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While individual variation in social behaviour is ubiquitous and causes social
groups to differ in structure, how these structural differences affect fitness
remains largely unknown. We used social network analysis of replicate bluebanded goby (Lythrypnus dalli) harems to identify the reproductive correlates
of social network structure. In stable groups, we quantified agonistic behaviour,
reproduction and steroid hormones, which can both affect and respond to
social/reproductive cues. We identified distinct, optimal social structures
associated with different reproductive measures. Male hatching success (HS)
was negatively associated with agonistic reciprocity, a network structure that
describes whether subordinates ‘reciprocated’ agonism received from dominants. Egg laying was associated with the individual network positions of
the male and dominant female. Thus, males face a trade-off between promoting
structures that facilitate egg laying versus HS. Whether this reproductive conflict is avoidable remains to be determined. We also identified different social
and/or reproductive roles for 11-ketotestosterone, 17b-oestradiol and cortisol,
suggesting that specific neuroendocrine mechanisms may underlie connections
between network structure and fitness. This is one of the first investigations of
the reproductive and neuroendocrine correlates of social behaviour and network structure in replicate, naturalistic social groups and supports network
structure as an important target for natural selection.

1. Introduction
A central approach to understanding the evolution of social behaviour involves
directly measuring the fitness consequences of natural variation in behaviour.
Individual variation in social behaviour is ubiquitous [1,2], even among individuals of similar demographics (e.g. sex, size and status) within similar social and
environmental contexts (e.g. [3–5]). It is well-established that individual behaviour
can affect fitness [2]; however, the social group within which behaviour occurs can
modulate the behaviour–fitness association. Social group structure emerges from
the local interactions of individuals, which are non-random for social species
[3,6,7]. For example, shoaling guppies preferentially associate by size [8], while
house finch attractiveness influences association patterns [9]. Sex, age, status and
personality are also influential [4,5,10–13], and these non-random interactions
can affect future reproductive state, success and fitness [4,5,13–15].
The structure of a social group can also impact the fitness of individuals
within the group, suggesting that selection could act directly on group structure
(e.g. [4]). For example, hierarchical social structure is central to the reproductive
benefits experienced by dominants [16]. Hierarchies are defined by asymmetrical agonism, directed from dominants to subordinates [17]. Reproductive skew
is remarkably common across hierarchical species, and the mechanisms by
which dominants enforce their reproductive advantage (e.g. physiological
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2. Material and methods
(a) Lythrypnus dalli social groups
In nature, the population sex ratio is female-biased [44], and social
groups are mixed-sex and vary in size. Small, isolated groups
(3–10 fish) include the territory of a single nesting male and a
harem of females. Large aggregations (up to 120 fish m22) include
the territories of multiple nesting males and many females. Within
aggregations, high-ranking females associate closely with the territory of one male, while lower ranking females move among
territories [45]. The number of nesting males in the population is
determined by socially regulated sex change. Following the
removal of the male from the social group, the dominant female
will change sex [34,38]. The most commonly observed social behaviours are agonistic interactions within harems, and male–male
aggression across territories is rarely observed.
We collected L. dalli from reefs offshore of Catalina Island,
California, during the reproductive season (July, California Fish
and Game permit SC-11879) using hand nets while SCUBA
diving. Males were identified, in part, by their territory holding
behaviours, indicating their ability to defend a territory in nature.
Fish were first housed in a holding tank (60  94  35 cm) at the
Wrigley Institute for Environmental Studies (Catalina Island,
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the frequency (weight) and direction of interaction. We also
analysed two kinds of networks relevant to hierarchies.
Approach networks describe patterns of association, while displacement networks describe dominance interactions in which
aggression results in submission [29]. Finally, we quantified
systemic steroid hormones, including 11-ketotestosterone
(KT), a potent fish androgen, 17b-oestradiol (E2) and cortisol,
the primary teleost glucocorticoid, in a subset of males and
females. In vertebrates, hormones are reciprocally related
to both social behaviour and reproduction [39,40]. To our
knowledge, only one other study has incorporated endocrine
measures with social network analysis [10], yet neuroendocrine mechanisms are critical to generating adaptive,
context-specific behaviour [40]. Understanding endocrine covariation with social network structure and reproduction may
provide insight into whether and which hormones affect RS
directly and/or indirectly via the social network.
Here, we first tested the hypothesis that social network density, a measure of interaction frequency, is negatively associated
with male RS. This test confirms a previously demonstrated
association that did not use social network measures [36] and
supports the utility of network metrics. Second, we investigated
the importance of network structure and hypothesized that
agonistic reciprocity predicts male RS. Reciprocity refers to
the proportion of interactions between individuals that are reciprocated, i.e. both individuals initiate interaction with each
