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A B S T R A C T

Parental care represents a suite of distinct behaviors performed by parents to maximize fitness. Dynamic shifts in
parental care behaviors, such as between nest defense and direct provisioning of the offspring, are required in
response to environmental variation. However, the neural mechanisms which mediate such behavioral shifts
remain a mystery. The anemonefish, Amphiprion ocellaris, represents an experimentally valuable model in social
neuroscience which is conducive to manipulating the environment while simultaneously measuring parental
care. The goal of this study was to determine the extent to which arginine vasotocin (AVT) and isotocin (IT)
signaling are necessary for males to shift between direct egg care and aggressive nest defense in the presence of
intruders, Domino damselfish (Dascyllus trimaculatus). The IT receptor antagonist desGly-NH2-d(CH2)5[D-
Tyr2,Thr4]OVT, significantly reduced direct egg care, while at the same time increased levels of aggressive nest
defense relative to vehicle. Conversely, blockade of AVT using the antagonist d(CH2)5[Tyr(Me)2]AVP, reduced
aggression and tended to increase egg care. Results demonstrate that male anemonefish alter their parental
strategy in response to allospecific intruders, and that IT and AVT signaling oppositely regulate parental care
displays of aggression versus egg care.

1. Introduction

Parental care encompasses a suite of behaviors performed by par-
ents to promote the survival of their offspring, often at a cost to both
their own survival and future reproductive opportunities (Badyaev and
Ghalambor, 2001; Clutton-Brock, 1991; Gross, 2005; Robert, 1972;
Royle et al., 2012). Examples of parental care include directly providing
resources for offspring, (e.g. providing food, grooming, and egg care),
as well as indirect parental care (e.g. burrowing, nest building and the
aggressive defense of offspring from predators). Hence, parental care is
inherently complex, as parents must deal with multiple simultaneously
competing demands (Royle et al., 2014). Parental behaviors are
therefore inherently plastic, and the behaviors individuals display are
context and situationally dependent (O'Rourke and Renn, 2015;
Winkler, 1987). Variability in brood size (Rauter and Moore, 2004;
Wendeln and Becker, 1999), parental condition (Velando and Alonso-
Alvarez, 2003), partner investment (Wright and Cuthill, 1989), in-
dividual experience (Nunes et al., 2001), and predation risk (Fontaine
and Martin, 2006), can all influence variability in the allocation of
parental investment in offspring. For example, a sand goby (Poma-
toschistus minutus) father robustly cares for his brood to promote off-
spring development, yet when predators arrive he must vigorously

guard the nest (Lissåker and Kvarnemo, 2006). Furthermore, in a study
including 5 different species of biparental birds, males frequently visit
nests to provide food to incubating females. However, these visits can
be risky as they cue predators to the location of the nest. When per-
ceived predation risk increases, males visit the nest less frequently,
weighing the costs of reduced offspring nourishment against the benefit
of reduced predation (Ghalambor and Martin, 2002). Taken together,
these studies highlight the dynamic nature of parental care, where it is
critical for individuals to display the appropriate behavior to maximize
fitness. The dynamic behavioral changes parents exhibit during off-
spring care must be mediated by plastic mechanisms within the brain.
In order to identify these mechanisms, studies exploring concurrent
behaviors with varying ecological demands that necessitate the adap-
tive behavioral choices are needed.

While the theoretical application and evolutionary consequences of
parental care trade-offs have been extensively discussed (Baylis, 1981;
Clutton-Brock, 1991; Gross, 2005; Gross and Sargent, 1985; Royle et al.,
2012), much remains to be learned about the neural mechanisms ne-
cessary for switching between parental displays. The identification of
nonapeptides and their broad role in social behaviors presents an ideal
starting point in understanding the mediation of discrete behavioral
displays. Nonapeptides represent a group of ancient evolutionarily
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conserved neurohormones synthesized primarily within the preoptic
area (POA) of the hypothalamus across vertebrate lineages (Goodson,
2008; O'Connell and Hofmann, 2011; O'Connell and Hofmann, 2012).
This family of peptides was generated from a gene duplication and
includes the non-mammalian vasopressin homologs vasotocin (AVT),
and the OT homologs: mesotocin (MT-birds and reptiles) and isotocin
(IT-fish) (Goodson and Bass, 2001; Goodson and Thompson, 2010;
Keverne and Curley, 2004; O'Connell and Hofmann, 2011). Not only are
the peptides conserved, but peptide receptors for both AVP and OT like
homologs are pervasive across regions of the social decision-making
network (SDMN), a highly conserved neural network of brain regions
which function in the regulation of social behavior (O'Connell and
Hofmann, 2011; O'Connell and Hofmann, 2012). Moreover, patterns of
neural projections throughout the brain are also remarkably similar
(Donaldson and Young, 2008; Goodson, 2005; Goodson and Bass, 2000;
O'Connell and Hofmann, 2011; Thompson and Walton, 2009), sug-
gesting that these nonapeptide signaling pathways have remained re-
latively unchanged over 450 million years of vertebrate evolution.
Hence, exploration of the neural regulation of parental behavior outside
of non-model systems may provide valuable insight into the evolutio-
narily conserved function of this ancient nonapeptide family.

Research across a wide range of taxa has repeatedly implicated
nonapeptides as key components in the regulation of social behavior
(Albers, 2015; Goodson and Bass, 2000, 2001; Santangelo and Bass,
2006). While sex and species-specific differences are present, some
common threads have emerged. OT/IT has been widely implicated as
important for social salience and parental care (Bartz et al., 2010;
Donaldson and Young, 2008; Gubernick et al., 1995; Olazabal and
Young, 2006; Oldfield and Hofmann, 2011; Saito and Nakamura,
2011). In mammals, the release of OT at parturition is critical for a
variety of physiological processes as well as influencing behavioral
changes important for mother-infant bonding (Bartz et al., 2010).
Furthermore, the role of OT/IT is not limited to mammals nor specific
to female parental care. Studies in fish reveal IT signaling is conserved
in the promotion of parental care in both sexes; blockade of IT during
paternal care reduces parental effort in multiple species (DeAngelis
et al., 2017b; O'Connell et al., 2012). Studies which have examined the
role of AVP/AVT suggest its function in the brain depends on the spe-
cific social and ecological pressures within each species, but broadly
appears to promote behaviors which increase reproductive opportu-
nities (Bamshad et al., 1994; Fehm-Wolfsdorf et al., 1988; Ferris, 1992;
Semsar et al., 2001). AVP has been extensively studied in pair bonding
voles where the distribution of AVP receptors has a strong relationship
with social mating systems (Donaldson and Young, 2008). AVP/AVT
has repeatedly been implicated as important for aggression, nest de-
fense, and intraspecific aggressive interactions in dominance hier-
archies (Greenwood et al., 2008; Kleszczyńska et al., 2012; Yaeger
et al., 2014). While the role of AVP/AVT in parental care is less clear,
several studies have implicated AVP/AVT as important for parental
aggression, including displays of vigilance and nest defense (Bosch and
Neumann, 2010; DeAngelis et al., 2017b; Marler et al., 1995; Schulte
and Summers, 2017; Ten Eyck and ul Haq, 2012).

