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Understanding how individual differences arise and how their effects propa-
gate through groups are fundamental issues in biology. Individual
differences can arise from indirect genetic effects (IGE): genetically based
variation in the conspecifics with which an individual interacts. Using a
clonal species, the Amazon molly (Poecilia formosa), we test the hypothesis
that IGE can propagate to influence phenotypes of the individuals that do
not experience them firsthand. We tested this by exposing genetically iden-
tical Amazon mollies to conspecific social partners of different clonal
lineages, and then moving these focal individuals to new social groups in
which they were the only member to have experienced the IGE. We found
that genetically different social environments resulted in the focal animals
experiencing different levels of aggression, and that these IGE carried over
into new social groups to influence the behaviour of naive individuals.
These data reveal that IGE can cascade beyond the individuals that experi-
ence them. Opportunity for cascading IGE is ubiquitous, especially in
species with long-distance dispersal or fission—fusion group dynamics. Cas-
cades could amplify (or mitigate) the effects of IGE on trait variation and on
evolutionary trajectories. Expansion of the IGE framework to include cas-
cading and other types of carry-over effects will therefore improve
understanding of individual variation and social evolution and allow
more accurate prediction of population response to changing environments.

1. Introduction

Understanding how individual differences arise and their consequences for
group dynamics are fundamental questions in biology [1-4]. Indirect genetic
effects (IGE) are one cause of both individual variation and propagation of
effects of individual variation in groups [5-8]. IGE arise when individuals’ phe-
notypes are influenced by genetic variation in their social partners. IGE have
been documented to cause behavioural, life history and morphological vari-
ation in a wide variety of taxa (e.g. [9-19]). For example, behaviour and body
condition of mosquitofish are influenced by genetically based differences in
their social partners [20,21], and behavioural, physiological and morphological
traits in laboratory mice are influenced by the genotypes of their cage mates
[22]. Terms such as ‘social genetic effect’ and ‘genetic nurture’ have been
used for the same concept in different disciplines [7].

Most of the empirical IGE literature focuses on dyadic interactions: how
genetic variation among individuals influences phenotypes of their immediate
social partners. Theoretical and empirical work has shown that these dyadic
IGE can profoundly influence phenotypes, fitness, and the rate and direction
of evolution [23-25]. Much less is known, however, about IGE on group-level
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Figure 1. Indirect genetic effects can be divided into three distinct types.
First-order IGE capture the effects of the genotype of the individual (G))
on the phenotype of another individual with which it interacts directly
(P1). Second-order IGE reflect the effects of the genotype of one individual
(G) on the interactions between other individuals (P; and P,). Cascading
IGE capture the effects of the genotype of one individual (G;) on the pheno-
type of its direct social partner (P;), which subsequently affects the
phenotype of an individual (P,) that has never interacted with individual G;.

characteristics or the degree to which IGE can propagate to
affect phenotypes of individuals that do not experience
them firsthand.

A few studies have investigated IGE beyond those
caused by dyadic interactions, including work showing
that genetic variation in a social partner can influence social
interactions between other members of the group (so-called
‘second-order IGE’ [26-28]). Nevertheless, it remains
unknown whether IGE previously experienced by one or a
few group members can subsequently influence phenotypes
of new social partners that never themselves experienced
IGE firsthand. Here, we test the hypothesis that IGE ‘cascade’
beyond individuals that experience them firsthand (figure 1).
This hypothesis is motivated by previous work indicating
that individual animals can strongly influence group behav-
iour [1,2,29-32]. However, that literature has generally not
focused on prior social experience as a factor that generates
differences among influential group members (but see
[33-35]), and we know of no studies that implicate IGE as a
cause of such differences.

Cascading IGE are distinct from ‘cascading maternal
effects” [36,37], which occur when traits mediating (genetic
or non-genetic) maternal effects are themselves influenced
by maternal effects in the previous generation. The two
types of cascading effect share the feature that they propagate
to individuals that never experienced the originating vari-
ation in social environment. Cascading IGE encompass a
much broader range of social interactions; however, since
they do not depend on the causal interactions occurring
between parents and offspring (nor between any kind of rela-
tive), they are also explicitly genetic in origin. In this sense
‘cascading genetic maternal effects” (but not non-genetic
maternal effects) are a special case of cascading IGE.