other, and is well suited to describe hierarchies. Because
social hierarchies are characterized by asymmetrical agonism
[17], reciprocity should be low, by definition [21,41]. Third,
previous data identified a central role for female behaviour in
male RS [36]; therefore, we hypothesized that female social
network position is central to male success. Lastly, we investigated potential roles for KT, E2 and cortisol in the reciprocal
connections with social network measures and reproduction.
We took a general approach to these analyses and hypothesized that each hormone would be implicated differentially in
social and/or reproductive processes. Our extensive work on
L. dalli neuroendocrine regulation [33,42,43] provides a solid
foundation for these analyses.
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suppression, limiting mating and inducing abortion) are
facilitated by the hierarchical social structure [16].
More nuanced aspects of social structure are also related
to fitness, and the application of social network analysis to
animal social groups is a valuable tool for elucidating these
connections [6,18–20]. Social networks are made up of the
individuals (nodes) in a group or population and the connections (edges) between individuals that interact. Quantitative
measures of social network structure, while based on dyads,
incorporate the social context within which interactions
occur. Thus, this type of analysis can place a numerical value
on social properties important for fitness, such as conflict and
stability [6,21,22]. For example, in social networks of degus, a
pluralistic breeder, fewer pups are produced per female
when individuals associate more with some members of the
group than others [11]. Highly variable patterns of association among dyads are a proposed indicator of conflict [11].
A number of social networking studies include direct fitness
measures and identify important connections with various
social network parameters [5,9,11,14,23–25]. Few of these
studies, however, use replicate networks to understand internetwork variation (e.g. [26,27]). Valuable knowledge about
sociality has come from investigations of single groups or
populations, but the conclusions are difficult to generalize
because of the lack of statistical power [5]. Studying the natural
variation in social networks in conjunction with fitness is critical because, if network structure has fitness consequences,
selection may act on this variation. The inclusion of replicate
social networks has increased recently in studies of fish
[8,12,28,29], birds [25,27,30] and mammals [31,32], but fitness
was rarely measured in those studies [25,27].
Our goal was to identify the reproductive correlates of
social network variation in replicate harems of bluebanded
gobies (Lythrypnus dalli). This highly social, sex-changing
fish forms linear social hierarchies of a dominant male and
multiple subordinate females. The male can reproduce with
each female in the harem. After fertilization, the male cares
for the eggs alone until they hatch. Lythrypnus dalli is a
useful research model for a number of reasons. First, agonistic
and reproductive behaviours have been well characterized in
replicate laboratory and field social groups [33–38]. Second,
reproductive success (RS) can be measured directly: females
routinely lay eggs and males readily parent in the laboratory.
Distinct social network parameters may be associated with
different aspects of reproduction; therefore, it is important
that egg laying can be quantified separately from the
number that hatch, our best measure of male RS. Third, agonistic behaviour is associated with male RS. Fewer eggs are
fertilized in groups with higher rates of agonistic interaction,
and female-initiated agonism appears responsible. This individual behavioural variation within and across social statuses
[36] should drive differences in social networks that are
relevant to reproduction.
This study expands on previous social networking studies,
and L. dalli research, in several important ways. Drawing from
natural L. dalli populations during the reproductive season,
we formed a relatively large number of replicate social
groups (n ¼ 34) in the laboratory, of identical size and sex
ratio. By observing agonistic interactions three times in the
stable groups, we can identify which individuals interacted
and the nature of the interaction, including who initiated and
the behavioural response. Based on these data, we formed
social networks with weighted and directional ties to indicate
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Males were provided with a PVC nest tube (7.62 cm long  3 cm
diameter) lined with acetate. Females lay adhesive eggs on the
acetate, which the male externally fertilizes and cares for alone
until hatching (approx. 6 days). We checked for eggs once each
morning. If present, we removed the acetate, took a digital image
and returned the eggs to the nest (less than 3 min). Males immediately resumed parenting. We used IMAGEJ software [46] to count the
number of eggs laid (‘new eggs’) and the number of eggs hatched
(‘hatched eggs’) over 14 days from sequential images. New eggs
were counted the first day they were laid. We then tracked the disappearance of eggs daily from the digital images. Because the
planktonic larvae cannot be counted directly, we quantified
hatched eggs from the final image before a clutch disappeared,
usually on day 6. Eggs from the same clutch typically hatched
together and left behind a visible residue. Eggs that disappeared
before day 5 and without developed eye spots and tails were
considered eaten. Hatching success (HS) was calculated by dividing hatched eggs by new eggs. We also visually estimated female
reproductive state. The ovaries of gravid females cause the
abdomen to obviously distend. Each morning before feeding,
we scored females categorically from 0 (not at all gravid) to 3
(very gravid). We were not able to determine which female laid a
particular clutch of eggs.