In order to understand how nonapeptide systems influence trade-
offs in parental behaviors, specifically switching between direct provi-
sioning of offspring and aggressive offspring defense, study systems are
needed in which the environments can be easily manipulated, and
parents forced to adjust parental displays in response to dynamic en-
vironments. The anemonefish A. ocellaris is an emerging model system
within social neuroscience that provides an opportunity to manipulate
the risk of nest predation in a semi-naturalistic way. Moreover, several
life history characteristics make this a felicitous laboratory study system
for identifying neural mechanisms of parental care trade-offs. Due to
their obligate symbiosis with protective host sea anemones they live in
relatively small, simple and isolated social groups and have unusually
small home ranges (restricted with within a meter of the host ane-
mones). As a consequence, they are extremely aggressive in the defense

of their territory and nest. Furthermore, males of this species display an
extraordinary amount of paternal effort; paternal behavior is con-
sistently variable between individuals across spawning periods and
easily quantified from video recordings (DeAngelis et al., 2017b).

In a previous report, we demonstrated that blockade of IT signaling
(using a specific IT receptor antagonist) during high levels of paternal
care in A. ocellaris dramatically reduced the amount of egg care (nip-
ping and fanning of the eggs) (DeAngelis et al., 2017b). Conversely,
when males were administered an AVT-receptor antagonist, the amount
of egg care increased. Previous reports have highlighted the important
role of AVT signaling during aggressive interactions (Hattori and
Wilczynski, 2009; Huffman et al., 2015; Ramallo et al., 2012; Yaeger
et al., 2014). Hence, we hypothesized that the increase in paternal ef-
fort in response to the AVT-receptor antagonist is a consequence of a
reduction in vigilance and nest defense, thereby allowing the animal to
allot more effort towards direct measures of parental care (nipping and
fanning of the eggs). However, there were no nest predators in that
study, and thus it was not possible to conclude that the increase in egg
care from the AVT receptor antagonist was associated with reduced
vigilance.

The goal of this study was to determine whether AVT and IT sig-
naling are necessary for males to modify their levels of direct egg care
versus egg defense in the presence of allospecific nest intruders. To
accomplish this, we modified the experimental paradigm by introdu-
cing Domino damselfish (Dascyllus trimaculatus) into the territory of an
anemonefish pair at a time when the male is displaying peak levels of
parental care towards their batch of eggs. We hypothesized that in-
troducing the damselfish would reduce the amount of effort directed
towards egg attendance in favor of nest defense and aggression towards
the damselfish. We further hypothesized that the AVT antagonist would
reduce aggressive nest defense while at the same time increase egg
attendance, whereas the IT antagonist would have the entirely opposite
profile, reducing egg attendance while increasing aggression. Such an
observation would constitute strong evidence that the nonapeptides
have opposing roles in the regulation of two distinct parental care be-
haviors, nurturing versus aggression. If true, the nonapeptides would be
well-positioned for regulating shifts between parental care behaviors.

2. Methods

2.1. Animals and husbandry

Two species of teleost fishes were used in this study, the False Clown
anemonefish (Amphiprion ocellaris) and the Three Spot Domino dam-
selfish (Dascyllus trimaculatus). The False Clown anemonefish were 2nd
and 3rd generation fish bred and raised in the laboratory from brood-
stock obtained via ORA (Ocean Reefs and Aquariums, Fort Pierce, FL),
while the Three Spot Domino damselfish were obtained directly from
the aquarium pet trade (Sailfin Aquatics, Champaign, IL). Domino
damselfish naturally cohabitate with A. ocellaris and will consume eggs
if not aggressively forced away by parents (personal observation). All
fish in this study were housed in 20-gallon tall aquariums with similar
environmental conditions. Aquariums were integrated via a large cen-
tral filtration system with a tank water volume turnover rate of 20 times
per hour to ensure comparable water chemistry parameters across tanks
and within the system. Environmental conditions were set to mimic the
natural environment with a photoperiod of 12:12, the temperature set
at 79 °F, pH between 8 and 8.4, and specific gravity of 1.026. All
procedures were approved by the University of Illinois Institutional
Animal Care and Use Committee.

Prior to experimental manipulations, A. ocellaris were kept in pairs
consisting of one dominant female and one subordinate male. Each tank
also contained a terra-cotta pot (6-inch diameter) to provide a protec-
tive nest site and spawning substrate for fish to deposit their eggs. D.
trimaculatus were kept in groups of 7–10 individuals in tanks containing
multiple terra-cotta pots and PVC tubes for safe refuge. Fish were fed at
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least twice a day to satiety with a mix of New Life Spectrum Marine
(Homestead, FL) pellets and Golden Pearls (Ogden, UT), with frozen
adult brine shrimp and mysis shrimp supplemented approximately once
per week.

A total of 10 experimental tanks were used in this study, each
containing one male and one female A. ocellaris at least 3 years of age
and reproductively active (spawn intervals of< 21 days). The mean
body length (as measured from the tip of the nose to terminus of the
caudal fin) for females was 7.24 cm (±0.61 SD, range 6.3–8.0 cm),
females had an average body mass of 8.56 g (± 2.1 SD, range
5.67–11.07 g). The males had a mean body length of 5.43 cm (±0.43
SD, range 4.6–5.9 cm) and mass of 3.35 g (± 0.72 SD, range
2.21–4.45 g).

A total of 20 Damselfish were used as intruders and were introduced
from their group tank to the experimental tanks with the A. ocellaris
pairs for short intervals as described below in more detail. Damselfish
were not sexed and had an average length of 47 mm (37–57 mm) and
average weight of 3.34 g (1.4–5.4 g). All procedures were approved by
the University of Illinois Institutional Animal Care and Use Committee.

2.2. Experimental design

Parental behavior of male and female A. ocellaris was first quantified
during an unmanipulated egg rearing period (N = 10). Pairs of A.
ocellaris were continually monitored until a spawning event occurred.
Photos of the nest were taken on the day the eggs were deposited, and
again on the 6th day after egg deposition following video recordings.

Video recordings were taken between 2:00–3:00 pm on the 4th, 5th,
and 6th day after eggs were laid (Fig. 1). Days 4, 5, and 6 of the egg-
rearing period were chosen for behavioral observation because these
days have been previously shown to have high levels of parental care
with lower individual variation across days compared to other time
points during egg rearing. Additionally, these days were chosen for
consistency with previously published works within our laboratory
(DeAngelis et al., 2018; DeAngelis et al., 2017a; DeAngelis and Rhodes,
2016). Video recordings were conducted for 15-min, allowing time for
fish to acclimate to the video camera being setup outside their tanks.
While fish occasionally swim behind the terra-cotta pot, they do so only
briefly, and are in view and observable almost in entirety. Videos were
then scored by the same individual for a 5-minute quantification period
using BORIS event-logging software (Friard and Gamba, 2016). The
proportion of time spent in the nest (whole body within the terra-cotta
pot), the number of nips (mouthing the eggs to keep them free of debris
and fungus), and the number of fans (using fins to move oxygen rich
water over the eggs) were recorded and quantified.

Subsequent to behavioral observations during the initial un-
manipulated egg rearing period, parental care and aggressive egg de-
fense were quantified during 3 additional spawning periods. Pairs of A.
ocellaris were continually monitored for a spawning event as described
above except, in each spawning sequence, 3 Domino damselfish were
introduced into their tanks immediately before video recordings on
behavioral observation days 4, 5, and 6 (Fig. 1). Damselfish were not
individually identified, and were caught randomly from their home
tanks, then released into A. ocellaris tanks each day. In addition to

Fig. 1. Diagram of the experimental design. Spawning pairs of anemonefish were observed caring for their eggs on four separate spawn cycles. Video recordings were
taken on days 4, 5, and 6 after egg deposition each cycle. Fish remained undisturbed the first cycle (baseline). The second through third cycles, Domino damselfish
(shown in black) were introduced 1/2 hour after the male anemonefish in the pair received an intraperitoneal injection of either saline vehicle, IT-antagonist or AVT-
antagonist. Injections were given in counter-balanced order across individuals.
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measuring parental care behaviors as described above, the number of
charges (attempt to attack the damselfish by full speed charge) were
also recorded separately for both males and females. Damselfish were
removed from the home tanks of A. ocellaris pairs immediately fol-
lowing video recordings each day to reduce unnecessary aggression,
and potential for the A. ocellaris pair to acclimate to the damselfish
intruders.

