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social unit (ABM16) and pre-defined clan levels (ABM17). In all
remaining scenarios, the acoustic network resembled the null models

(ABM1-2), with no distinct clans............ccceeeiieeciieeiiieeeieeeee e

Sensitivity analysis of parameterization and initial conditions in the
emergence of clans in the 20 simulated scenarios. Clan emergence is
evaluated by the weighted modularity O-value (y-axis) in each of the
acoustic networks simulated by the 20 agent-based models (x-axis).
Color code denotes similar transmission mechanisms of coda types
among agents operating at different social levels (see Figure 3.3A,
main text); shapes represent the social level at which the transmission
operated (circle: population, square: social unit, circle: predefined
geographical clan); whiskers represent the 95% confidence intervals
(CI) estimated by an appropriate theoretical model, based on 1000
iterations and 10 replicates for each model. Significant Q-values,
those falling outside of the 95% CI of the benchmark distribution (P <
0.001), indicate a reliable partition in the acoustic networks, i.e. a
modular topology with subsets of social units (nodes) more strongly
connected with each other than with the rest of the network (see
Figure 3.4, main text). The top plot illustrates our main results (Figure
3.3C, main text), followed by their initial parameters values. In each
of the 16 new scenarios below (a-h), a single parameter was changed
at a time for all 20 models with values representing the extremes of a
biologically meaningful range (the parameter value is indicated in the
top left of the plot). Note that each small plot resembles very much the
main pattern shown in the top plot, indicating that the clan emergence
presented in the main text is robust to variation in the parameters and

INIEIAL COMAITIONS. ceeeeeeieeeeeeeeeeeee e 198

Sensitivity analysis of the weighted modularity metric along a
gradient of increasing sampling of the link weights in the acoustic
networks. The modularity metric defines a reliable partition in the
acoustic networks (i.e. emergent clans) simulated by each of the 20
agent-based models (ABMs). Whiskers represent the 95% confidence
intervals (CI) given by 1000 replicates in the bootstrap procedure (link
weight resampling with replacement). Color code denotes similar

X1V



Figure S3.3

Chapter 4

Figure 4.1

Figure 4.2

Figure 4.3

transmission mechanisms of coda types among agents operating at
different social levels (following Figure 3.3A, main text). Note the
strikingly similar pattern in all scenarios, conferring robustness to our
chosen metric for clan partition across the range of possible weights
for a link (coda repertoire similarity) between nodes (social units) in

the SIMUIAtEd NETWOTKS ... eeeeeeeeeeee e e e e e e e e e e

Typical simulated dataset. Output of a representative simulated
dataset, with social learning of coda types within social units
(ABMO04), after 700 simulated years: (A) Social unit size distribution
(number of agents); (B) Age distribution (in simulated years, i.e. time
steps in the simulation); (C) Population size over time (number of
agents); (D) Coda frequency of all repertoires of all agents within each
social unit. Each boxplot represents the frequency distribution of a
social unit; boxes represent 1% and 3" quantiles; black horizontal bar
represent median; dashed whiskers represent minimum and maximum

frequencies; circles indicate OULHETS ........cceeeviieeiiieeiiiecieecee e

Spatio-temporal sampling effort off the Galapagos Islands, Ecuador,
in the South Pacific Ocean. (a) The islands (dashed box) have darker
shading, lighter shading represents waters less than 1,000 m deep
(rarely used by sperm whales) and black lines represent the tracks of
followed whales. (b) Black bars represent days following whales per
year (of both clans); and gray bars represent the number of high-

quality pictures (0>3) used for photo-identification............cccceecveverruenenee

Social behaviour variation among sperm whale vocal clans (Plus-One,
Regular): (a) Social unit size (number of photo-identified individuals);
(b) Group size (number of individuals in temporary association) ; (c)
Mean cluster size while foraging (number of individuals seen together
at the surface); (d) Dive synchrony (residuals of no-dive gap in
minutes, from the dive synchrony regression model); (e) Social
differentiation (S, estimated CV of the actual rate of association); (f)
Half-weight association indices (mean HWI within units, estimated
proportion of times pairs of individuals were seen together). Boxplots
show mean values (black dots), median (horizontal bar), 1% and 3%
quartiles (box, which widths are proportional to sample sizes),
minimum and maximum values (whiskers). Asterisks represent

Student’s ¢-test statistical significance at P<0.05 (Table 4.2)....................