(c) Agonistic behavioural observations
Agonistic behaviour is a subset of social behaviour that encompasses fighting, aggression, conciliation and retreat [2]. During the
14-day experiment, we observed behaviour in the stable groups
(more than 5 days after group formation [34]) on 3 different days
for 10 min each, between 09.00 and 12.00 (as in [36]). Social
networks were based on approaches, when one fish swam directly
towards another fish, within two body lengths, and displacements,
a response to an approach in which the approached fish swam away.
Displacements are a common measure of aggression, and being
displaced is a signal of submission [35].

(d) Social network analysis
Social networks represent the interactions between each dyad in
a social group. For each social group, we constructed two
weighted, directional networks: one network using approaches
per minute and one using displacements per minute. Rates of behaviour were averaged from the three behavioural observations.
Using UCINET software [47], we calculated five social network
measures. Density and reciprocity were calculated for both
approach and displacement networks and describe the network
as a whole. Density is the sum of all edges (edge value is higher

(e) Quantifying waterborne hormones
Collecting waterborne hormones is a non-invasive method of
measuring systemic hormone levels [42] that does not impact
group stability (e.g. [43]). Waterborne hormone levels correlate
with circulating concentrations in plasma [48,49]. We collected
hormones two times from a subset of fish on days that behaviour
was also observed. The social groups from which fish were
sampled were selected randomly, independent of social or reproductive factors. From each sampled group, we measured
hormones for either the male and alpha female or the alpha
and beta females (males: collections 1 and 2: n ¼ 10; alpha
females: collection 1: n ¼ 19, collection 2: n ¼ 20; beta females:
collection 1: n ¼ 9, collection 2: n ¼ 10). We used hand nets to
gently remove all of the fish from the group and placed them
individually in 200 ml beakers containing 100 ml of fresh salt
water for 1 h (14.30– 15.30). Fish were then returned to their
tanks. We used established protocols for hormone extraction
(using 3 cc Sep-Pak Vac C18 columns, Water Associates), and
samples were analysed using specific KT, E2 and cortisol
enzyme immunoassays (Cayman Chemical) (standard curves:
r 2  0.96). Data were analysed as pg sample21 h21 [42].

(f ) Data analysis
Statistics were performed with JMP v. 11. Values are presented as
averages + s.e.m., and a was set at 0.05. We used linear regression
analysis to test for associations between reproductive measures
(new eggs, HS and hatched eggs); between social network
measures/agonistic behaviour and reproductive measures; and
between hormones and social network measures. One-way
ANOVA was used to test for status differences in gravidity, with
Tukey’s HSD test for post hoc analysis. Because centrality
measures were correlated within a network, we used a factor
analysis with a varimax (orthogonal) rotation to reduce the
number of variables (approach network male, alpha, beta and
gamma female in-degree, out-degree and power) to the underlying
latent factors. To correct for multiple linear regressions with reproduction (new eggs: 7; HS: 13; hatched eggs: 8), we applied a
Benjamini Hochberg correction to control for false discovery rate
[50]. Adjusted p-values are reported in the results and figures.
One outlier each was excluded from analyses of new eggs
(0 eggs) and HS (0%), and both were excluded from hatched
eggs analyses.
We used regression analyses to determine whether hormones
were differentially implicated in social and/or reproductive processes. After identifying relevant ( p , 0.1) associations between
hormones (KT, E2 and cortisol) and (i) social network measures
(displacement network reciprocity, approach network density,
in-degree, out-degree and power for male, alpha female, beta
female and gamma female; 126 regressions); (ii) gravidity
(alpha, beta and gamma females; 27 regressions); and (iii) reproduction (new eggs, HS, hatched eggs, average clutch size,
number of clutches laid; 45 regressions), we calculated the proportion of relevant associations that included cortisol versus
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(b) Quantifying reproduction and female reproductive
state

between individuals that interact frequently) divided by the
number of possible edges, or a network’s average edge strength.
Reciprocity is the ratio of dyads with reciprocated edges (e.g. fish
that approach/displace each other; unweighted edges) relative to
the number of dyads that have any edge (reciprocated or not) connecting them. We also calculated measures of individual position
(i.e. centrality or connectedness) within the approach networks.
Out-degree is the sum of edges (number and weight) originating
at a node (e.g. male) and directed to other group members (e.g.
alpha, beta gamma female), while in-degree is the sum of edges
directed at a single node. Power increases if an individual is well
connected to group members that are also well connected
(attenuation ¼ 0.5) [21,41].

rspb.royalsocietypublishing.org

University of Southern California) and then in groups in divided
seawater tables (20  31  15 cm). Tanks were continuously supplied with natural seawater and exposed to a natural light cycle.
Fish were fed brine shrimp twice a day. We formed 34 social
groups of one large male and three females of varying sizes.
Fish from the holding tank were briefly anaesthetized in tricaine
methanesulfonate (MS-222; 500 mg l21 salt water) to measure
standard length (SL; 24 – 47 mm) and determine sex based on
genital papilla morphology [44]. All fish were at least 3 mm SL
smaller than the next largest fish to facilitate status establishment
[34]. We refer to females based on their decreasing status: alpha,
beta and gamma. Social groups of this size, sex ratio and density
are observed in nature, and laboratory social groups of wildcaught fish exhibit similar social and reproductive behaviours
as natural and semi-natural groups [37,38]. All research was
conducted in accordance with animal care guidelines.
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(a)

(c) Hypothesis 2: agonistic reciprocity was negatively
associated with male reproductive success
Hatched eggs were negatively associated with displacement
network reciprocity (r 2 ¼ 0.16, p ¼ 0.04), but not approach
network reciprocity (r 2 ¼ 0.041, p ¼ 0.31) (figure 1b). Specifically, displacement network reciprocity was negatively
associated with HS (r 2 ¼ 0.23, p ¼ 0.013), not new eggs
(r 2 ¼ 0.025, p ¼ 0.71) (figure 1c).

(d) Hypothesis 3: female social network position was
central to male reproductive success
Factor analysis of male, alpha, beta and gamma female indegree, out-degree and power (approach networks) revealed
four underlying latent factors that together accounted for
80.65% of the variance (table 1). Factor 1 (r 2 ¼ 0.16, p ¼ 0.046)
and factor 3 (r 2 ¼ 0.22, p ¼ 0.030) were significantly and
negatively associated with hatched eggs, but there were no
associations with factor 2 (r 2 ¼ 0.015, p ¼ 0.50) or factor 4
(r 2 ¼ 0.07, p ¼ 0.19). For the components of male RS, there
was a significant, negative association between factor 1 and
new eggs (r 2 ¼ 0.22, p ¼ 0.039) (figure 2a) but not HS (r 2 ¼
0.00017, p ¼ 0.94). There was also a significant, negative

2000
p = 0.0019, r2 = 0.28
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0.4
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(b) 6000
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r2 = 0.16, p = 0.025
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There were significant, negative associations between hatched
eggs and network density for approach (r 2 ¼ 0.20, p ¼ 0.023)
and displacement networks (r 2 ¼ 0.28, p ¼ 0.015) (figure 1a).
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Figure 1. Associations between (a) approach and displacement network density and the number of eggs that hatched, (b) approach and displacement
network reciprocity and the number of eggs that hatched, and (c) approach
and displacement network reciprocity and HS.

association between factor 3 and HS (r 2 ¼ 0.25, p ¼ 0.016;
figure 2b) but not new eggs (r 2 ¼ 0.06, p ¼ 0.24).
Only male and alpha female social network positions
loaded on factor 1, including male and alpha female outdegree; male and alpha female power; and alpha female
in-degree (table 1). Dyadic interactions between male and
alpha female were not sufficient to explain the association
with new eggs. Following Benjamini Hochberg correction,
there were no significant associations between new eggs and
male approaches to alpha female (r 2 ¼ 0.089, p ¼ 0.32) or
alpha female approaches to male (r 2 ¼ 0.086, p ¼ 0.23). Factor
3 included alpha and gamma female out-degree and male,
beta female and gamma female in-degree (table 1). Dyadic
interactions provided insight into the directed agonism important for HS. There were significant, negative associations
between alpha female approaches (r 2 ¼ 0.24, p ¼ 0.014) and
displacements (r 2 ¼ 0.23, p ¼ 0.014) to beta females and HS
(figure 3a). Gamma female approaches (r 2 ¼ 0.27, p ¼ 0.014)
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(b) Hypothesis 1: network density was negatively
associated with male reproductive success

4000

1000

(a) Reproduction and female reproductive state
Over 14 days, 106 443 eggs were laid in 33 of 34 social groups.
A maximum of six clutches was laid in a group (3.68 + 0.23),
and clutch size ranged from 319 to 2333 eggs (892.5 + 62.8).
There was a significant, negative association between the
number of clutches laid and average clutch size (r 2 ¼ 0.21,
p ¼ 0.0079). New eggs were not associated with HS (r 2 ¼ 0.02,
p ¼ 0.43), but by definition, new eggs (r 2 ¼ 0.67, p , 0.0001)
and HS (r 2 ¼ 0.48, p , 0.0001) were positively associated with
hatched eggs. HS ranged from 0 to 100% (66.1 + 3.7%), and
hatched eggs ranged from 0 to 4995 (2106 + 189.8).
Average female gravidity differed significantly across
social statuses (one-way ANOVA: F2,99 ¼ 22.75, p , 0.0001).
Post hoc analysis revealed that alpha females ( p , 0.0001)
and beta females ( p , 0.0001) were significantly more likely
to appear gravid than gamma females but did not differ from
each other ( p ¼ 0.84). Beta female gravidity was significantly
and positively associated with new eggs (r 2 ¼ 0.16, p ¼ 0.018),
but there was no association for alpha (r 2 ¼ 0.0093, p ¼ 0.59)
or gamma female gravidity (r 2 ¼ 0.016, p ¼ 0.48).

6000
5000

no. eggs hatched

3. Results

4

approach network
displacement network
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KT versus E2 for each category and average r 2 values. All combinations of male, alpha female and beta female hormones with
social and reproductive measures were analysed. We included
associations between an individual’s hormone levels and
their own social network position/gravidity, as well as that of
group members, because hormones can respond to social and
reproductive context (e.g. [51]).
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agonistic measure

factor 2

factor 3

factor 4

male out-degree

0.9357

20.2268
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20.1877
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20.1023

0.1204

0.4682
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approaches (r 2 ¼ 0.074, p ¼ 0.19) and displacements to
alpha female (r 2 ¼ 0.0053, p ¼ 0.75). Neither alpha female
(r 2 ¼ 0.009, p ¼ 0.71) nor gamma female approaches to the
male (r 2 ¼ 0.018, p ¼ 0.60) were associated with HS.