A. ocellaris males received one of three pharmacological treatments
during three experimental spawning series. Males received in-
traperitoneal injections of either an AVT antagonist, IT antagonist, or
vehicle saline control in a volume of 10 μl/g body weight. The order of
treatments was counter balanced across tanks in order to control for any
ordinal effects of pharmacological manipulations (Table 1). Males were
caught from home tanks with a net and restrained by hand. Injections
were then administered via a 100 μl syringe (BD syringe, 26 gauge, 5/
8″). Fish were injected approximately 5 mm anterior to the urogenital
orifice and immediately placed back into their home aquarium. Injec-
tions were given 30 min prior to video recordings and behavioral ob-
servations. This time window was chosen as it has been previously
validated as enough time to allow fish to recover from the netted re-
moval from their home tanks and injection stress, while still within the
time frame when antagonists are presumed to be behaviorally active
within the brain (DeAngelis et al., 2017b; O'Connell et al., 2012; Semsar
et al., 2001). Males received the IT antagonist desGly-NH2-d(CH2)5[D-
Tyr2,Thr4]OVT (a gift, courtesy of Dr. Maurice Manning) at a dose of
0.5 μg/g body weight. Importantly, this is a highly selective OT an-
tagonist(Cho et al., 2000; Manning et al., 2012). This dose was chosen
as we have previously demonstrated it significantly affects behaviors
specific to parental care (DeAngelis et al., 2017a), and is also the
minimal dose needed that is known to affect paternal behavior in the
closely related cichlid fishes Amatitlania nigrofasciata and Neolampro-
logus pulcher (O'Connell et al., 2012; Reddon et al., 2014). The AVT
(V1a) receptor antagonist d(CH2)5[Tyr(Me)2]AVP, Manning compound
(Fisher Scientific, Waltham, MA, USA) was administered at a dose of
3.2 μg/g body weight. This dose was chosen as we have previously
validated its effect on aggression (Yaeger et al., 2014) and parental care
(DeAngelis et al., 2017a).

2.3. Statistical methods

Data were analyzed using R (version 3.5.1 ‘Feather Spray’) statis-
tical software (Team, 2014). P < 0.05 was considered the threshold
for statistical significance Residual distributions from the statistical
models were inspected visually for normality and also tested using a
Shapiro-Wilks normality tests with P > 0.10. During the initial ob-
servational spawning period, parental behavioral acts were averaged
for each individual and for each sex across days 4, 5 and 6. Means were
then compared between the sexes using a paired t-test.

In order to determine the effect of nest predator damselfish on the
parental behavior of anemonefish, a linear mixed effects model (LME,
LME4 package, (Bates et al., 2014)) was performed. Two treatments

were compared in this model, the initial observational spawning period
and the saline treatment during damselfish intrusions. Total parental
behaviors of both males and females as measured on days 4, 5, and 6,
were modeled as a function of treatment and sex as fixed factors, with a
treatment-by-sex interaction and individual as a random effect in order
to account for repeated measures across treatments. Significance of the
random effect was conducted using the ‘rand()’ function within the
‘lmertest’ package within R, which compares the models with and
without random effects creating a vector of Chi square statistics and
corresponding P values for random factors (Kuznetsova et al., 2015).
Effect sizes for this model were calculated as a correlation between the
fitted and observed values and are reported as R2. Post hoc pair wise
comparisons were performed using Fisher's protected Least Significant
Difference (LSD) tests. Effect sizes for pairwise comparisons were cal-
culated using the cohensD() function from the ‘lsr’ package (Navarro,
2013) in R.

To establish the effect of antagonist treatments on parental beha-
viors and time spent in the nest, an LME model was conducted within
each sex independently as only males received antagonist treatments.
Within males, total parental behaviors, the number of aggressive
charges, and proportion of time spent in the nest were modeled in-
dependently as a function of antagonist treatments, with individual
(unique identifier) entered as a random effect in order to account for
repeated measures across antagonist conditions. Female behavior was
modeled as a function of male behavior, as females did not receive
antagonist injections. Total maternal behaviors, and proportion of time
females spent in the nest were modeled as a function of male parental
behaviors, and male aggression. Within each LME model, post hoc
analyses were conducted using a Fisher protected LSD test at pair-wise
comparison rate, given we had an a priori prediction that each an-
tagonist treatment would differ from the saline control.

3. Results

3.1. Effect of nest predators on parental behaviors

During the initial spawning period, males displayed an average of
89.3 (± 8.71 SEM) total egg care behaviors (sum of nips and fans) and
spent 81% of their time in the nest. Females exhibited an average of
12.9 (± 3.09 SEM) total egg care behaviors and spent only 29% of their
time in the nest. Consistent with previous reports (DeAngelis et al.,
2018; DeAngelis et al., 2017b; DeAngelis and Rhodes, 2016), males
displayed significantly more total egg care behavioral acts [t9 = 7.76,
Cohen's d = 3.27, P < 0.0001], and spent a significantly higher
proportion of their time in the nest as compared to females [t9 = 5.33,
Cohen's d = 2.05, P < 0.0001].

Following the introduction of damselfish, males and females de-
fended the eggs with equal effort (Fig. 2; only data for saline vehicle
treatment shown [t9 = 0.94 Cohen's d = 0.42, P = 0.36]. In order to
understand how the introduction of damselfish during the egg-rearing
period affects parental care, comparisons of parental behaviors during
the initial no treatment observational period, and the saline control
treatment during damselfish introductions were analyzed. Results from
the LME model indicate that the addition of damselfish into the tanks of
A. ocellaris pairs during the egg-rearing period had a significant effect,
reducing the amount of direct egg care behaviors [F1,103.4 = 71.33,
R2 = 0.656, P < 0.0001]; the random effect was also significant
[P < 0.001], indicating that individuals vary in their level of aggres-
sion. Furthermore, sex was also a significant factor [F1,103.4 = 86.17,
R2 = 0.51, P < 0.0001], and a significant interaction between sex and
treatment was present [F1, 103.4 = 43.00, R2 = 0.26, P < 0.0001],
indicating that males shift their parental care strategy in response to the
introduction of damselfish intrusions while females remain unchanged
(Fig. 3). Post hoc comparisons within each sex show that males dis-
played 81% fewer parental behaviors when damselfish were present
[Cohen's d = 2.02, P < 0.001], while no differences in parental effort

Table 1
Order of treatments for each experimental male.

Tank Spawn 1 Spawn 2 Spawn 3 Spawn 4

B13 None IT S AVT
B23 None AVT S IT
C21 None S IT AVT
A24 None S IT AVT
A14 None AVT IT S
A12 None S AVT IT
C24 None IT AVT S
C22 None AVT S IT
C12 None IT AVT S
B12 None AVT S IT
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were apparent for females [Cohen's d = 0.74, P = 0.185].