Standardized lagged association rates (thicker lines) and best fit
models (thinner lines; Table 4.3) among whales within each vocal clan
(black: Regular; gray: Plus-One). Low overlapping of the standard
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Chapter 5

Figure 5.1

Figure 5.2

Figure 5.3

Figure S5.1

errors (vertical bars, from a jackknife procedure) suggests significant

AIETEIEIICES ..o e e e e e e e e e e e eaeeeeaeenes

Re-sightings of individual female and immature sperm whales in the
eastern Tropical Pacific, between (a) 1985-2004 and (b) 2013-2014.
Dashed circles loosely indicate study areas, with numbers indicating
total of photo-identified individuals. Numbers by arrows indicate

match of individuals DEtWEEN Areas. ..oouuueeeeeeeeeeeeeeeeeeee e 106

Encounter rates of sperm whale off the Galapagos Islands over 30
years across clans. Rates were higher in early 1980’s, started declining
during the 1990’s and, after a hiatus in 2000’s, started rising again.
Color code indicates clan membership (Figure 5.3) of whales for
which both photo-identification and acoustic data were available in
that year. Whiskers represent standard errors (SE). Asterisks indicate
years with no dedicated surveys off Galapagos (but in some of these

years there were surveys in surrounding areas; Tables S5.1-S5.3)............. 110

Coda repertoire similarity and clan structure of sperm whale groups
from the Pacific between 1985 and 2014. (a) Hierarchical clustering
dendrogram (CCC=0.896) depicts the multivariate similarity
(Euclidean distances on absolute inter-click intervals) among coda
repertoires of photo-identified groups of sperm whales (branches).
Colour code and clan names follow original results [14]; ‘g’ indicate
groups observed off Galapagos; dashed branches indicate new groups
observed in 2013-2014; arrows indicate mean similarity between and
within clans; numbers besides nodes indicate the number of
replications (out of 100) in bootstrap analysis. (b) Frequency of coda
types containing up to 12 clicks (rows) classified into discrete types
for each photo-identified group (columns). Shades of grey indicate the
frequency of occurrence of coda types in a given group repertoire;
coda type labels represent rhythm (see Figure S5.2); numbers under
columns indicate total number of recorded codas from each group of
whale used in the continuous analysis; numbers on the right indicate

the total codas per type used in the categorical analysis. ..........cccceevueeneenne 113

Schematic of the analyses of acoustic recordings and coda repertoires
to define vocal clans of sperm whales. In the processing phase, raw
acoustic recordings were listened at % speed and codas were marked
in the Rainbow Click software. Coda repertoires were composed of
coda recordings assigned to groups of whales photo-identified
together. In the analysis phase, we used the absolute inter-click
intervals (ICI, the actual time between the onset of one click to
another in a coda sequence) to characterize the temporal structure of
the codas. We then used two complementary analyses, continuous and
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Figure S5.2

Figure S5.3

Figure S5.4

categorical. With the continuous measure, we compared coda
repertoires similarity among groups of whales, using customized
MATLAB routines to calculate the multivariate Euclidean distance
between repertoires and hierarchical clustering algorithm (supported
by a bootstrap procedure) to define the partition of groups into clans
of whales (Figure 5.3A). With the categorical measure, we
qualitatively described the differences between clan repertoires. We
used the OPTICS algorithm to identify clusters of very similar coda
samples, with stereotyped rhythm and tempo (Figure S5.2), which we
called coda types. We performed a sensitivity analysis to define the
most parsimonious initial parameters for the OPTICS algorithm
(Figure S5.4). Many coda samples were disregarded as ‘noise’ and not
included in a coda type cluster; however nearly asymptotic discovery
curves suggested that nearly all coda types made by the sampled
groups were represented (Figure S5.3). We then used contingency
tables (Figure 5.3B) to illustrate the principal differences between the
repertoires of the different clans (Figure 5.3A), and Principal
Component Analysis (Figures S5.6, S5.7) to visualize with more
details these differences in coda type usage by different clans. This

schematic was adapted from [3].......cccceeeiiieeiiiieiiieee e

Codas up to 12 clicks produced by sperm whales across the Eastern
Tropical Pacific and classified into discrete types. Coda types (y-axis)
were defined by the OPTICS algorithm (fixed {=0.025 and minpts
~4% of the sample size) based on absolute time (x-axis) between
inter-click intervals (ICIs). Dots represent mean time of each click in
the coda, and whiskers represent 95% Confidence Intervals around the
mean time. Coda type labels were based on the rhythm, where the first
number indicates the number of clicks; “R” indicates regularly spaced
clicks; “I” indicates increasing click intervals along the coda; “+”
indicates extended interval between clicks; and the sequential number
distinguishes between codas with the same number of clicks and

rhythm but of increasing duration (e.g. 9R1, 9R2, 9R3).....ccocevvirienenen.