Cascading IGE, if they occur, dramatically increase the
scope and potential effects of genetic variation in the social
environment. For example, migration among locally adapted
populations can influence population-genetic structure and
introduce adaptive or non-adaptive alleles into recipient
populations. With cascading IGE, however, immigrants can
immediately change phenotypes of their social partners in
adaptive or non-adaptive ways that are independent of the
introduction of novel alleles. Even if cascading IGE are not
strongly adaptive or maladaptive at the outset, behavioural

change that they induce can modify the selective environ- [ 2 |

ment for the entire group, thereby feeding back to influence
evolution across generations [38]. Many species exhibit
either dispersal or fission—fusion social structure, so under-
standing IGE caused by prior social environments is critical
to understanding the evolution in social organisms.

Despite its potential importance, assessing whether IGE
can cascade is an empirical challenge. In sexually reprodu-
cing species, it is difficult to replicate genetically based
differences in the social environment. Clonally reproducing
species provide an opportunity to replicate and investigate
the effects of genetic variation in the social environment,
allowing effects like cascading IGE to be assessed without
using inbred lines or complex breeding designs.

The Amazon molly (Poecilia formosa) is a gynogenetic, all-
female species [39] that arose from a single hybridization
event between a male sailfin molly (Poecilia latipinna) and a
female Atlantic molly (Poecilia mexicana) about 100 000 gener-
ations ago [40—42]. Although reproduction is clonal, females
require sperm from a male of one of the ancestral species (sail-
fin or Atlantic molly) to initiate embryogenesis of unreduced
ova [42]. Many distinct clonal lineages arose from the original
hybrid lineage through mutation or rare incorporation of
paternal genetic material [42,43]. This accumulation of genetic
diversity in a gynogenetic species produces groups in which
social interactions occur on multiple levels: within-clone inter-
actions, among-clone interactions and interspecies interactions
between Amazons and their sexual hosts.

In natural populations, the number of clonal lineages that
co-occur can vary dramatically from a single lineage to more
than a dozen [44-46]. Consequently, the degree of compe-
tition and the frequency with which females encounter
conspecifics of different lineages can vary greatly across
time and space. One of the first studies to investigate social
behaviours among different clones reported that females
could distinguish between lineages, associate preferentially
with fish of their own lineage, and were more aggressive
toward unrelated clones [47]. Other research has shown
that features of the social environment such as dominance
[35] and the degree of familiarity among individuals [48,49]
can influence interactions within and among clonal lineages.
These data suggest that individual behaviour depends in part
on the clonal composition of the social environment; that is,
IGE likely influence phenotypic variation and social
dynamics in natural populations of Amazon mollies.

We therefore used clonal variation in Amazon mollies to
test the hypothesis that IGE propagate beyond individuals
that experience them firsthand. We did this by manipulating
the genetic makeup of the social environment of focal
individuals, then moving focals into groups of naive individ-
uals that were all genetically identical and had the same
previous environmental and social experience (figure 2).
This experimental design simulates the fission-fusion
dynamics often observed in poeciliid fishes in natural
environments [50-52]. If IGE occur only through ‘traditional’
(non-cascading) effects, then naive individuals should not
differ systematically in behaviour because they all have the
same genotype and the same previous environmental con-
ditions. If IGE cascade, however, the previous social
experience of focals will influence the behaviour of the
naive individuals. We also predicted that cascading IGE
would influence group-emergent behaviour in the naive
fish, based on the literature indicating that individual
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Figure 2. Schematic of experimental design illustrating that the focal females (F) were placed into one of the three different long-term social environments:
Monoclonal (F+2 C); Clone 1 (F+ 2 (;); or Clone 2 (F+ 2 (,). After 4 weeks of exposure to these long-term social environments, the exploratory behaviours
of the focal females were tested in the naive-group tests with novel C; individuals. Each F was then replaced into her previous long-term social environment until 12
weeks of exposure, when she was tested again in the naive-group tests. Note that these ¢ partners in the naive-group trials were different individuals at each time
period. That is, each individual C; was included in only one trial. Solid black arrows indicate first-order IGE and dashed arrows indicate the possible cascading IGE.

(Online version in colour.)

differences in behaviour affect group-emergent phenotypes
such as shoaling (reviewed in [1]). Finally, we determined if
time spent in social environments influences if and how
IGE cascade by using a time-course experimental design.

2. Material and methods

(a) Study specimens

Three distinct clonal lineages were used in this study, each des-
cended from individuals collected from the Rio Purificacion in
Nuevo Padilla, Mexico (24°4'42.85" N, 99°7'21.76" W) and main-
tained in a greenhouse at the Mission Road Research Facility of
Florida State University. Both Clone 1 (Schartl) and Clone 2
(AMM#11) are diploid with microchromosomes, although the
microchromosomes are distinctly different between the two
lineages [47,53]. The focal clone (3N) is a triploid without any
microchromosomes; this clonal lineage was chosen at random
to be the focal clone. See electronic supplementary material,
Methods, for details concerning fish husbandry.

(b) Long-term social environments

Focal females were placed into 18.91 aquaria in one of three
different long-term social environments: (i) 1 focal female +2
sister clones; (ii) 1 focal female + 2 females from Clone 1; and
(iii) 1 focal female+2 females from Clone 2. That is, each
aquarium contained 1 focal fish and 2 ‘social partner’ fish.
Females placed into the same aquarium were unfamiliar with
each other (electronic supplementary material, Methods).
Thus, partner fish genotypes, but not the genotype of focal
fish, differed among treatments. Each social-environment treat-
ment was replicated 12 times (a total of 36 experimental
tanks) using a randomized complete block design (one replicate

per treatment per block). Six blocks were set up per week until
all 12 blocks were complete. All females used in this study were
adults and ranged from 27 to 38 mm in body length, with 4 mm
as the maximum size difference among females within each
group to reduce the influence of body size on aggression
[48,49]. We nevertheless tested for body size effects in initial
statistical models.

To characterize differences in the social environment
induced by the three different treatments, we measured social
interactions nine different times over the 12-week experiment:
10 min after placing the focal fish in the social environment
(week 0), weekly for the first four weeks thereafter (weeks 1-
4) and then biweekly (weeks 6, 8, 10 and 12). This time-course
design allowed us to determine if the social environments
varied over time and if and how that variation associated
with cascading IGE. Behaviour at week 0 represented a baseline
because females had not yet been exposed to experimental
social environments beyond the first 10 min acclimation
period, and social dominance hierarchies had yet to be estab-
lished. In each assay, behaviour was recorded for 10 min by a
live observer blind to the treatments. In these observations,
social behaviour consisted mainly of aggressive interactions
(bites, tail beats and chasing); few affiliative or neutral beha-
viours (e.g. swimming in the same direction or foraging
simultaneously within 2 body lengths) were observed. We
counted the number of bites and tail beats performed and the
total time spent performing these behaviours and chasing
other females. Tail beats were rarer than bites, but frequency
and time spent in these two behaviours were correlated (Spear-
man’s p=0.136, p=0.014). We therefore summed the total
number of direct contacts (bites and tail beats), and separately
summed the total time spent in all aggressive behaviours to pro-
duce two overall measures: total number of aggressive contacts
and total time spent in aggression. Individual identification was
not possible during trials while fish were in motion and visible
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only from one side. We therefore used the total number and
duration of behaviours across all fish in the trial as measures
of the social environment within the tank.

() Naive-group tests

Three times over the course of the experiment (at 0, 4 and 12
weeks), each focal female was introduced to a pair of novel
(naive) social partners of the same clonal lineage as the focal
(figure 2). Week 0 represented a baseline, measured before any
exposure to long-term social environments. Focal females were
removed from a holding tank (at week 0) or their long-term
social environment tank (at weeks 4 and 12) and placed in a
‘naive-group’ test chamber with two unfamiliar fish, size
matched to the focal fish (+4 mm), and in the same reproductive
state. These naive fish were drawn from single-clone, non-breed-
ing tanks and were, therefore, not exposed to the experimental
long-term social environments experienced by the focal fish.
After introducing the focal fish into the naive-group test
chamber, we video recorded all three fish for 10 min, after
which the focal female was removed and placed back into her
long-term social environment (figure 2). Focal females were
tested with a different pair of naive social partners at each test
period, and those partner fish were not reused in any other trials.