(a)
6000
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(e) Hypothesis 4: hormones were differentially
implicated in social networks, gravidity and
reproduction
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Figure 2. Factor analysis was used to identify four latent factors underlying
male, alpha female, beta female and gamma female in-degree, out-degree
and power. (a) Associations between factor 1 and the number of eggs
laid in a social group and (b) between factor 3 and HS (number of eggs
laid/number of eggs hatched; %). Factor 1 (‘male and alpha centrality’)
included measures of male and alpha female social network positions.
Factor 3 (‘female– female agonism’) primarily included measures of
female-initiated, female received agonism.
and displacements to beta females (r 2 ¼ 0.46, p ¼ 0.0013) were
also negatively associated with HS (figure 3b). There were
negative trends between alpha female approaches (r 2 ¼ 0.13,
p ¼ 0.076) and displacements (r 2 ¼ 0.13, p ¼ 0.076) to gamma
females and HS (figure 3c), but not for gamma female

Overall, 12.6% of hormone associations were relevant ( p , 0.1),
with an average r 2 value of 0.39 + 0.025. These associations
and average r 2 were relatively evenly distributed across social
network measures (11.9%; 0.40 + 0.029), gravidity (14.8%;
0.31 + 0.065) and reproduction (13.3%; 0.42 + 0.066); however,
cortisol, KT and E2 were not equally represented across categories (figure 4). For example, cortisol was overrepresented
for social network measures. Most associations involved male
(40%) or beta female (47%) cortisol, and 80% involved individual cortisol and social network structure or the network
position of a group member. For gravidity, KT and E2 were
both implicated, but cortisol associations were absent. All hormones were equally represented for reproduction. Beta female
hormone levels accounted for 50% of the relevant associations,
and 83% of all associations with reproduction were negative.
See electronic supplementary material for additional details.

4. Discussion
We identified strong connections between L. dalli social network structure and multiple aspects of reproduction,
including male RS. Overall, fewer eggs hatched in highdensity social networks (figure 1a), similar to our previous
study [36]. We demonstrated that a specific pattern of agonistic
interaction was responsible: males were more successful in
social networks with low agonistic reciprocity (figure 1b,c).
Across species, hierarchies are defined by asymmetrical
agonism, directed from dominant to subordinate [17].
Although L. dalli hierarchies were linear, the variation we
observed in reciprocity indicates that subordinates can and

Proc. R. Soc. B 282: 20150914

factor 1

5
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Table 1. Rotated factor loading for factor analysis of social group agonism. Social network analysis of approach networks was used to calculate male, alpha
female, beta female and gamma female out-degree, in-degree and power. The agonistic measures that contribute signiﬁcantly to each factor are italicized.
Factors in italic are signiﬁcantly associated with reproduction in the social group.
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Figure 3. Associations between HS (%) and dyadic agonistic interactions:
(a) alpha female approaches and displacements to beta female, (b) gamma
female approaches and displacements to beta females, and (c) alpha female
approaches and displacements to gamma females.
do displace dominants, an action that reduced, or was
reduced by, fitness. Reciprocity was negatively related to HS
(figure 1c), specifically, and factor analysis identified a central
role for agonism directed at beta females by alpha and gamma
females (figure 3a,b). Using different analytical methods,
we previously identified a role for these females, suggesting
consistency in the interplay of social and reproductive
dynamics [36]. Gamma female displacements of beta females,
in particular, explained nearly half of the variation in HS, and,
as a subordinate displacing a dominant, contributed to
increased reciprocity (figure 3b). The concept of reciprocity has
provided important insights into the evolution of behaviour,
including for networks based on cooperation [52], grooming
[53] and agonistic intervention [54]. This is the first study,
to our knowledge, to report on agonistic reciprocity or its
implications for fitness.