3.2. Effect of nonapeptide antagonists on aggressive defense of eggs

Results from the LME model showed that the antagonist treatments
had an overall significant effect on paternal aggression
[F2,71.25 = 14.17, R2 = 0.622, P < 0.001]. Additionally, and con-
sistent with previous reports (DeAngelis et al., 2018; DeAngelis et al.,
2017b), there was a significant random effect of the individual
(P < 0.0001), indicating that individuals differ in their aggressive
behavioral displays independent of treatment. Post hoc pairwise com-
parisons showed that males were significantly more aggressive during
the IT antagonist treatment; males displayed 2-fold the amount of ag-
gressive charges during the IT antagonist treatment (Cohen's d = 0.52,
P = 0.002, Fig. 4A) compared to the saline control. Furthermore, males
were significantly less aggressive during the AVT antagonist treatment
compared to the saline control (Cohen's d = 0.65, P = 0.032), dis-
playing 3.5-fold fewer aggressive behavioral displays (Fig. 4A). This
result shows that each antagonist treatment had a significant and op-
posite effect on paternal aggression, with the IT antagonist treatment
increasing aggression, and the AVT antagonist treatment decreasing
aggression.

Within females, results from the LME showed that the aggressive
behavior displayed by males was significantly positively correlated
with maternal aggression across treatments [F1,81.4 = 6.71, R2 = 0.52,
P = 0.011]. A significant random effect of individual was also present
[P = 0.0001]. Females displayed 0.308 behavioral acts for every single
behavioral act displayed by males.

3.3. Effect of nonapeptide antagonists on parental effort and proportion of
time in nest

Overall, results from the LME indicate that the antagonist treat-
ments had a significant effect on male egg care effort (sum of nips and

fans) [F2,72.11 = 7.29, R2 = 0.51, P = 0.0013]. Furthermore, and
consistent with findings on aggression, there was a significant random
effect due to individual variation (P < 0.0001). This effect indicates
that individual males vary in their overall egg care effort across
spawning periods. Post hoc analysis showed that only the IT antagonist
treatment significantly affected male egg care effort in comparison to
the saline control (Cohen's d = 0.53, P = 0.027). Individuals receiving
the IT antagonist displayed only 58.8% the number of total egg care
behaviors as saline controls (Fig. 4B), a result consistent with previous
findings showing that blockade of IT signaling reduces paternal care
(DeAngelis et al., 2017b). While not significant (Cohen's d = 0.28,
P = 0.11), there was a trend for an increase in effort during the AVT
antagonist treatment compared to saline control. Males displayed 1.27-
fold more parental behaviors during the AVT antagonist treatment
compared to the saline control (Fig. 4B). These findings are consistent
with findings on aggression, suggesting that the signaling pathways of
AVT and IT influence paternal care in opposite ways (DeAngelis et al.,
2017b).

Results from the LME model showed that the egg care behavior of
males had no significant effect on the egg care effort of females
[F1,64.6 = 3.19, R2 = 0.25, P = 0.79]. Within the model, only the
random effect was significant (P = 0.04), indicating that individual
females vary in their total effort across spawn periods.

Antagonist treatments had no significant effect on the amount of
time males spent in the nest [F2,72 = 2.34, P = 0.103]. Within the
model, only the random effect was a significant factor in the variation
of time spent in the nest (P < 0.0001). Similarly, the antagonist
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treatment given to males did not affect the proportion of time females
spent in the nest [F2,72 = 2.34, R2 = 0.59, P = 0.10].

4. Discussion

The primary finding of this study is that the two aspects of parental
care studied, direct caring of the eggs (nipping and fanning) and egg
defense (aggressive attacks towards nest intruders), are regulated by IT
and AVT in diametric ways. These data support the hypothesis that IT
signaling is necessary for males to shift their attention away from nest
defense and towards direct care for the eggs, while AVT signaling is
necessary for doing the opposite, shifting from nurturing to aggression.
Taken together, we speculate that AVT and IT signaling contribute
competing information to the neural components which resolve trade-
offs in parental care strategy.

Previously, without introducing nest predators, we showed that
when given an AVT antagonist, males increase the number of egg care
behaviors they perform (DeAngelis et al., 2017b). Given the known role
of AVT signaling in aggression (DeAngelis et al., 2017b; Greenwood
et al., 2008; Huffman et al., 2015; Ten Eyck and ul Haq, 2012; Yaeger
et al., 2014), we hypothesized that this increase in care was a response
of reduced vigilance, therefore allotting more parental effort to be di-
rected specifically towards egg care. We reasoned that even if there
were no nest predators around, cognitive attention could still have been
devoted to vigilance, and if that attention was reduced by the AVT
antagonist treatment, this would allow more attention to be directed
towards egg care. Results from the present study, with the addition of
potential nest predators, are indeed consistent with this hypothesis. The
parental behaviors, nest defense and egg care, were reciprocally related
in such a way that if one behavior was decreased by an antagonist
treatment the other was increased. Taken together, our data suggest
that IT and AVT play an important reciprocal role in meditating the
appropriate behavioral output parents must deliver in the trade-off
between nest defense and direct parental investment.

4.1. Parental behavioral responses to changes in predation pressure

The introduction of damselfish dramatically altered the parental
behavior of males. Following the introduction of potential nest pre-
dators, males shifted their parental strategy, from direct egg care to
aggressive defense of the nest. When intruders are present, an increase
in aggressive defense of nest is required, whereas higher levels of direct
parental care may promote reproductive success when intruders are
absent. This shift in males from high levels of direct care to high levels
of aggression is consistent with other species where the introduction of
nest predators reduces provisioning of the young (Ghalambor and
Martin, 2002; Lissåker and Kvarnemo, 2006).

In females, the direct level of parental care is not significantly af-
fected by the addition of damselfish, however, this is likely due to the
small effect size for females, which are already displaying a low number
of parental care behavioral acts as compared to males. Sex specific re-
sponses to variability in the parental environment are not uncommon.
In burying beetles, males increase their parental investment following
removal of their female partner, while conversely, females do not
change their investment following male removal (Rauter and Moore,
2004). The opposite sex specific patterns are true in orange tufted
sunbirds; when the foraging efficiency of females was experimentally
reduced, males failed to compensate to the extent females did in the
opposite condition. Hence, our result that males respond with a sig-
nificant reduction in direct parental investment compared to females is
not uncommon and likely reflects the mating strategy in A. ocellaris in
which the male is the primary provisioner of the eggs (Fig. 3).

While this current report, as well as previous studies within our lab
show that males are the predominant care giver in terms of direct care
of the eggs (i.e., nipping and fanning), here, we observed no sex dif-
ference in aggression towards intruders (Fig. 2). This suggests that fe-
males may play a previously underappreciated role in parental care in
A. ocellaris, in the form of nest defense (DeAngelis et al., 2018;
DeAngelis et al., 2017b; DeAngelis and Rhodes, 2016). Furthermore,
there is a significant positive relationship between male aggression and
female aggression across treatments, suggesting that males and females
are coordinating their efforts in the aggressive defense of the nest.

4.2. AVT signaling is required for shifting attention towards nest defense

While the role of AVT in aggression has been extensively studied
and has repeatedly been implicated as a positive facilitator of aggres-
sion, dominance, and vigilance, far fewer works have addressed the
influence of AVT signaling during parental care, and thus far results
have been conflicting. Our results suggest AVT signaling is required for
increased aggressive nest defense at the expense of direct egg care. In a
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study of prairie voles, data suggest that injections of AVP into the lat-
eral septum increase male parental responsiveness, but the effects of
AVP were dose and brain region specific (Wang et al., 1994). Similarly,
in two species of sex-role reversed pipefishes, males incubating eggs in
brooding pouches show increased levels of AVT compared to non-par-
ental males, but vigilance and aggression were not measured (Ripley
and Foran, 2010). Hence, we do not know the extent to which this
increase in AVT is a response of direct parental care, or whether it may
be tied to heightened vigilance and aggressive defense of eggs. Further
examination of different rates of nest defense and egg caring in pipe-
fishes is needed to disentangle the specific role of increased AVT in
paternal behaviors and how it may relate to findings presented here.

Our study is in line with previous reports suggesting a functional
role of AVT/AVP during parental aggression and the role of AVT in
mediating trade-offs in parental behavior.

In the uniparental paternal Puerto Rican coquí frog, males display
two types vocalizations, including an advertisement call to attract fe-
males to their territories, and an aggressive call which is used both to
defend territories from conspecifics, and also to defend their offspring
from predators during paternal care (Hayes, 2009; Stewart and Rand,
1991; Townsend et al., 1984; Wells, 1977). In a study by Ten Eyck and
ul Haq, 2012 (Ten Eyck and ul Haq, 2012), the authors found that
exogenous administration of AVT to actively parenting males increased
the number of aggressive calls and also elicited more erect postures and
increased behavioral activity. The number of advertisement calls also
increased, but at a lower rate than did aggressive calls. Another recent
study in a different tropical frog (Ranitomeya imitator), a biparental
species, both males and females reduced the amount of intensive care
(climbing and moistening of the eggs) displays following AVT injections
without changing the amount of time spent with clutches. Furthermore,
the authors comment that AVT injections seemed to increase the
amount of general parental behaviors and highlight the possibility that
AVT signaling engenders protective and inspection behavior, while
intensive care behaviors are likely modulated by other neuroendocrine
processes (Schulte and Summers, 2017). Taken together, these studies
(along with our current report) demonstrate the regulatory complexity
of distinct behavioral acts under the umbrella of parental care. More
specifically, they suggest AVT signaling increases the aggressive de-
fense of offspring at the cost of reduced caring of eggs. It would be
interesting to see how direct administration of IT and AVT in the brain
of parenting anemonefish affects parental behavior. This would further
elucidate whether IT and AVT are involved in egg care vs. egg defense
in this species.

4.3. IT signaling is required for shifting attention towards egg care

Our findings indicate that IT signaling is critical for high levels of
direct parental care (nipping and fanning of the eggs). Males injected
with an IT antagonist displayed a reduction of direct egg care beha-
viors. This was an expected result, given the extensive literature across
several vertebrate lineages which consistently suggest that OT/IT sig-
naling is a critical component of offspring care independent of which
sex is the primary caregiver (DeAngelis et al., 2017b; Gubernick et al.,
1995; Keverne and Curley, 2004; O'Connell et al., 2012; Olazabal and
Young, 2006; Ragnauth et al., 2005; Roland and O'Connell, 2015; Saito
and Nakamura, 2011). Furthermore, the behavior-reducing effects of
the IT antagonist are at least somewhat specific to egg care. A previous
study found no impact of the same dose of the IT antagonist on dyadic
aggressive interactions between males (DeAngelis et al., 2017b). Ad-
ditionally, the IT antagonist treatment had no effect on the amount of
time spent in the nest. Hence, this reduction in egg care was caused by a
reduced rate of parental behavior. When individuals were not par-
enting, or chasing damselfish, they display an up and down bobbing
motion typical of anemonefish. Furthermore, in the present study, the
IT antagonist increased (rather than decreased) aggression towards
intruders, providing further support that the effect of the IT antagonist

in reducing parental care behavior is specific to egg care. We speculate
that the increase in nest defense comes from the release of attention
towards egg care (which is the main response of the IT antagonist),
hence allowing additional attention to be devoted to nest defense. We
made a similar argument for reciprocal effect of the AVT antagonist on
nest defense and egg care above.

In accordance with previously reported opposing effects of non-
apeptide antagonists on direct parental care (DeAngelis et al., 2017b),
here, we also see the opposite behavioral effects of IT and AVT receptor
antagonists on nest defense aggression. To the best of our knowledge
this is the first study to directly examine effects of an OT/IT antagonist
on paternal aggression. In a study investigating both nest defense and
parental care, conducted in the Three-Spined stickleback, males were
placed in one of three conditions: males without nests, males without
nests which were exposed to a mirror (to incite defensive territorial
aggression), and males with nests and also exposed to a mirror. Of these
three groups, only males with nests which were also exposed to a mirror
displayed elevated levels of whole brain IT. In the stickleback model,
nesting males display multiple behaviors in close temporal proximity,
including nest building, parental care, courtship, and territory defense.
Given the diverse role of IT in social behaviors, it is difficult to disen-
tangle which specific behaviors involved IT. Nevertheless, in light of the
fact that IT was not elevated in the mirror only condition, together with
our data which suggest IT facilitates egg care at the expense of egg
defense, it is likely IT increased in the sticklebacks to facilitate egg care
specifically.

Thus far, studies exploring the role of OT/IT in parental aggression
have been conducted primarily in female laboratory rodents and have
provided conflicting results. While the majority of studies conducted
suggest that OT signaling reduces maternal aggression, others suggest
the opposite pattern, which may be confounded by the highly depen-
dent nature of OT signaling on genotype, sex, social status, and social
context (Bosch, 2013; Shamay-Tsoory and Abu-Akel, 2016). Following
infusion of an OT antagonist into the central nucleus of the amygdala
(CNA), maternal rats display increased aggression, attacking intruders
significantly more than controls. (Lubin et al., 2003). These results are
consistent with our current findings, and also support the CNA as an
important brain region in the regulation of anxiety and aggression in
defense of offspring. Another study of maternal rats reported that in-
fusion of an OT antagonist into the prelimbic regions of the medial
prefrontal cortex increased anxiety like behaviors in postpartum, but
not virgin females. Furthermore, blockade of OT postpartum impaired
maternal care behaviors while increasing maternal aggression. Speci-
fically OT blockade reduced latency for dams to attack intruders and
increased their number of attacks (Sabihi et al., 2014). Lastly, in Syrian
hamsters, OT injections directly in the medial preoptic anterior hy-
pothalamic continuum reduced aggressive displays in females during
antagonistic encounters with conspecifics, while treatment with an OT
antagonist increased aggression (Harmon et al., 2002). These results are
consistent with our present findings, and also highlight the importance
of reproductive state (i.e. whether parenting or not) in the role of OT in
aggression.

The medial and basolateral amygdala are important brain regions
for fear, learning and parental care, and several studies have demon-
strated that AVP and OT regulate circuits within the amygdala in op-
posite ways. AVP increases the probability that basolateral projections
will excite neurons within the CeA, while OT displays the opposite
pattern, reducing the same excitatory projections (Campbell-Smith
et al., 2015; Huber et al., 2005; Lubin et al., 2003; Numan et al., 2010).
This suggest that OT may be important in reducing anxiety and fear like
behavioral responses, data which is consistent with our present findings
where blockade of IT increased aggression, presumably a fear induced
behavior. Taken together, these data suggest a potential mechanism for
how AVT/AVP and OT/IT signaling might function to mediate alloca-
tion to different and potentially competing parental behaviors, speci-
fically between nest defense and direct egg care by altering the
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excitability of anxiety related brain regions.

4.4. Limitations

The current study used only antagonists to manipulate nonapeptide
signaling. Agonists were not used. Hence, we can only conclude that
AVT and IT signaling are necessary for producing each one of the be-
haviors, defense and care, respectively. However, we cannot say the
neuropeptides are sufficient for producing the behaviors. That would
require additional studies using agonists or direct injections of the
peptides (Semsar et al., 2001), which is beyond the scope of the present
study.

In this current study, we administered pharmacological agents via
intraperitoneal injection. While this method of delivery purportedly
blocks each specific receptor within the brain, we do not know if this
occurs equally across all brain regions, nor do we know which specific
regions express IT and AVT receptors. Furthermore, given that brain
region specific patterning of AVT and IT receptor distribution has
profound effects on behavior (Huffman et al., 2015), it would be fas-
cinating to know how blockade in distinct brain regions affects parental
care and nest defense. It is possible that had we injected the antagonists
via intracerebroventricular (icv) route, directly into the brain, we
would have seen different results. On the other hand, the behavioral
effects we observed are generally consistent with icv injections of
nonapeptide antagonists in rodent models(Bosch and Neumann, 2012;
Nephew et al., 2010). Further, our lab previously found that in-
traperitoneal administration of the AVT antagonist reduces neural ac-
tivation of the POA where AVT and IT neurons reside and both an-
tagonists produce specific effects on distinct behaviors (DeAngelis et al.,
2017b; Yaeger et al., 2014). It is therefore unlikely that brain region
specificity and/or some aspect of altered peripheral physiology is the
sole reason for behavioral changes.

Another possible limitation is the potential concern that the IT- and
AVT-antagonists may also bind receptors of the other peptide. The
binding affinity for each antagonist to its target receptor is much higher
than to off-target receptors(Mahlmann et al., 1994; Manning et al.,
2012; Song and Albers, 2018). Nevertheless, some cross talk is likely
given the similarity in the structure of the receptors and the ligands
(Song and Albers, 2018). However, given the opposing effects of these
nonapeptide antagonists on parental care and nest defense (DeAngelis
et al., 2017b), as well as the lack of an effect of the IT- antagonist during
aggressive dyadic interactions (DeAngelis et al., 2017b), and significant
reduction of aggression in response to the AVT antagonist during si-
milar trials (Yaeger et al., 2014), data suggest at least a moderate de-
gree of behavioral specificity.

5. Conclusion

Individuals must incorporate complex information from their cur-
rent environment and continually modify their behavioral output in
order to maximize fitness. Results from this study suggest that the
nonapeptides play a crucial, reciprocal role in mediating shifts between
parental care behaviors of nest defense versus nurturing of the eggs
depending on the presence of potential nest predators. Blockade of IT
reduced direct egg care while at the same time increased aggressive
charges towards the intruders. Conversely, blockade of AVT reduced
aggressive displays towards intruders while tending to increase direct
egg care behaviors. Taken together with our previously published study
(DeAngelis et al., 2017b), we conclude that AVT and OT play distinct
roles in aggressive defense of eggs, and direct parental investment
(nipping and fanning of the eggs), and function to mediate the trade-
offs in parental displays in response to social perturbations.

Acknowledgements

We would like to thank Elizabeth Phillips for her assistance in

administering injections and scoring behavioral videos. We would also
like to thank Steven Drake for his continued enthusiasm and video-
grapher skills in helping us to disseminate findings from our work with
anemonefish to a broader non-scientific audience. Finally, we would
like to thank Robert Fritz for his continued support and cool demeanor
in dealing with a 3rd floor fish facility.

Funding

This work was supported through by start-up funds and indirect
costs recovered from federal grants and gifts to J.S.R.

References

Albers, H.E., 2015. Species, sex and individual differences in the vasotocin/vasopressin
system: relationship to neurochemical signaling in the social behavior neural net-
work. Front. Neuroendocrinol. 36, 49–71.

Badyaev, A.V., Ghalambor, C.K., 2001. Evolution of life histories along elevational gra-
dients: trade-off between parental care and fecundity. Ecology 82, 2948–2960.

Bamshad, M., Novak, M.A., de Vries, G.J., 1994. Cohabitation alters vasopressin in-
nervation and paternal behavior in prairie voles (Microtus ochrogaster). Physiol.
Behav. 56, 751–758.

Bartz, J.A., Zaki, J., Ochsner, K.N., Bolger, N., Kolevzon, A., Ludwig, N., Lydon, J.E.,
2010. Effects of oxytocin on recollections of maternal care and closeness. Proc. Natl.
Acad. Sci. 107, 21371–21375.

Bates, D., Mächler, M., Bolker, B., Walker, S., 2014. Fitting Linear Mixed-effects Models
Using lme4. arXiv Preprint arXiv:1406.5823.

Baylis, J.R., 1981. The evolution of parental care in fishes, with reference to Darwin’s rule
of male sexual selection. Environ. Biol. Fish 6, 223–251.

Bosch, O.J., 2013. Maternal aggression in rodents: brain oxytocin and vasopressin med-
iate pup defence. Philosophical Transactions of the Royal Society B: Biological
Sciences 368, 20130085.

Bosch, O.J., Neumann, I.D., 2010. Vasopressin released within the central amygdala
promotes maternal aggression. Eur. J. Neurosci. 31, 883–891.

Bosch, O.J., Neumann, I.D., 2012. Both oxytocin and vasopressin are mediators of ma-
ternal care and aggression in rodents: from central release to sites of action. Horm.
Behav. 61, 293–303.

Campbell-Smith, E.J., Holmes, N.M., Lingawi, N.W., Panayi, M.C., Westbrook, R.F., 2015.
Oxytocin signaling in basolateral and central amygdala nuclei differentially regulates
the acquisition, expression, and extinction of context-conditioned fear in rats. Learn.
Mem. 22, 247–257.

Cho, J.-Y., Léveillé, R., Kao, R., Rousset, B., Parlow, A., Burak Jr., W.E., Mazzaferri, E.L.,
Jhiang, S.M., 2000. Hormonal regulation of radioiodide uptake activity and Na+/I−
symporter expression in mammary glands. The Journal of Clinical Endocrinology &
Metabolism 85, 2936–2943.

Clutton-Brock, T.H., 1991. The Evolution of Parental Care. Princeton University Press.
DeAngelis, R.S., Rhodes, J.S., 2016. Sex differences in steroid hormones and parental

effort across the breeding cycle in Amphiprion ocellaris. Copeia 104, 586–593.
DeAngelis, R., Gogola, J., Dodd, L., Rhodes, J.S., 2017a. Opposite effects of nonapeptide

antagonists on paternal behavior in the teleost fish Amphiprion ocellaris. Horm.
Behav. 90, 113–119.

DeAngelis, R., Gogola, J., Dodd, L., Rhodes, J.S., 2017b. Opposite effects of nonapeptide
antagonists on paternal behavior in the teleost fish Amphiprion ocellaris. Horm.
Behav. 90, 113–119.

DeAngelis, R., Dodd, L., Snyder, A., Rhodes, J.S., 2018. Dynamic regulation of brain ar-
omatase and isotocin receptor gene expression depends on parenting status. Horm.
Behav. 103, 62–70.

Donaldson, Z.R., Young, L.J., 2008. Oxytocin, vasopressin, and the neurogenetics of so-
ciality. Science 322, 900–904.

Fehm-Wolfsdorf, G., Bachholz, G., Born, J., Voigt, K., Fehm, H.L., 1988. Vasopressin but
not oxytocin enhances cortical arousal: an integrative hypothesis on behavioral ef-
fects of neurohypophyseal hormones. Psychopharmacology 94, 496–500.

Ferris, C., 1992. Role of vasopressin in aggressive and dominant subordinate behaviors.
Ann. N. Y. Acad. Sci. 652, 212–226.

Fontaine, J., Martin, T., 2006. Parent birds assess nest predation risk and adjust their
reproductive strategies. Ecol. Lett. 9, 428–434.

Friard, O., Gamba, M., 2016. BORIS: a free, versatile open-source event-logging software
for video/audio coding and live observations. Methods Ecol. Evol. 7, 1325–1330.

Ghalambor, C.K., Martin, T.E., 2002. Comparative manipulation of predation risk in in-
cubating birds reveals variability in the plasticity of responses. Behav. Ecol. 13,
101–108.

Goodson, J.L., 2005. The vertebrate social behavior network: evolutionary themes and
variations. Horm. Behav. 48, 11–22.

Goodson, J.L., 2008. Nonapeptides and the evolutionary patterning of sociality. Prog.
Brain Res. 170, 3–15.

Goodson, J.L., Bass, A.H., 2000. Vasotocin innervation and modulation of vocal-acoustic
circuitry in the teleost Porichthys notatus. J. Comp. Neurol. 422, 363–379.

Goodson, J.L., Bass, A.H., 2001. Social behavior functions and related anatomical char-
acteristics of vasotocin/vasopressin systems in vertebrates. Brain Res. Rev. 35,
246–265.

Goodson, J.L., Thompson, R.R., 2010. Nonapeptide mechanisms of social cognition,

R. DeAngelis, et al. Hormones and Behavior 121 (2020) 104717

8

http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0005
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0005
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0005
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0010
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0010
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0015
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0015
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0015
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0020
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0020
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0020
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0025
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0025
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0030
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0030
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0035
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0035
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0035
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0040
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0040
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0045
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0045
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0045
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0050
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0050
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0050
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0050
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0055
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0055
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0055
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0055
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0060
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0065
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0065
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0070
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0070
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0070
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0075
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0075
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0075
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0080
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0080
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0080
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0085
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0085
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0090
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0090
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0090
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0095
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0095
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0100
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0100
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0105
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0105
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0110
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0110
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0110
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0115
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0115
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0120
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0120
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0125
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0125
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0130
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0130
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0130
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0135


behavior and species-specific social systems. Curr. Opin. Neurobiol. 20, 784–794.
Greenwood, A.K., Wark, A.R., Fernald, R.D., Hofmann, H.A., 2008. Expression of arginine

vasotocin in distinct preoptic regions is associated with dominant and subordinate
behaviour in an African cichlid fish. Proc. R. Soc. Lond. B Biol. Sci. 275, 2393–2402.

Gross, M.R., 2005. The evolution of parental care. Q. Rev. Biol. 80, 37–45.
Gross, M.R., Sargent, R.C., 1985. The evolution of male and female parental care in fishes.

Am. Zool. 25, 807–822.
Gubernick, D.J., Winslow, J.T., Jensen, P., Jeanotte, L., Bowen, J., 1995. Oxytocin

changes in males over the reproductive cycle in the monogamous, biparental
California mouse, Peromyscus californicus. Horm. Behav. 29, 59–73.

Harmon, A., Huhman, K.L., Moore, T., Albers, H., 2002. Oxytocin inhibits aggression in
female Syrian hamsters. J. Neuroendocrinol. 14, 963–969.

Hattori, T., Wilczynski, W., 2009. Comparison of arginine vasotocin immunoreactivity
differences in dominant and subordinate green anole lizards. Physiol. Behav. 96,
104–107.

Hayes, R.A., 2009. The ecology and behavior of amphibians. Austral Ecol 34, 116.
Huber, D., Veinante, P., Stoop, R., 2005. Vasopressin and oxytocin excite distinct neu-

ronal populations in the central amygdala. Science 308, 245–248.
Huffman, L.S., Hinz, F.I., Wojcik, S., Aubin-Horth, N., Hofmann, H.A., 2015. Arginine

vasotocin regulates social ascent in the African cichlid fish Astatotilapia burtoni. Gen.
Comp. Endocrinol. 212, 106–113.

Keverne, E.B., Curley, J.P., 2004. Vasopressin, oxytocin and social behaviour. Curr. Opin.
Neurobiol. 14, 777–783.

Kleszczyńska, A., Sokołowska, E., Kulczykowska, E., 2012. Variation in brain arginine
vasotocin (AVT) and isotocin (IT) levels with reproductive stage and social status in
males of three-spined stickleback (Gasterosteus aculeatus). Gen. Comp. Endocrinol.
175, 290–296.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2015. Package ‘lmertest’. R package
version 2.

Lissåker, M., Kvarnemo, C., 2006. Ventilation or nest defense—parental care trade-offs in
a fish with male care. Behav. Ecol. Sociobiol. 60, 864–873.

Lubin, D.A., Elliot, J.C., Black, M.C., Johns, J.M., 2003. An oxytocin antagonist infused
into the central nucleus of the amygdala increases maternal aggressive behavior.
Behav. Neurosci. 117, 195.

Mahlmann, S., Meyerhof, W., Hausmann, H., Heierhorst, J., Schönrock, C., Zwiers, H.,
Lederis, K., Richter, D., 1994. Structure, function, and phylogeny of [Arg8] vasotocin
receptors from teleost fish and toad. Proc. Natl. Acad. Sci. 91, 1342–1345.

Manning, M., Misicka, A., Olma, A., Bankowski, K., Stoev, S., Chini, B., Durroux, T.,
Mouillac, B., Corbani, M., Guillon, G., 2012. Oxytocin and vasopressin agonists and
antagonists as research tools and potential therapeutics. J. Neuroendocrinol. 24,
609–628.

Marler, C.A., Chu, J., Wilczynski, W., 1995. Arginine vasotocin injection increases
probability of calling in cricket frogs, but causes call changes characteristic of less
aggressive males. Horm. Behav. 29, 554–570.

Navarro, D., 2013. Learning Statistics With R: A Tutorial for Psychology Students and
Other Beginners: Version 0.5. Citeseer.

Nephew, B.C., Byrnes, E.M., Bridges, R.S., 2010. Vasopressin mediates enhanced offspring
protection in multiparous rats. Neuropharmacology 58, 102–106.

Numan, M., Bress, J.A., Ranker, L.R., Gary, A.J., DeNicola, A.L., Bettis, J.K., Knapp, S.E.,
2010. The importance of the basolateral/basomedial amygdala for goal-directed
maternal responses in postpartum rats. Behav. Brain Res. 214, 368–376.

Nunes, S., Fite, J.E., Patera, K.J., French, J.A., 2001. Interactions among paternal beha-
vior, steroid hormones, and parental experience in male marmosets (Callithrix
kuhlii). Horm. Behav. 39, 70–82.

O’Connell, L.A., Hofmann, H.A., 2011. The vertebrate mesolimbic reward system and
social behavior network: a comparative synthesis. J. Comp. Neurol. 519, 3599–3639.

O’Connell, L.A., Hofmann, H.A., 2012. Evolution of a vertebrate social decision-making
network. Science 336, 1154–1157.

O’Connell, L.A., Matthews, B.J., Hofmann, H.A., 2012. Isotocin regulates paternal care in
a monogamous cichlid fish. Horm. Behav. 61, 725–733.

Olazabal, D., Young, L., 2006. Oxytocin receptors in the nucleus accumbens facilitate
“spontaneous” maternal behavior in adult female prairie voles. Neuroscience 141,
559–568.

Oldfield, R.G., Hofmann, H.A., 2011. Neuropeptide regulation of social behavior in a
monogamous cichlid fish. Physiol. Behav. 102, 296–303.

O’Rourke, C.F., Renn, S.C., 2015. Integrating adaptive trade-offs between parental care
and feeding regulation. Curr. Opin. Behav. Sci. 6, 160–167.

Ragnauth, A., Devidze, N., Moy, V., Finley, K., Goodwillie, A., Kow, L.M., Muglia, L.,

Pfaff, D., 2005. Female oxytocin gene-knockout mice, in a semi-natural environment,
display exaggerated aggressive behavior. Genes Brain Behav. 4, 229–239.

Ramallo, M.R., Grober, M., Cánepa, M.M., Morandini, L., Pandolfi, M., 2012. Arginine-
vasotocin expression and participation in reproduction and social behavior in males
of the cichlid fish Cichlasoma dimerus. Gen. Comp. Endocrinol. 179, 221–231.

Rauter, C.M., Moore, A.J., 2004. Time constraints and trade-offs among parental care
behaviours: effects of brood size, sex and loss of mate. Anim. Behav. 68, 695–702.

Reddon, A.R., Voisin, M.R., O’Connor, C.M., Balshine, S., 2014. Isotocin and sociality in
the cooperatively breeding cichlid fish, Neolamprologus pulcher. Behaviour 151,
1389–1411.

Ripley, J.L., Foran, C.M., 2010. Quantification of whole brain arginine vasotocin for two
Syngnathus pipefishes: elevated concentrations correlated with paternal brooding.
Fish Physiol. Biochem. 36, 867–874.

Robert, T., 1972. Parental Investment and Sexual Selection. Sexual Selection & the
Descent of Man. Aldine de Gruyter, New York, pp. 136–179.

Roland, A.B., O’Connell, L.A., 2015. Poison frogs as a model system for studying the
neurobiology of parental care. Curr. Opin. Behav. Sci. 6, 76–81.

Royle, N.J., Smiseth, P.T., Kölliker, M., 2012. The Evolution of Parental Care. Oxford
University Press.

Royle, N.J., Russell, A.F., Wilson, A.J., 2014. The evolution of flexible parenting. Science
345, 776–781.

Sabihi, S., Dong, S.M., Durosko, N.E., Leuner, B., 2014. Oxytocin in the medial prefrontal
cortex regulates maternal care, maternal aggression and anxiety during the post-
partum period. Front. Behav. Neurosci. 8, 258.

Saito, A., Nakamura, K., 2011. Oxytocin changes primate paternal tolerance to offspring
in food transfer. J. Comp. Physiol. A. 197, 329–337.

Santangelo, N., Bass, A.H., 2006. New insights into neuropeptide modulation of aggres-
sion: field studies of arginine vasotocin in a territorial tropical damselfish. Proc. R.
Soc. Lond. B Biol. Sci. 273, 3085–3092.

Schulte, L.M., Summers, K., 2017. Searching for hormonal facilitators: are vasotocin and
mesotocin involved in parental care behaviors in poison frogs? Physiol. Behav. 174,
74–82.

Semsar, K., Kandel, F.L., Godwin, J., 2001. Manipulations of the AVT system shift social
status and related courtship and aggressive behavior in the bluehead wrasse. Horm.
Behav. 40, 21–31.

Shamay-Tsoory, S.G., Abu-Akel, A., 2016. The social salience hypothesis of oxytocin. Biol.
Psychiatry 79, 194–202.

Song, Z., Albers, H.E., 2018. Cross-talk among oxytocin and arginine-vasopressin re-
ceptors: relevance for basic and clinical studies of the brain and periphery. Front.
Neuroendocrinol. 51, 14–24.

Stewart, M.M., Rand, A.S., 1991. Vocalizations and the defense of retreat sites by male
and female frogs, Eleutherodactylus-Coqui. Copeia 1013–1024.

Team, R.C., 2014. R: A Language and Environment for Statistical Computing.
Ten Eyck, G.R., ul Haq, A., 2012. Arginine vasotocin activates aggressive calls during

paternal care in the Puerto Rican coqui frog, Eleutherodactylus coqui. Neurosci. Lett.
525, 152–156.

Thompson, R.R., Walton, J.C., 2009. Vasotocin immunoreactivity in goldfish brains:
characterizing primitive circuits associated with social regulation. Brain Behav. Evol.
73, 153–164.

Townsend, D.S., Stewart, M.M., Pough, F.H., 1984. Male parental care and its adaptive
significance in a neotropical frog. Anim. Behav. 32, 421–431.

Velando, A., Alonso-Alvarez, C., 2003. Differential body condition regulation by males
and females in response to experimental manipulations of brood size and parental
effort in the blue-footed booby. J. Anim. Ecol. 72, 846–856.

Wang, Z., Ferris, C.F., De Vries, G.J., 1994. Role of septal vasopressin innervation in
paternal behavior in prairie voles (Microtus ochrogaster). Proc. Natl. Acad. Sci. 91,
400–404.

Wells, K.D., 1977. Social-behavior of anuran amphibians. Anim. Behav. 25, 666–693.
Wendeln, H., Becker, P.H., 1999. Effects of parental quality and effort on the reproduction

of common terns. J. Anim. Ecol. 68, 205–214.
Winkler, D.W., 1987. A general model for parental care. Am. Nat. 130, 526–543.
Wright, J., Cuthill, I., 1989. Manipulation of sex differences in parental care. Behav. Ecol.

Sociobiol. 25, 171–181.
Yaeger, C., Ros, A., Cross, V., DeAngelis, R., Stobaugh, D., Rhodes, J., 2014. Blockade of

arginine vasotocin signaling reduces aggressive behavior and c-Fos expression in the
preoptic area and periventricular nucleus of the posterior tuberculum in male
Amphiprion ocellaris. Neuroscience 267, 205–218.

R. DeAngelis, et al. Hormones and Behavior 121 (2020) 104717

9

http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0135
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0140
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0140
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0140
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0145
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0150
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0150
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0155
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0155
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0155
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0160
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0160
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0165
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0165
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0165
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0170
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0175
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0175
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0180
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0180
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0180
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0185
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0185
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0190
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0190
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0190
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0190
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0195
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0195
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0200
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0200
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0205
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0205
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0205
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0210
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0210
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0210
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0215
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0215
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0215
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0215
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0220
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0220
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0220
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0225
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0225
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0230
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0230
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0235
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0235
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0235
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0240
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0240
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0240
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0245
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0245
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0250
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0250
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0255
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0255
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0260
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0260
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0260
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0265
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0265
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0270
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0270
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0275
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0275
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0275
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0280
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0280
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0280
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0285
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0285
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0290
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0290
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0290
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0295
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0295
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0295
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0300
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0300
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0305
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0305
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0310
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0310
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0315
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0315
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0320
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0320
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0320
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0325
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0325
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0330
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0330
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0330
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0335
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0335
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0335
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0340
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0340
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0340
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0345
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0345
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0350
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0350
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0350
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0355
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0355
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0360
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0365
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0365
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0365
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0370
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0370
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0370
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0375
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0375
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0380
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0380
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0380
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0385
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0385
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0385
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0390
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0395
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0395
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0400
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0405
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0405
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0410
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0410
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0410
http://refhub.elsevier.com/S0018-506X(20)30043-X/rf0410

	Nonapeptides mediate trade-offs in parental care strategy
	Introduction
	Methods
	Animals and husbandry
	Experimental design
	Statistical methods

	Results
	Effect of nest predators on parental behaviors
	Effect of nonapeptide antagonists on aggressive defense of eggs
	Effect of nonapeptide antagonists on parental effort and proportion of time in nest

	Discussion
	Parental behavioral responses to changes in predation pressure
	AVT signaling is required for shifting attention towards nest defense
	IT signaling is required for shifting attention towards egg care
	Limitations

	Conclusion
	Acknowledgements
	mk:H1_18
	Funding
	mk:H1_20
	References