The test chamber for this assay was an open field, circular tank
(65.9 cm diameter), with half the bottom and correspond-
ing sides painted white and the other half grey. A camera (JVC
Everio 1920 x 1080 HD video camcorder) was suspended 1.1 m
above the tank. Videos were analysed by a blind observer using
EthoVision XT (Noldus, v. 14). More information regarding
recording and editing is provided in electronic supplementary
material, Methods.

Aggressive behaviour was almost never observed in these
short-term trials; we therefore assessed movement and shoaling
behaviour as the predominant behaviours. Open-field assay of
these behaviours provides a validated [54,55] test of consistent
individual behavioural differences in poeciliid fish, including
Amazon mollies [56], and it is expected to affect fitness-related
traits such as dispersal, competition and response to predators
[55]. In this assay, stressed individuals tend to be less active,
travel shorter distances at lower velocity, spend more time
frozen and in the grey zone (negative phototaxis), and be
closer together; less stressed individuals tend to be more explora-
tory and cover more distance, move at higher velocity, enter
zones more frequently, spend more time in the white zone and
less time frozen, and have more distance between individuals
[57,58]. Although fish could be individually tracked, the focal
individual could not be distinguished from the other fish on
the videos; therefore, we did not calculate separate metrics for
focal and novel partner fish.

(d) Analyses

(i) Long-term social environment groups

The two measures of aggression (number of direct-contact
aggressive acts and time spent in all aggressive behaviour)
were highly correlated (R?=0.803, p <0.0001), with the first PC
explaining 96.9% of the total variation. Both measures of aggres-
sion were log-transformed before principal component analysis
(PCA), after adding 1 to account for zero values, after which
data were approximately bivariate normal. We therefore used
this PC1 score as the dependent variable in linear mixed
models to determine effects of long-term social environments
on aggressive behaviour. In addition to the social-environment
treatment group, initial models included fixed effects of exposure
time (weeks), treatment-by-time interaction, baseline (week 0)
aggression (PC1), focal female standard length (log-trans-
formed), average standard length of the social-partner females

(log-transformed) and a random block effect. We used a n

random group ID effect to account for repeated measures on
the groups. Baseline aggression and size of social partners
were never significant predictors in initial models (electronic
supplemental material, table S2A) and the random block effect
was consistently near zero and never significant. These terms
were dropped from the final models. Treatment group, exposure
time and treatment-by-time interaction were retained in all final
models, since these were the critical terms for testing our hypoth-
eses. See electronic supplementary material, Methods for
additional details.

(ii) Naive-group tests

To determine if the presence of the focal individual influenced
behaviour in the naive groups, and thus to measure cascading
IGE, we calculated two kinds of metrics: those that described
average behaviour of the three members of the group, and
those that described individual behaviour of fish within the
group. For both analyses, we measured distance travelled (cm),
velocity (cm s™), frequency entering white zone (count), dur-
ation in white zone (s), latency to enter white zone (s), time
spent immobile (s; freezing behaviour) and average shoaling
distance between individuals (mm).

(iii) Average behaviour of naive groups

We first averaged each of the variables described above for the
three fish within a given trial, and then assessed the correlation
structure of the seven group-average behaviours to determine if
they could be adequately represented by principal components.
The six behaviours that described movement or physical position
in the enclosure were all moderately to highly correlated with
one another (0.4 < |7l <1.0), but they were uncorrelated with
the average shoaling distance between fish (all || less than
0.2; electronic supplementary material, figure S1A), indicating
that a PCA should include the six movement/ position variables,
but that shoaling distance should be analysed separately. PC1
explained 75.8% of the total variation in movement/position
variables, and it was the only PC with an eigenvalue greater
than 1. Behaviours associated with exploration loaded positively
on PC1 (distance, velocity and duration in the white zone, and
frequency entering white zones), while behaviours associated
with stress loaded negatively (freezing, latency to enter white
zone; electronic supplementary material, table S3). We therefore
considered positive values of PC1 to indicate a tendency to
explore and negative values to indicate lack of exploration or
stress-related behaviour; we refer to this measure as ‘exploratory
PC1” for conciseness. We considered the log-transformed average
shoaling distance to be a measure of group cohesion, since
it arises from the relative positions of all three members of
the group.

To determine if these two measures of average group behav-
iour were affected by the long-term social environment
experienced by a single member of the group, we used the
values at weeks 4 and 12 as the dependent variable in linear
mixed models. Neither baseline behaviour nor size-related cov-
ariates were significantly associated with behaviour in initial
models (see electronic supplemental material, Methods, tables
S2B and C), so final models included only treatment and
exposure time (and their interaction) as fixed effects and a
random effect of focal female ID to account for the repeated
trials (4- and 12-week) in which focal females were used.

Because long-term social environments varied in aggression
(see §3), any overall association between aggression experienced
in the long-term social environment and the behaviour of naive
groups could have been obscured by the treatment effect in
the models described above. To assess the overall relationship
between aggression in the long-term environment and naive-
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group behaviour, we fit models for exploratory PC1 and
shoaling identical to those described above, except that the
only predictor variable was PC1 of the cumulative aggression
experienced in the long-term environment up to the time of
the relevant naive-group assay (see electronic supplemental
material, Methods).

To assess the consistency of behaviour of the naive groups that
contained the same focal female after 4 and 12 weeks of exposure
to long-term social environments, we calculated Pearson’s corre-
lation between exploratory PC1 scores (or shoaling) at the two
time periods [59]. We calculated 95% confidence limits of the
correlation using the z-transformation method.

(iv) Behaviour of individuals in naive groups

The main purpose of this analysis was to determine if differences
in the average behaviour of naive groups was attributable to
all members of a group behaving similarly or to specific individ-
uals within the group. For example, if the behaviour of the
three females within a group was very similar, then average
differences among groups reflect the behaviour of all group
members. Alternatively, if individuals within groups behaved
differently from one another, then between-group differences
could have been driven by the divergent behaviour of a single
group member. The former, but not the latter, would support
cascading IGE because it would indicate that non-focal behav-
iour was influenced by the prior social experience of the focal
fish. Our primary measure of similarity of the behaviour of indi-
viduals within naive groups was the intraclass correlation
coefficient (ICC).

We first investigated the correlation structure of the same
movement/position behaviours described above, but measured
on individuals rather than the group mean. As in the group-aver-
age data, these variables were moderately to highly correlated
with each other, but not with shoaling distance (electronic sup-
plementary material, figure S1B). We therefore summarized the
movement/position behaviour of individual fish using the first
PC (electronic supplementary material, table S3). The ICC of
this PC score was determined using a linear mixed model with
a random effect corresponding to group ID. The ICC is the
ratio of among-group variance to the total variance, with confi-
dence intervals determined using parametric bootstrap [59]. We
did not calculate ICC for shoaling distance because of the
inherent non-independence of these measures within a trial.

3. Results

(a) No differences between treatment groups
at baseline

There were no differences among treatment groups in behav-
iour at baseline (aggression PCl: F,5,=1.15, p=0.336;
exploratory PC1: Fp,,=2.53, p=0.103; shoaling: F;,,=0.37,
p=0.695, see electronic supplemental material, Methods for
details). There were no size differences among focal females
in different social treatment groups, nor treatment-associated
differences in size among the social partner fish used in the
long-term and naive-group trials (electronic supplemental
material, table S1).

(b) Long-term social environments differ in aggressive
behaviour

Long-term social groups in which the focal fish was housed
with two females of her own clonal lineage exhibited more
aggression than groups where the social partners were

Clone 1 or Clone 2 fish; however, time in the social environ-
ments did not significantly affect amount of aggression
(table 1a; effect estimates provided in electronic supplemen-
tary material, table S4, figures S2 and S3). Post hoc tests
indicated that the Monoclonal social environment elicited sig-
nificantly more aggression than the Clone 1 environment
(t256.1=3.93, p <0.001), but no other contrasts were significant
after adjustment for multiple tests (Monoclonal versus Clone
2: tyug8=2.15,p=0.087; Clonal 1 versus Clone 2: fp471 = —2.04,
p=0.114). On average, fish in the Monoclonal environment
performed 60% more direct-contact aggressive acts than fish
in the Clone 1 environment (14.90 +1.41 versus 9.52 +1.14
acts per 10 min observation bout, respectively; fish in the
Clone 2 environment performed 11.41 +1.13 aggressive acts
per bout, on average).