E2

social network gravidity

reproduction

6

6
4
2
0

Figure 4. Proportion of relevant associations ( p , 0.1) between hormones
(cortisol, 11-ketotestosterone (KT) and 17b-oestradiol (E2)) and social network measures (density, reciprocity, in-degree, out-degree and power);
gravidity (alpha, beta and gamma females); and reproduction (new eggs,
HS, hatched eggs, average clutch size and number of clutches laid).
The links among HS, reciprocity and intrasexual female
agonism contradicts our previous assumption that, after
females lay eggs, the male is solely responsible for egg fate.
This insight came from providing a reproductive context for
the variation in social network structure that we observed
across replicate groups. While it is clear that male parenting
and nest defence are critical to male goby RS [33,37,55],
L. dalli females influence post-spawning success. We cannot
yet determine how reciprocity is controlled or identify the mechanisms linking high reciprocity to substantial egg loss. One
hypothesis is that males that fail to control their harem, leading
to high reciprocity, are also bad parents. Individuals of any
status can affect network structure [3], however, and alpha
females are ideally positioned to be influential. Alpha females
are the most aggressive [36] and the most dominant while the
male is away in his nest [37]. Alpha female-, but not male-,
initiated agonism (out-degree) also contributed to factor 3/HS
(table 1). Low HS could be caused by females or males eating
eggs and/or poor egg quality. Females, and alphas specifically
(see below), may time their egg laying so that other eggs were
already in the nest [56], providing the opportunity to consume
eggs while spawning [33,57]. Low beta female HS could also
drive total HS down. Alpha and gamma female-initiated agonism towards beta females was associated with HS and could
affect her physiology and, subsequently, her egg quality.
Social stress is a potent activator of the neuroendocrine
stress axis, and stress axis activation can negatively impact
reproduction [58], including HS (e.g. [59]).
The success of low reciprocity L. dalli networks suggests
that there could be fitness benefits, across species, to meeting
idealized expectations of social structure. For example, degus
are pluralistic breeders that communally care for offspring.
Strong associations among females do not benefit RS; however,
when interactions are equally distributed among group members, pup production is higher [11]. Similarly for rock hyrax,
another pluralistic breeder, variation in individual centrality
is detrimental to longevity [23]. For both pluralistic species,
individuals benefit when social network position is more
homogeneous across the group. Our data suggest that adhering strictly to asymmetrical agonism could benefit fitness for
hierarchical species. Thus, whether hetero- or homogeneity
in individual social network position benefits/detracts from
fitness depends on species-specific social organization.
There were different optimal social network structures
associated with egg laying versus HS. Both egg laying and
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the ability to adjust reproductive strategy to the social context.
Our work suggests that future social network studies that
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HS are critical to maximize RS, yet in L. dalli groups, the
social correlates of these reproductive phases could conflict.
Factor analysis revealed that only measures of male and
alpha female network position were associated with new
eggs (table 1 and figure 2a). Simple, dyadic interactions
between the dominant male and female were not associated
with new eggs, demonstrating that unlike factor 3 with HS,
for which dyadic agonism was illuminating, social network
analysis provided unique insight [24]. Although we could
not quantify individual female RS, these data suggest alpha
females contributed the most reproductively, as expected
for her status and size [16,60]. Alpha females were often
gravid, and the absence of an association with new eggs
suggests her egg laying could be dissociated, in part, from
reproductive state. Dominant fish often lay more frequently
[60], and alpha females might time their spawning to maximize their own success, for example, when the male’s nest
already contained eggs [56].
Although male RS increases when the reproductive contribution of all females is maximized, our data indicate that alpha,
beta and gamma females served different reproductive roles,
which is common in hierarchies [16]. Beta females appeared
gravid as often as alpha females, but unlike alphas, there was
a positive association with new eggs. If beta females laid less
frequently, the betas that contributed reproductively may
have appeared more gravid for longer as they waited for a
spawning opportunity. Despite the importance of agonism targeting beta for male RS, the association was with HS not egg
laying, suggesting this agonism may not reduce her spawning
opportunities. By contrast, gamma females seem to experience
partial reproductive suppression [16,60]. The insights gained
from these social network analyses support its use for understanding reproductive dynamics and conflict. Quantifying
individual female RS will be critical to future investigations.
Steroid hormones are optimally positioned to affect and
respond to social network structure and reproduction but are
rarely included in networking studies [10]. A relatively small
proportion of hormone associations were deemed relevant
( p , 0.1) in this study, which is consistent with data from
stable groups of L. dalli and other species. Hormones are
more likely to be associated with behaviour during social transitions [43,61], although the corollary for transitioning social
networks (e.g. [30]) remains to be tested. Here, the r 2 values
suggest the associations we did observe were robust. Cortisol,
KT and E2 could each affect fitness directly via RS or indirectly
via the social network. It was our goal to narrow this scope by
identifying social and/or reproductive roles for each hormone
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