Hinch, S. G. 1993: Diel and seasonal variation in foraging activities of pumpkinseeds
in an Ontario pond. Trans. Am. Fish. Soc. 122, 357—365.

Davies, N. B., Hatchwell, B. J., Robson, T. & Burke, T. 1992: Paternity and paternal effort in
dunnocks Prunella modularis: how good are male chick-feeding rules? Anim. Behav. 43, 729—745.

Davies, N. B., Hartley, 1. R., Hatchwell, B. J. & Langmore, N. E. 1996: Female control of copulations
to maximize male help: a comparison of polygyandrous alpine accentors, Prunella collaris, and
dunnocks, P. modularis. Anim. Behav. 51, 27—47.

Dawkins, R. 1982: The Extended Phenotype. Freeman, San Francisco, CA.

Fletcher, D. J. C. & Michener, C. D. (eds). 1987: Kin Recognition in Animals. Wiley, New York.

Griffiths, S. W. & Magurran, A. E. 1999: Schooling decisions in guppie (Poecilia reticulata) are based
on familiarity rather than kin recognition by phenotype matching. Behav. Ecol. Sociobiol. 45,
437—443.

Grosberg, R. K. & Quinn, J. F. 1986: The genetic control and consequences of kin recognition by the
larvae of a colonial marine invertebrate. Nature 322, 456—459.

Gross, M. R. 1982: Sneakers, satellites and parentals: polymorphic mating strategies in North
American sunfishes. Z. Tierpsycho. 60, 1—26.

Gross, M. R. 1991: Evolution of alternative reproductive strategies: frequency-dependent sexual
selection in male bluegill sunfish. Philos. Trans. R. Soc. Lond. B 332, 59—66.

Gross, M. R. & Charnov, E. L. 1980: Alternative male life histories in bluegill sunfish. Proc. Natl
Acad. Sci. USA 77, 6937—6940.

Hare, J. F. 1998: Juvenile Richardson’s ground squirrels, Spermophilus richardsonii, discriminate
among individual alarm callers. Anim. Behav. 55, 451—460.

Hauber, M. E. & Sherman, P. W. 2001: Self-referent phenotype matching: theoretical considerations
and empirical evidence. Trends Neurosci. 24, 609—616.

Hauber, M. E. & Sherman, P. W. 2003: Designing and interpreting experimental tests of self-referent
phenotype matching. Anim. Cogn. 6, 69—71.

Hauber, M. E., Sherman, P. W. & Paprika, D. 2000: Self-referent phenotype matching in a brood
parasite: the armpit effect in brown-headed cowbirds (Molothrus ater). Anim. Cogn. 3, 113—117.

Heth, G., Todrank, J. & Johnston, R. E. 1998: Kin recognition in golden hamsters: evidence for
phenotype matching. Anim. Behav. 56, 409—417.

Hoglund, J., Alatalo, R. V., Lundberg, A., Rintamaki, P. T. & Lindell, J. 1999: Microsatellite markers
reveal the potential for kin selection on black grouse leks. Proc. R. Soc. Lond. B 266, 813—S816.

Holmes, W. G. 1986: Kin recognition by phenotype matching in female Belding ground squirrels.
Anim. Behav. 34, 38—47.

Holmes, W. G. 2001: The development and function of nepotism. In: Handbook of Developmental
Neurobiology, Developmental Psychology, Vol. 13 (Blass, E., ed.). Plenum, New York, pp.
281—316.

Holmes, W. G. & Sherman, P. W. 1982: The ontogeny of kin recognition in two species of ground
squirrels. Am. Zool. 22, 491—517.

Hurst, J. L., Payne, C. E., Nevison, C. M., Marie, A. D., Humphries, R. E., Robertson, D. H. L.,
Cavaggioni, A. & Beynon, R. J. 2001: Individual recognition in mice mediated by major urinary
proteins. Nature 414, 631—634.

Keller, L. & Ross, K. G. 1998: Selfish genes: a green beard in the red fire ant. Nature 394, 573—575.

Lacy, R. C. & Sherman, P. W. 1983: Kin recognition by phenotype matching. Am. Nat. 121, 489—512.

Lee, D. S., Gilbert, C. R., Hocutt, C. H., Jenkins, R. E., McAllister, D. E. & Stauffer, J. R. Jr. 1980:
Atlas of North American Freshwater Fishes. North Carolina State Museum of Natural History,
Raleigh, NC.

Lotem, A. 1995: Learning to recognize nestlings is maladaptive for cuckoo Cuculus canorus hosts.
Nature 362, 743—745.

Lotem, A., Nakamura, H. & Zahavi, A. 1992: Rejection of cuckoo eggs in relation to host age — a
possible evolutionary equilibrium. Behav. Ecol. 3, 128—132.

Mateo, J. M. 2002: Kin-recognition abilities and nepotism as a function of sociality. Proc. R. Soc.
Lond. B 269, 721—727.



Kin Recognition via Self-Referencing 437

Mateo, J. M. 2003: Kin recognition in ground squirrels and other rodents. J. Mammal. 84, 1163—1181.

Mateo, J. M. & Johnston, R. E. 2000: Kin recognition and the ‘armpit effect” evidence of self-referent
phenotype matching. Proc. R. Soc. Lond. B 267, 695—700.

Mateo, J. M. & Johnston, R. E. 2003: Kin recognition by self-referent phenotype matching: weighing
the evidence. Anim. Cogn. 6, 73—76.

Nakagawa, S. 2004: A farewell to Bonferroni: the problems of low statistical power and publication
bias. Behav. Ecol. 15, 1044—1045.

Neff, B. D. 2001: Genetic paternity analysis and breeding success in bluegill sunfish (Lepomis
macrochirus). J. Hered. 92, 111—119.

Neff, B. D. 2003: Decisions about parental care in response to perceived paternity. Nature 422,
716—719.

Neff, B. D. & Cargnelli, L. M. 2004: Relationships between condition factors, parasite load and
paternity in bluegill sunfish, Lepomis macrochirus. Environ. Biol. Fish 71, 297—304.

Neff, B. D. & Gross, M. R. 2001: Dynamic adjustment of parental care in response to perceived
paternity. Proc. R. Soc. Lond. B 268, 1559—1565.

Neff, B. D. & Sherman, P. W. 2002: Decision making and recognition mechanisms. Proc. R. Soc.
Lond. B 269, 1435—1441.

Neff, B. D. & Sherman, P. W. 2003: Nestling recognition via direct cues by parental male bluegill
sunfish (Lepomis macrochirus). Anim. Cogn. 6, 87—92.

Olsén, K. H. & Winberg, S. 1996: Learning and sibling odor preference in juvenile Arctic charr,
Salvelinus alpinus (L.). J. Chem. Ecol. 22, 773—786.

Olsén, K. H., Grahn, M., Lohm, J. & Langefors, A. 1998: MHC and kin discrimination in juvenile
Arctic charr, Salvelinus alpinus (L.). Anim. Behav. 56, 319—327.

Petrie, M., Krupa, A. & Burke, T. 1999: Peacocks lek with relatives even in the absence of social and
environmental cues. Nature 401, 155—157.

Pfennig, D. W., Reeve, H. K. & Sherman, P. W. 1993: Kin recognition and cannibalism in spadefoot
toad tadpoles. Anim. Behav. 46, 87—94.

Pfennig, D. W., Sherman, P. W. & Collins, J. P. 1994: Kin recognition and cannibalism in polyphenic
salamanders. Behav. Ecol. 5, 225—232.

Piertney, S. B., MacColl, A. D. C., Lambin, X., Moss, R. & Dallas, J. F. 1999: Spatial distribution of
genetic relatedness in a moorland population of red grouse (Lagopus lagopus scoticus). Biol. J.
Linn. Soc. 68, 317—331.

Reeve, H. K. 1989: The evolution of conspecific acceptance thresholds. Am. Nat. 133, 407—435.

Sherman, P. W. 1991: Multiple mating and kin recognition by self-inspection. Ethol. Sociobiol. 12,
377—386.

Sherman, P. W. & Neff, B. D. 2003: Father knows best. Nature 425, 136—137.

Sherman, P. W., Reeve, H. K. & Pfennig, D. W. 1997: Recognition systems. In: Behavioural Ecology:
An Evolutionary Approach 4th edn. (Krebs, J. R. & Davies, N. B., eds). Oxford Univ. Press,
Oxford, pp. 69—96.

Shorey, L., Piertney, S., Stone, J. & Hoglund, J. 2000: Fine-scale genetic structuring on Manacus
manacus leks. Nature 408, 352—353.

Smith, K., Alberts, S. C. & Altmann, J. 2003: Wild female baboons bias their social behaviour towards
paternal half-sisters. Proc. R. Soc. Lond. B 270, 503—510.

Sokal, R. R. & Rohlf, F. J. 1995: Biometry, 3rd edn. Freeman and Company, New York, NY.

Sun, L. X. & Miiller-Schwarze, D. 1997: Sibling recognition in the beaver: a field test for phenotype
matching. Anim. Behav. 54, 493—502.

Sun, L. X. & Miiller-Schwarze, D. 1998: Anal gland secretion codes for relatedness in the beaver,
Castor canadensis. Ethology 104, 917—927.

Sutton, S. G., Bult, T. P. & Haedrich, R. L. 2000: Relationships among fat weight, body weight, water
weight, and condition factors in wild Atlantic salmon parr. Trans. Am. Fish. Soc. 129, 527—538.

Tibbetts, E. A. 2002: Visual signals of individual identity in the paper wasp Polistes fuscatus. Proc. R.
Soc. Lond. B 269, 1423—1428.

Todrank, J. & Heth, G. 2003: Odor-genes covariance and genetic relatedness assessments: rethinking
odor-based ‘recognition” mechanisms in rodents. Adv. Study Behav. 32, 77—130.

Wagner, W. E. Jr. 1998: Measuring female mating preferences. Anim. Behav. 55, 1029—1042.



438 B. D. Neff & P. W. Sherman

Waldman, B., Frumhoff, P. C. & Sherman, P. W. 1988: Problems of kin recognition. Trends Ecol.
Evol. 3, 8—13.

Zar, J. H. 1999: Biostatistical Analysis, 4th edn. Prentice-Hall, Upper Saddle River, NJ.

Received: September 13, 2004

Initial acceptance: November 2, 2004

Final acceptance: November 19, 2004 (S. Sakaluk)