Discovery curves for coda types per photo-identified group of sperm
whales across the Eastern Tropical Pacific. Coda types were identified
using the OPTICSxi algorithm, under three initial values for the key
parameters ¢ (drop in sample density) and minpts (number of
minimum points): a) low ¢ = 0.005, high minpts = 8% sample size; b)
intermediate ¢ = 0.025, intermediate minpts = 4% sample size; and c)
high &= 0.050, low minpts = 2%. Black lines represent a repertoire of
a photo-identified group of whales, red lines represent the mean
discovery curve and red shades represent the standard errors for the
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Codas classified into discrete types according to rhythm, produced by
photo-identified groups of sperm whales across the Eastern Tropical
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Pacific. Coda types up to 12 clicks (y-axis) were based on absolute
time (x-axis) between inter-click intervals (ICIs). Dots represent mean
time of each click in the coda, and whiskers represent 95%
Confidence Intervals around the mean time. Coda types were defined
by the OPTICSxi algorithm, under three alternative initial
parameterization, varying contrast parameter ¢ (threshold in
reachability distance drop, establishing the relative decrease in density
within clusters) and minpts (defines the minimum number of samples
that can be considered a cluster) but fixing ¢ (maximum reachability
distance within which clusters will be searched for): (a) ¢ = 0.025,
minpts ~ 4% of sample size; (b) & = 0.005, minpts = about 8% of
sample size; (¢) ¢ = 0.05, minpts ~ 2% of sample size. Coda type
labels (y-axis) were based on the rhythm, where the first number
indicates number of clicks, “R” indicates regularly spaced clicks; “I”
indicates increasing click intervals along the coda; “+” indicates
extended interval between clicks; and the sequential number or letters
distinguishes between coda with same length and rhythm but of
increasing duration (e.g. 9R1, 9R2; 2+1A, 2+1B). “N” indicate the
coda samples regarded as ‘noise’ by the OPTICS algorithm (note low
accuracy, i.e. large 95% confidence intervals) and so discarded from
the categorical analyses. The matrices illustrate coda types (rows) for
each photo-identified group (columns). Shades of grey indicate the
frequency of occurrence of coda types in a given group repertoire
(x>10%: black; 5%<x<=10%: dark grey; 1%<x <=5%: grey;
0<x<=1%: light grey; 0: white). Color code for photo-identified
groups follow original clan partition in [2] and in the Figure 5.3 (main
text). Numbers on the right indicate the total codas per type used in
the categorical analysis. Note the high number of coda samples
discarded as noise (“N”). Overall, there were some variations across
the three parameterization schemes. For instance, the number of coda
types would be 25 for the restrictive (a) or 29 for the permissive (c)
parameterization schemes, mainly because some 3- and 6-click codas
were merged into the same or split into more types. The intermediate
parameterization (b) described more clearly the clan segregation based
on the continuous analysis data. ...........ccccevviieiiiiiiiiiienee e 238

Figure S5.5 Coda repertoire similarity among only the groups of sperm whales
recorded off the Galapagos Islands in 2013 and 2014. The hierarchical
clustering dendrogram (average linkage, CCC=0.89) depicts the
multivariate similarity (Euclidean distances on absolute inter-click
intervals) among coda repertoires of groups of sperm whales
(branches), colored by clans (as in [2]; see also Figure 5.3A).
Numbers besides the clustering branches indicated the number of
times (out of 100) they were replicated by in bootstrap analyses;
numbers underneath are the year of recording. ...........ccccceevveeviieniencieennnnns 240
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Figure S5.6 Coda types used by vocal clans of the sperm whales. Principal
component analysis was used to reduce the dimensionality of the raw
absolute inter-click intervals (ICI) for each coda length (number of
clicks) for better visualization of the clusters of codas classified by
OPTICSxi into categorical types (Figure S5.2, represented by icon
shape) using the intermediate parameterization scheme (Figures 5.3B,
S5.2, S5.4B). Coda samples are colored by clans, a categorical
variable defined by hierarchical clustering analysis (Figure 5.3A; as in
[2]). Loading plots indicate the direction of variation according to
each ICI. The amount of variance explained by the first two principal
components (PC) is given at the axes. The new data set recorded off
Galéapagos in 2013 and 2014 is marked in black. For clarity, all coda
samples regarded as ‘noise’ by the OPTICSxi algorithm (Figure S5.4)
were not plotted. