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A B S T R A C T

Parental care can include two general types of behavior: (1) aggressive behavior, which is used to defend off-
spring from predators; and (2) nurturing behavior, which is used to provide offspring with environmental
conditions or resources necessary for survival. Many studies have implicated androgens in promoting aggressive
behavior and prolactin in promoting nurturing behavior. We experimentally manipulated these hormones to
investigate their effects on parental care behavior in bluegill (Lepomis macrochirus). Parental males, which
provide sole care to the developing eggs and larvae, received an implant with an androgen (11-ketotestosterone
[11-KT]), an androgen antagonist (flutamide), prolactin, a prolactin-release inhibitor (bromocriptine), or castor
oil (placebo). We found that 11-KT implants led to a significant increase in the frequency of aggressive behavior
directed towards a simulated brood predator, and were associated with a nearly significant decrease in the
frequency of nurturing behavior directed towards the developing eggs. In contrast, prolactin implants were
associated with a significant increase in the frequency of nurturing behavior, but also reduced the frequency of
aggressive behavior directed towards the simulated brood predator. These results suggest a hormone-mediated
mechanistic trade-off between nurturing and aggressive behavior, whereby parental males are unable to be both
highly nurturing and highly aggressive.

1. Introduction

In many animals, males display aggressive behavior during the
breeding season when they defend territories and compete for access to
females (e.g. Lincoln et al., 1972). Such aggression is often associated
with breeding success (e.g. Hegner and Wingfield, 1987), and it is well
known that androgens regulate these behaviors (Bouissou, 1983). For
example, when rats (Rattus novergicus) are injected with an androgen,
their aggression levels towards a conspecific male sharply increase as
compared to control males (Farrell and McGinnis, 2003); male Eur-
opean starlings (Sturnus vulgaris) castrated at an early age exhibit de-
creased non-breeding aggression when compared to non-castrated
males (Pinxten et al., 2000); nesting bluegill (Lepomis macrochirus),
after receiving an androgen implant, increase aggression towards a
brood predator as compared to control males (Rodgers et al., 2013).

Prolactin is another hormone that regulates behavior related to re-
production. Since its discovery in mammals, prolactin has been linked
to milk protein production (Riddle et al., 1933), nursing and other
parental care behavior, as well as female receptivity to males (Freeman

et al., 2000). In birds, circulating prolactin concentration increases
during the breeding season and is associated with chick brooding,
feeding behavior, and other parental behavior (e.g. Angelier et al.,
2016; Smiley and Adkins-Regan, 2018). Bromocriptine, a prolactin-re-
lease inhibitor, has been used to study the effects of prolactin in
mammals and birds, where it has been shown to reduce parental care
behavior (Molik and Błasiak, 2015; Smiley and Adkins-Regan, 2018).
Studies have also implicated prolactin in regulating nurturing behavior
during parental care in fishes (Whittington and Wilson, 2013). Prolactin
injected into three-spined sticklebacks (Gasterosteus aculeatus) increases
fanning, a nurturing behavior of eggs (Páll et al., 2004), and in the
discus fish (Symphysodon aequifasciata), the number of prolactin re-
ceptors in the skin increases during parental care, which suggests that
prolactin may be involved in regulating the production of the “discus
milk” that the offspring feed on (Khong et al., 2009). Prolactin thus
appears to have a conserved role in mediating reproductive traits across
animal taxa.

It has been proposed that there is a trade-off between nurturing and
aggressive behavior during parental care, and that androgens mediate
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the trade-off. For example, in house sparrows (Passer domesticus), males
implanted with testosterone exhibit increased aggression, which came
at a cost of reduced nurturing behavior (Hegner and Wingfield, 1987).
Similar findings have been reported in other birds, including superb
fairy-wrens (Malurus cyaneus) (Peters, 2002) and dark-eyed juncos
(Junco hyemalis) (McGlothlin et al., 2007). However, in species with
biparental care, this trade-off between aggression and nurturing beha-
vior may be mitigated by females compensating for a male's behavior
(i.e. role specialization: Saino and Møller, 1995; Stoehr and Hill, 2000).
Such compensation and specialization in bi-parental species can con-
found analyses intended to determine if there is a trade-off that is ac-
tually mediated by androgens. Many fish species, on the other hand, are
characterized by uniparental male care (Gross and Sargent, 1985), such
that a division of parental care behavior is not possible. Fish thus
provide excellent systems to examine a potential androgen-mediated
trade-off. Indeed, in an initial study of bluegill (Lepomis macrochirus),
males implanted with 11-ketotestosterone (11-KT)—the primary an-
drogen in fishes (Borg, 1994)—displayed heightened aggression to-
wards a live brood predator but less nurturing behavior of the devel-
oping eggs (Rodgers et al., 2013). In contrast, an earlier study in
bluegill found no effect of 11-KT implants on the frequency of aggres-
sion directed towards a model of a brood predator (Kindler et al.,
1991b). Further study is needed, but together these data suggest that
androgens may mediate a trade-off between aggressive and nurturing
behavior during parental care.

Here we use bluegill to characterize the effects of both 11-KT and,
for the first time in this species, prolactin on parental care. We ex-
perimentally manipulated the concentration of these hormones in
nesting parental males and then quantified their aggressive and nur-
turing behavior during the parental care period. We predict that 11-KT
will increase aggressive behavior at a cost of reduced nurturing beha-
vior, whereas prolactin will have the opposite effect. Our results allow
us to examine the role of androgens and prolactin in any potential
trade-off between aggressive and nurturing behavior.

2. Methods

2.1. Species and study site

We studied a population of bluegill in Lake Opinicon (44°34′N,
76°19′W), Ontario, Canada. This lake is approximately 900 ha and has
been a study site for this species since the 1980s (e.g. Gross, 1982). In
Lake Opinicon, during the June to July breeding season, parental males
enter the littoral zone and build nests side-by-side in colonies. A colony
is established over the course of a couple of days, after which females
spawn with parental males at that colony during a single day. Multiple
colonies are formed at different locations and different times during the
breeding season. Parental males remain highly aggressive to each other
during colony formation and spawning (Gross, 1982), and during this
period, circulating 11-KT concentrations are high (Magee et al., 2006).
After spawning, only the parental males remain in the colony to provide
parental care to the offspring. The care period consists of about 3 days
of caring for eggs, when parental males actively fan the eggs to move
oxygenated water across the nest, remove dead or moldy eggs from the
nest, and defend the eggs from brood predators in the water column,
which include other bluegill, pumpkinseed (Lepomis gibbosus), small-
mouth bass (Micropterus dolomieu), and bluegill × pumpkinseed hy-
brids (Côté and Gross, 1993; Gross and Macmillan, 1981). After the
eggs hatch, the parental males will remain for another 4–7 days while
the larvae continue to develop in order to defend the larvae from brood
predators. Circulating concentrations of 11-KT tend to be low during
the egg period of care, but can rise again during the larval period of
care (Magee et al., 2006).

2.2. Hormone manipulation

The experimental protocol used in this study was approved by the
University of Western Ontario Animal Care Committee. During the
breeding seasons of 2015, 2016 and 2017, swimmers monitored blue-
gill activity in the lake and identified colony formation and the onset of
spawning. On the day after spawning, nests were marked with num-
bered ceramic tiles, and parental males were captured one at a time
using a dip net. A screen was placed over the nest to prevent egg pre-
dation during the male's absence. The number of eggs on each nest was
estimated using a 5-point scale (see Claussen, 1991). Each parental
male was taken to a nearby boat where 200 μl of whole blood was
collected from the caudal vein using a 25G needle attached to a 1ml,
heparinized syringe. The time to collect blood never exceeded 2min
from capture. Blood samples were stored on ice until they were brought
to the field-based laboratory and centrifuged to separate and extract
plasma. The plasma was then stored at −20 °C. Each male was assigned
to one of six treatments in a rotating order: (1) placebo (control), (2)
11-KT, (3) flutamide, an 11-KT antagonist, (4) low concentration of
prolactin, (5) high concentration of prolactin, and (6) bromocriptine, a
prolactin-release inhibitor. In 2015, all treatments were used except the
prolactin treatments, in 2016 all treatments were used except the high
prolactin treatment, and finally, in 2017, placebo, 11-KT and high
prolactin were the only treatments used. The treatments vary among
years partly due to logistical constraints. Within a colony, the locations
of males assigned to different treatments were distributed haphazardly.
As in Rodgers et al. (2012), implants were made with silastic tubing
measuring 8mm in length and 1.47mm internal diameter. Placebo
implants were filled with castor oil, flutamide implants were filled with
flutamide powder (Sigma Aldrich, Oakville, ON), 11-KT implants were
filled with 11-KT (Steraloids, Newport, RI) dissolved in castor oil
(amount= 80 μg KT/implant), bromocriptine implants were filled with
bromocriptine powder (Cayman Chemical, Ann Arbor, MI), and pro-
lactin implants were filled with prolactin (Sigma Aldrich, Oakville, ON)
dissolved in castor oil at one of two concentrations: low prolactin
(amount= 1.25 IU/implant) and high prolactin (amount= 12.5 IU/
implant). All implants were sealed at both ends with 1mm of silicone.

Parental males were anesthetized using clove oil, and implants were
inserted by first removing two to three scales, anterior to the pelvic fin,
with tweezers. The exposed area was then cut using a scalpel to create a
small incision into the peritoneal cavity. Two implants were inserted
into the cavity and 1ml of a saturated solution of the antibiotic oxy-
tetracycline was injected in the wound to help prevent infection. The
incision was then sealed with liquid bandage (New Skin; Prestige Brand
Holdings, Tarrytown, NY). Fish were given at least 5min to recover in a
water-filled bucket, before being returned to their nest. Once the male
resumed active nest-care activities, which usually occurred im-
mediately upon return to the nest, the screen cover was removed.

2.3. Parental care behavior

Parental care behavior was observed on the second and third days
after spawning (i.e. one and two days after implantation). Fish were
observed by swimmers in the 2015 season. Behavior was recorded using
video cameras (GoPro, San Mateo, CA) placed around the colony during
the 2016 and 2017 seasons. Parental behavior from two general cate-
gories was observed: aggressive and nurturing. To measure nurturing
behavior, parental males were observed or filmed for 30min each day,
during the period of 9:00–12:00 EDT. The daily order of behavioral
observations was haphazard across individuals to balance any timing
effects among treatments. Three nurturing behaviors were counted: (1)
pectoral fanning; (2) caudal fanning; and (3) egg removal. Pectoral and
caudal fanning bring fresh, oxygenated water across the developing
eggs and remove sediment from the eggs (Slijkhuis et al., 1984). Egg
removal impedes dead eggs from spreading fungal disease (Côté and
Gross, 1993). We also measured rim circling behavior during this
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period but analyzed this behavior separately as it is unclear if the be-
havior is used to oxygenate the eggs similar to fanning, or if it is a nest
defensive behavior (see Colgan et al., 1979). To measure aggressive
behavior, parental males were observed or filmed for 1.5min on the
same days that nurturing behavior was recorded, during the period of
13:00–15:00 EDT. A pumpkinseed was placed in a transparent plastic
bag filled with water attached to a 1.5m pole and was presented on the
border of a parental male's nest for 30 s, followed by a 30 s interval
when the pumpkinseed was removed from the nest, and then a final 30 s
presentation. Three aggressive behaviors were counted during the two
30 s intervals when the pumpkinseed was present: (1) lateral displays;
(2) opercular flares; and (3) bites. A lateral display occurs when the
male turns laterally relative to the invading fish, an opercular flare
occurs when the male approaches the invading fish and extends his
opercula outwards, and a bite occurs when the male makes physical
contact with the invading fish using his mouth. All behaviors were
turned into counts per minute for analysis.

2.4. Hormone measurements

At the end of the third day after spawning, fish were again collected
with dip nets and taken to the boat. Approximately 200 μl of blood was
collected, as described above, for final circulating hormone analysis.
For a subset of males (those collected in 2017), enzyme-linked im-
munosorbent assay (ELISA) kits (Cayman Chemical, Ann Arbor, MI)
were used to determine the concentrations of 11-KT and cortisol in the
plasma. The samples were run in triplicate, and the ELISAs were vali-
dated by assessing parallelism between a standard curve obtained with
a calibrated 11-KT solution and serial dilutions of samples from our
fish. These analyses were used to confirm that the 11-KT implants did in
fact alter circulating concentrations of 11-KT. The cortisol analysis
provided a measure of potential differences in stress level among
treatments. We have not yet been able to validate an ELISA kit for
analysis of circulating prolactin concentrations. For the 11-KT assay the
intra-assay coefficient of variation was 8.1% and the inter-assay coef-
ficient of variation was 6.4%. For the cortisol assay the intra-assay
coefficient of variation was 14% and the inter-assay coefficient of
variation was 20%. Concentrations of 11-KT and cortisol were within
the range expected based on previous studies of bluegill parental males
during the breeding season (Knapp and Neff, 2007; Magee et al., 2006).

2.5. Statistical analyses

We used SPSS version 25 (IBM) or JMP version 4.0.4 (SAS Institute
Inc.) for all analyses. First, we compared abandonment rates prior to the
final collection among treatments using a Chi-Square test. Subsequent
analyses focus only on individuals that stayed until the final collection.
To compare body length and egg score for fish assigned to different
treatments, we used an ANOVA model for body length and an ordinal
regression for egg score, with both models including treatment as a
fixed factor and year as a random factor. The effects of implants on
circulating hormone concentrations (11-KT and cortisol) were assessed
using ANOVAs for the initial and final hormone concentrations with
treatment as a fixed factor. Effects of hormone manipulation on beha-
vior were assessed using ANOVAs that included treatment as a fixed
factor and year as a random factor. When a significant effect of treat-
ment was observed, effect size was calculated as eta2 (sum of squares
for the treatment factor divided by the total sum of squares) and post
hoc comparisons among treatments were performed using Fisher's least
significant difference (LSD). Our main analysis focused on the sum of
nurturing behaviors (pectoral fanning + caudal fanning + egg re-
moval) and the sum of aggressive behaviors (lateral display + oper-
cular flare + biting), with each sum expressed per minute of observa-
tion. We also present the analysis of the individual behaviors in the
Appendix A. Similar patterns of significance were observed when the
behavioral data were instead analyzed with non-parametric Wilcoxon

tests followed by pairwise Kruskal-Wallis tests between hormone
treatments (data not shown). Finally, we used Spearman's test to cor-
relate nurturing and aggressive behavior This correlation was run on
both the untransformed data (sums of aggressive and nurturing beha-
vior per minute of observation), as well as on the same data after ap-
plying a z-score transformation within each treatment to control for any
absolute differences across the treatments.

3. Results

3.1. Comparison of parental males by treatment

The rate of nest abandonment did not differ significantly among
treatments (n=273, χ2= 9.42, df= 5, p=0.094; Table 1). Body
length did not differ among fish assigned to different treatments
(F5,183= 0.69, p=0.66; Table 1), but did differ among years
(F2,183= 4.44, p=0.013). Egg score did not differ among fish assigned
to different treatments (χ2= 2.79, df= 5, p=0.73; Table 1) or among
years (χ2= -.87, df= 2, p=0.65). There were no significant differ-
ences in circulating cortisol concentration among treatments before
implantation (F2,90= 0.70, p=0.50; Table 2) or after implantation
(F2,89= 0.77, p=0.46; Table 2). There were no significant differences
in circulating 11-KT concentrations among treatments before im-
plantation (F2,90= 0.99, p=0.37; Table 2), but there were significant
differences after implantation (F2,89= 4.40, p=0.015, eta2= 0.099;
Table 2); the 11-KT concentrations were significantly higher in the 11-
KT treatment than the control and prolactin treatments.

3.2. Parental care behavior

The frequency of aggressive behavior exhibited by the 11-KT
treatment males was significantly higher than the other treatments
(F5,179= 22.62, p < 0.001, eta2= 0.222; Fig. 1A). Males in the high
prolactin treatment displayed the lowest level of aggression, and their
level was significantly lower than the bromocriptine-implanted fish.
Unexpectedly, flutamide appeared to have no effect on aggressive be-
havior. There was no effect of year on aggressive behavior
(F2,179= 1.69, p=0.19).

We found that the frequency of nurturing behavior was highest in
males in the high prolactin treatment, and lowest for the males in the
bromocriptine treatment (F5,168= 14.13, p < 0.001, eta2= 0.381;
Fig. 1B). The males in the 11-KT treatment displayed a trend towards
less nurturing behavior than control males, but the difference was not
statistically significant (p=0.075). There was a year effect on nur-
turing behavior (F2,168= 14.89, p < 0.001); the frequency of nur-
turing behavior was lower in 2015, when behaviors were observed
directly than in 2016 and 2017 when behaviors were filmed. Parental
males did not show a clear reaction to the presence of an observer who

Table 1
Characteristics of parental male bluegill (Lepomis macrochirus) assigned to one
of six hormone manipulation treatments. Abandonment is presented as the
number of males that stayed or abandoned prior to the final collection, whereas
body length and egg score are presented as the mean ± 1 SE. Only fish that
stayed on their nests until the final blood collection are included in the body
length and egg score data.

Treatments Abandoned (n) Stayed (n) Body length
(mm)

Egg score
(1–5)

Control 16 58 183 ± 1 3.2 ± 0.1
11-KT 24 49 183 ± 1 2.9 ± 0.2
Flutamide 13 22 189 ± 2 3.5 ± 0.2
Low prolactin 5 11 188 ± 3 3.2 ± 0.3
High prolactin 7 33 181 ± 1 2.9 ± 0.1
Bromocriptine 15 20 189 ± 2 3.2 ± 0.2

Note: There were no significant differences among treatments in any of these
metrics (see text for details).
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was floating several meters from their nest, so it is unclear whether or
not the variation among years occurred because the observer's presence
affected the expression of nurturing behaviors.

There was a negative correlation between nurturing and aggressive
behavior (Spearman's r=−0.318, n=171, p < 0.001; Fig. 2). This
negative relationship was also significant when the data were first Z-
scored within treatments (Spearman's r=−0.185, n= 171, p=0.015;
data not shown).

4. Discussion

There is a well-established relationship between circulating an-
drogen concentrations and the frequency and intensity of aggressive
behavior across animal taxa (Marler et al., 2003). Consistent with this
relationship, we found that parental males implanted with 11-KT, the
primary androgen in fishes, displayed more aggressive behavior to-
wards a brood predator than individuals that received a placebo im-
plant. Hormone assays validated the effectiveness of our implants:
whereas the control males showed a drop in circulating 11-KT con-
centration between the two measurement days, the 11-KT implanted
males maintained a high concentration of the hormone (also see Magee
et al., 2006). Flutamide implants appeared to have no effect on the
frequency of aggressive behaviors displayed by the parental males. This
result matches a previous study in bluegill (Rodgers et al., 2013), and is
consistent with studies in mammals, lizards and other fishes that have
shown no effect of flutamide on aggression, despite effects of flutamide
on other reproductive traits in these taxa (e.g. Heilman et al., 1976;
Sebire et al., 2008; Tokarz, 1987; van Breukelen, 2013). Indeed, strong
evidence linking flutamide to aggression has largely come from studies
of birds (e.g. Canoine and Gwinner, 2002; Sperry et al., 2010). Inter-
estingly, at least one study in a fish has identified a nuclear androgen
receptor that mediates the effects of 11-KT on a reproductive trait
(production of spiggin, a glue used by male stickleback during nest
construction), and has also shown that flutamide blocks the receptor
and action of 11-KT on that trait (Olsson et al., 2005). Yet another study
on the same species has shown that flutamide has no effect on ag-
gressive behavior (Sebire et al., 2008). Thus, it is possible that ag-
gression is mediated by a different androgen receptor than the one
mediating reproductive traits (also see Li and Al-Azzawi, 2009). How-
ever, the mechanism linking circulating androgens to aggressive be-
havior is unknown and it may differ among taxa.

Prolactin is another hormone that is linked to behavior during re-
production. The hormone has been linked to parental care behavior in
mammals (e.g. Brown et al., 2017) and birds (e.g. Smiley and Adkins-
Regan, 2018). The effect of prolactin on parental care behavior in fishes
is less well-studied (reviewed by Whittington and Wilson, 2013). We
administered implants containing prolactin in parental male bluegill
and observed more than a doubling in the frequency of nurturing be-
havior exhibited towards the eggs. Prolactin implants also resulted in a
two-fold increase in fanning in three-spined sticklebacks (Páll et al.,
2004). Our results thus contribute to the evidence that prolactin pro-
motes nurturing behavior during parental care in many vertebrates.

The amino acid sequence of prolactin differs substantially between

tetrapods and teleost fishes (Wallis, 2000). In our study, we used ovine
prolactin to produce the implants. Ovine prolactin is 199 amino acids
long, in comparison to a range of 177–185 in teleost fishes, with
identities of about 30–40% (Manzon, 2002; Noso et al., 1993;
Whittington and Wilson, 2013). Despite the differences in amino acid
sequence and length, the prolactin-implanted group in our study
showed significantly more nurturing behavior than the control group,
suggesting sufficient conservation in prolactin structure across mam-
mals and fishes to preserve its effect on behavior. Páll et al. (2004)
compared the effects of ovine prolactin and salmon prolactin on a
parental care behavior (fanning) and a courtship behavior (zigzag) in
three-spined sticklebacks. Both ovine and salmon prolactin increased
fanning behavior, whereas only salmon prolactin affected courtship
behavior. This finding suggests some limitation in the conservation and
efficacy of mammal prolactin in fishes. Indeed, mammal prolactin may
be effective in stimulating nurturing behavior but not courtship beha-
vior in fishes. Why there would be a differential effect based on the type
of behavior is unclear.

Bromocriptine acts by inhibiting the release of prolactin from the
anterior pituitary (McComb et al., 1982). Bromocriptine has been used
to assess the role of prolactin in several species. In Adélie penguins
(Pygoscelis adeliae), individuals implanted with bromocriptine, during
the parental care stage, shifted their behavior back to those typically
displayed earlier in breeding (Thierry et al., 2013). In mammals such as
the rat (Rattus novergicus), bromocriptine implants disrupt the onset of
parental behavior (Bridges and Ronsheim, 1990; Donhoffner et al.,
2017) and in zebra finches, bromocriptine almost completely eliminates
parental care behavior (Smiley and Adkins-Regan, 2018). In bluegill,
Kindler et al. (1991a) showed that bromocriptine implanted males de-
creased nurturing behavior during parental care. We found similar re-
sults in our study, notably with a significantly lower dose of bromo-
criptine than Kindler et al. (1991a) used (0.35 mg vs. 2.5 mg per 100 g
of fish); albeit, neither our study nor the Kindler et al. (1991a) study
were able to verify the actual circulating concentration of prolactin in
the treated and control fish. Nevertheless, these studies add further
support that prolactin affects the frequency of nurturing behavior
during parental care.

Researchers have argued that there is a trade-off between aggressive
and nurturing behavior during parental care (e.g. Buchanan et al.,
2007; Ros et al., 2004; Rosvall, 2013). Our data suggest that a clear
trade-off between aggressive and nurturing behavior is present in
bluegill. We observed a significant negative relationship between the
frequency of aggression and the frequency of nurturing behavior at the
level of individual fish. This relationship was independent of behavioral
differences among treatments, and suggests that individuals may be
constrained in their capacity to concurrently exhibit high levels of both
aggression and nurturing. Importantly, because aggressive and nur-
turing behaviors were measured in different contexts—aggression
during a simulated brood predator incursion and nurturing during nest
care in which predator incursions were infrequent—this tradeoff cannot
be explained by competing allocations of time to these different beha-
viors (i.e. time spent on aggressive behavior did not reduce the time
available for nurturing behavior). Because parental male bluegill

Table 2
Hormone concentrations for three treatment groups in parental male bluegill (Lepomis macrochirus). Shown are the number of samples analyzed and mean circulating
11-KT and cortisol concentrations (± SE) before and after implantation for parental males collected in 2017.

Treatments n
Before

n
After

11-KT (ng/ml)
Before

11-KT (ng/ml)
After

Cortisol (ng/ml)
before

Cortisol (ng/ml)
after

Control 37 35 27.9 ± 4.7 12.6 ± 2.4b 7.6 ± 1.7 7.3 ± 1.4
11-KT 26 25 25.3 ± 5.2 20.8 ± 2.2a 5.1 ± 1.0 6.7 ± 2.2
High prolactin 30 32 19.1 ± 3.8 10.4 ± 2.6b 6.5 ± 1.4 4.8 ± 1.0

Note: ANOVAs were used to compare hormone concentrations among treatments. When the treatment effect was significant, the same letter is used to indicate groups
that were not statistically different (see text for details). The number of samples analyzed before and after implantation differ because the necessary amount of
plasma was not available for a small number of the sample collections.
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provide uniparental care, there is no opportunity for compensation
from female parents as in biparental species, which can obscure trade-
offs between aggressive and nurturing behaviors (e.g. Stoehr and Hill,
2000). In bluegill this trade-off is mediated by both 11-KT and prolactin
levels. 11-KT implanted bluegill showed increased aggressive behavior
and reduced nurturing behavior (also see Rodgers et al., 2013), whereas
prolactin implanted bluegill showed increased nurturing behavior and
reduced aggressive behavior. This latter effect was most pronounced
when comparing our high prolactin and bromocriptine groups. How-
ever, the underlying mechanistic pathways through which these two
hormones interact to shape behavior remain unresolved. Future work
could further examine the nature of this trade-off by implanting bluegill
with both 11-KT and prolactin to determine if parental males can
maintain high levels of both aggressive and nurturing behavior during
parental care, or if the apparent hormone-mediated trade-off means an
individual cannot be both hyper-aggressive and hyper-nurturing.
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Appendix A

The individual aggressive behaviors were examined using ANOVA
models that included treatment as a factor and year as a random effect.
For the frequency of biting, we observed a significant effect of treat-
ment (F5,179= 17.36, p < 0.001; Table A1); males in the 11-KT
treatment performed significantly more bites than males in the other
treatments, while males in the bromocriptine treatment performed
significantly more bites than males in both the control and high pro-
lactin treatments. The frequency of biting also showed a significant
effect of year (F2,179= 13.08, p < 0.001), with fewer bites observed in
2015 than in either 2016 or 2017. For the frequency of lateral displays,
we observed a significant effect of treatment (F5,179= 3.89, p=0.002;
Table A1); males in the 11-KT treatment performed significantly more
lateral displays than males in all treatments except flutamide. The
frequency of lateral displays also showed a significant effect of year
(F2,179= 51.52, p < 0.001), with more lateral displays observed in
2015 than in either 2016 or 2017. For the frequency of opercular flares,
we observed a significant effect of treatment (F5,179= 7.04, p < 0.001;
Table A1); males in the 11-KT treatment performed significantly more
opercular flares than males in all treatments except low prolactin, while
males in the flutamide treatment also performed significantly more
opercular flares than males in the high prolactin treatment. The fre-
quency of opercular flares also showed a significant effect of year
(F2,179= 10.01, p < 0.001), with more opercular flares observed in
2017 than in either 2015 or 2016

Examining the individual nurturing behaviors, the frequency of
caudal fanning did not differ significantly among treatments
(F5,168= 0.33, p=0.89; Table A1) or among years (F5,168= 2.65,
p=0.074). For the frequency of pectoral fanning, we observed a sig-
nificant effect of treatment (F5,168= 15.67, p < 0.001; Table A1);
males in the high prolactin treatment performed significantly more
pectoral fanning than males in the other treatments. The frequency of
pectoral fanning also showed a significant effect of year
(F2,168= 13.08, p < 0.001), with significantly more fanning observed
in 2017 than in either 2015 or 2016. For the frequency of egg removal,
we observed a significant effect of treatment (F5,168= 2.61, p=0.026;
Table A1); males in the high prolactin treatment performed sig-
nificantly more egg removal than males in the bromocriptine and 11KT

Fig. 1. Aggressive and nurturing behavior performed by nest-tending male
bluegill (Lepomis macrochirus). The sum of aggressive behaviors (lateral display
+ opercular flare + biting) and the sum of nurturing behaviors (pectoral
fanning + caudal fanning + egg removal) are expressed per minute of ob-
servation. Fish were assigned to one of six hormone manipulation treatments.
The boxplots display median, 25th, and 75th percentiles, with the whiskers
representing the 10th and the 90th percentile. Data outside this range are
shown. Treatments with the same letters are not statistically different (see text
for details).
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treatments. The frequency of egg removal also showed a significant effect of year (F2,168= 13.17, p < 0.001), with more egg removal observed in
2016 than in either 2015 or 2017.

The frequency of rim circling performed by males was not significantly different among treatments (F5,168= 1.21, p=0.34; Table A1), although
there was a significant effect of year (F2,168= 3.26, p=0.041), with less rim circling observed in 2015 than in 2016 or 2017.

Table A1
Parental care behavior performed by parental male bluegill (Lepomis macrochirus) assigned to one of six hormone manipulation treatments. Means± 1 SE are
presented for each behavior as the number of observations per minute.

Treatment Bites Lateral display Opercular flare Caudal fanning Pectoral fanning Egg removal Rim circling

Control 6.60 ± 0.78cd 3.35 ± 0.76b 3.47 ± 0.39bc 0.19 ± 0.05 0.46 ± 0.09b 0.43 ± 0.11ab 1.36 ± 0.19
11-KT 16.53 ± 1.40a 6.31 ± 0.72a 7.18 ± 0.99a 0.18 ± 0.08 0.29 ± 0.06b 0.23 ± 0.04b 1.31 ± 0.16
Flutamide 7.05 ± 0.99bc 6.66 ± 1.51ab 2.86 ± 0.94b 0.20 ± 0.12 0.11 ± 0.05b 0.32 ± 0.09ab 0.98 ± 0.22
Low Prolactin 9.95 ± 1.79bcd 1.14 ± 0.27b 1.86 ± 0.52abc 0.24 ± 0.17 0.27 ± 0.14b 0.61 ± 0.14ab 1.98 ± 0.54
High Prolactin 6.25 ± 0.91d 0.71 ± 0.15b 3.36 ± 0.60c 0.30 ± 0.10 1.72 ± 0.20a 0.58 ± 0.11a 1.86 ± 0.31
Bromocriptine 9.53 ± 1.57b 5.97 ± 1.12b 2.34 ± 0.50bc 0.08 ± 0.06 0.06 ± 0.04b 0.22 ± 0.06b 1.76 ± 0.42

Note: ANOVAs were used to compare hormone concentrations among treatments. When the treatment effect was significant, the same letter is used to indicate groups
that were not statistically different.
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