() Cascading IGE: genetic differences in prior social
experience for one group member affected average
behaviour of the group

Genetic variation in the long-term social environment experi-
enced by the focal fish affected the average exploratory
behaviour of the group when that fish was paired with
naive individuals (table 10 and figure 3a; electronic sup-
plementary material, figure S4, and table S5); however,
duration of exposure (4 versus 12 weeks) did not significantly
affect exploratory PC1.

Indeed, the treatment group of the focal fish explained
43.1% of the total variation in the exploratory PC1 scores.
Naive groups in which the focal individual experienced the
high-aggression Monoclonal long-term environment exhib-
ited more stress-related behaviour (negative values on PC1)
than groups in which the focal individual experienced
Clone 1 or Clone 2 social environments ( post hoc tests: Mono-
clonal versus Clone 1, t1755=-2.59, p=0.044; Monoclonal
versus Clone 2, tygg=-3.12, p=0.015). Naive groups in
which the focal fish had experienced Clone 1 and Clone 2
environments did not differ significantly from each other
after correction for multiple tests (t1651=—1.31, p=0.405).

The long-term social environment of focal animals also
affected the variance in behaviour among naive groups (i.e.
the variance structure differed significantly between treat-
ments; electronic supplementary material, table S6). Groups
containing focal fish from Monoclonal long-term environ-
ments exhibited less variance in exploratory behaviour than
groups containing focals from Clone 1 and Clone 2 (3=
18.4, d.f.=4, p=0.001).

Consistency of behaviour of groups that contained the
same focal female was also influenced by the long-term
social environment (electronic supplementary material,
table S7 and figure S5). Naive groups containing the same
focal females showed high consistency in behaviour when
the focal female experienced the Monoclonal long-term
environment (r=0.73, 95% confidence interval (CI)=1[0.27,
0.92], p=0.007) but not when the focal female experienced
the Clone 2 social environment (r=0.280, 95% CI=[-0.35,
0.74], p=0.38). When the focal female was from the Clone 1
long-term environment, their naive groups exhibited a
negative correlation across time periods (r=-0.759, 95%
CI=[-0.93, =0.33], p =0.004).

At the individual level, cumulative aggression experi-
enced in the long-term social environment was related to
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significantly associated with exploratory/stress behaviours (PCT) in the naive-group tests. (d) Shoaling behaviour was unaffected by long-term social environment g
and exposure time. (e) Shoaling behaviour was not associated with cumulative aggression in the long-term social environments. Predictors with p-values below g
0.05 are indicated in bold type. ED,
2
model effect proportion of variance explained statistic p-value %
(a)‘ Aggressive bghayiour in long-term social treqtments (PC 1) B ‘ - E
focal female standard length R*=0.015 Fi2081=3.26 0.072 §
social environment R*=0.058 Fy2503=17.70 <0.001 i
exposure time R2=0.039 Foa=130 0% =
social environment X time R% = 0.040 F14,2326=0.69 0.788 -
(b) Exploratory/stress behaviour in naive-group trials (PC1) §
social envi;qnment R = 0.431 Fy19.46=5.13 ‘ 0.016 :
exposure time R2=0.023 Frigas=111 0.306 ]
» social environment x time R*=0.089 Fois13=058 » 0.568 §
(c) Cumulative aggression on exploratory/stress behaviours in naive-group tests (PCT) F1,19.66 = 5.42 0.031 :
(d) Shoaling distan;e in naive-grqup tests » E
social environment R*=0.056 Fy33=036 0.704 =

exposure time R*=0.003 F133= 0.06 0.816

social environment x time R=0242 Fu=26 0.087

(e) Cumulative aggression on shoaling distance in naive-group trials F1263=1.19 0.285

exploratory behaviour in the naive-group trials (table 1c). The
more aggression a focal female experienced in her long-term
social environment, the lower her exploratory PC1 score
(8=-0.401 +0.172). This result suggests that the difference
in naive-group behaviour between treatment groups could
have resulted from genetically based differences in aggres-
sion experienced by the focal females in the long-term
social environments.

Mean shoaling distance in the naive-groups was unaf-
fected by the long-term social environment of the focal fish
or by the duration of exposure (table 1d, effect estimates for
fixed effects in electronic supplementary material, table S8,
electronic supplementary material figure S6). There was a
trend for different treatment groups to behave differently
over time, but the interaction term did not reach significance
(table 1d; electronic supplementary material, figure S7).
Among-group variance was unaffected by treatment or
exposure time (}(2=6.28, d.f.=4, p=0.18, electronic sup-
plementary material, table S6) and group-level consistency
was low for shoaling behaviour (r=0.142; electronic sup-
plementary material, table S7). Cumulative aggression did
not significantly predict shoaling distance in the naive-
group trials (table le; =—0.003 + 0.047).

(d) Individuals within naive groups behave very
similarly

Focal and stimulus fish within the naive groups were unfami-
liar with one another and had different social experiences
prior to the naive-group trials. Nevertheless, the three indi-
viduals in each naive group behaved in a remarkably
similar manner (figure 3b shows representative tracking
data for three different trios from naive-group trials; see elec-
tronic supplementary material, figure S8 for additional

representations). The striking visual similarity of tracking pat-
terns is reflected in high ICC estimates for individual
exploratory behaviour (ICC=0.831, 95% CI=[0.781, 0.882]
overall; treatment-group specific values in figure 3b; see elec-
tronic supplementary material, table S9 for variance estimates
used in calculations). That is, less than 17% of the total vari-
ation in behaviour occurred among the three females within
a given naive-group trial, despite the substantial differences
in behaviour among trials that is evident in figure 3b and
electronic supplementary material, figure S8. This result indi-
cates that all three individuals within a given trial exhibited
highly similar behaviour, despite their different prior
experience.

4. Discussion

Elucidating heritable causes of individual and group-emer-
gent phenotypes is necessary to understand the evolution
of social traits and other interacting phenotypes. Here, we
show that the phenotypic effects of genetically different
social environments (IGE) can cascade to influence individ-
uals that never experienced IGE. These results indicate that
the phenotypic and evolutionary consequences of IGE may
be much more pervasive than previously known. Given the
prevalence of dispersal and fission—fusion group dynamics,
there is substantial opportunity for cascading IGE in nature.

The cascading IGE we observed were associated with
different levels of aggression that focal fish experienced in
their long-term social environments. Somewhat surprisingly,
it was the social environment containing fish of the same
clone as the focals that exhibited the most aggression (and
the naive groups containing these focal fish exhibited the
most stress-related behaviour). Previous studies reported
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Figure 3. Genetic differences in prior social experience for one group member affected average behaviour of the group. (a) Least square means + standard error for
exploratory/stress behaviour PC1 in the naive-group tests. Least-square means reflect the average over both time periods since time was not a significant factor in
the analysis. Group-averaged exploratory behaviours with positive values indicating more exploratory behaviours and negative values indicate less exploratory and
more stress behaviours. (b) Consistency of behaviour among individuals in the same naive-group tests is assessed quantitatively by ICC values and can be visually
represented in the similarity of the movement tracks for each individual. High ICC values and representative movement maps for each treatment group illustrate that
the three individuals within a naive group behaved very similarly after 4 or 12 weeks of exposure. The three tracks in the top row of each block represent movement
of the focal fish and two naive partners after four weeks’ exposure to the long-term social environment (4 weeks). The three tracks in the bottom row of each block
represent movement of fish after 12 weeks of exposure to the long-term social environment (12 weeks). For a given treatment, the same focal female was present at
each time point, but her two social partners were different individuals across time points. (Online version in colour.)

that Amazon mollies exhibited less aggression towards sister
clones compared to non-sister clones [47,60]. However, a
different focal clonal lineage was used in those studies,
suggesting that responses to sister and non-sister clones can
vary across genotypes.

We detected no effects of 4 versus 12 weeks of exposure to
genetically different social environments on aggression in
those environments or on cascading IGE in the naive groups.
Time-course effects on first-order IGE have been found in a
related poeciliid, the eastern mosquitofish (Gambusia hol-
brooki) [20,21], and increased exposure time led to higher
aggression in previous studies of Amazon mollies [49,61].
However, the time-course in mosquitofish occurred during
maturation, whereas the fish in our experiment were fully
mature at the start of the experiment. The studies that reported
exposure-time effects on aggression in Amazon mollies main-
tained the animals at considerably higher density than that
used in our experiment ([53]:1.9 L/fish; [47]:4 L/fish; the
present study: 6.3 L/fish), suggesting that exposure-time
effects could be density-dependent.

Density effects might also account for lack cascading IGE
for shoaling cohesion in our study, despite strong cascading
IGE for exploratory behaviour. IGE affecting group-emergent
phenotypes have been reported for social cohesion in
Drosophila melanogaster [27] and for larval cooperation in
burying beetles (Nicrophorus vespilloides) [28]. Given extensive
literature indicating that individual differences can substan-
tially influence group-emergent behaviour ([62], reviewed
in [1]), we expected that cascading IGE would influence
shoaling cohesion [62-64]. In our study, the small enclosure
size used in open-field trials might have limited the varia-
tion in shoaling distance that could be expressed. Future
investigations using larger enclosures could determine if cas-
cading IGE influence group-emergent phenotypes under

different conditions. We also note that traditional IGE invol-
ving the same traits in focal and interacting individuals
tend to be stronger than those involving different traits [65].
We measured different behaviours in the two stages of our
experiment, so estimates of cascading IGE involving the
same traits might be of even greater magnitude.

The cascading IGE we did observe could have arisen
because focal females in Clone 1 and Clone 2 treatment
groups experienced a genetic change in their social environ-
ment when they moved into the naive-groups, but focal
fish in the Monoclonal treatment did not. If this were the pri-
mary cause of cascading IGE, we would expect a significant
difference in cascading IGE between the Monoclonal treat-
ment and both Clone 1 and Clone 2 (which we did find),
but not between Clone 1 and Clone 2 (for which we found
only a non-significant trend). Clone 1 and Clone 2 treatments
did differ significantly in variance among naive groups and
in the consistency of behaviour at 4 and 12 weeks, however.
These differences between Clone 1 and Clone 2 treatments
suggest that sister-clone recognition was not the only cause
of cascading IGE, and point to differences in phenotypic var-
iance as an under-explored consequence of IGE. Nonetheless,
our data support the hypothesis that genetically identical fish
(the naive partners) behave differently depending on genetic
differences in the prior social environment experienced by
another member of the group (the focal female). Whether cas-
cading IGE depend on the degree of genetic similarity
between past and current social partners is an intriguing
question for future studies. Movement among groups that
differ in genetic similarity from the migrating individual is
likely to occur in species such as Amazon mollies that exhibit
strong population-genetic structure [41].

Given the potential for cascading IGE in many species, their
adaptive consequences are likely to be context-dependent. For
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example, cascading IGE are most likely to be adaptive in popu-
lations with an evolutionary history of frequent mixing between
groups. The fission—fusion dynamics of Amazon mollies (and
other species) is one scenario in which we envision that IGE (cas-
cading and otherwise) might evolve to become adaptive. By
contrast, maladaptive effects should be more likely when
migration is rare and when subpopulations exhibit strong
local adaptation.

Theoretical models incorporating cascading IGE could
produce more precise predictions for their evolutionary conse-
quences. Recent work on cascading maternal effects suggests
these could be profound. For example, McGlothlin ef al. [36]
and Pick et al. [37] report that cascading genetic maternal
effects change the expected evolutionary trajectories for both
maternal and offspring traits when compared to maternal
effects that do not cascade. Models incorporating cascading
IGE such as those found in our experiment could illuminate
how substantially these can change evolutionary dynamics
compared to traditional IGE that do not cascade. Embedding
both traditional and cascading IGE into network models of
social interaction is one avenue ripe for exploration.

In summary, we found that IGE propagate beyond indi-
viduals that directly experience them. These cascading IGE
are a potentially important cause of individual differences
in behaviour and other ecologically important phenotypes.
We expect cascading IGE to either amplify the effects of tra-
ditional IGE on the heritability and expected evolutionary
trajectory of the target traits, or to diminish those effects,
depending on the direction of the cascading IGE. Expansion
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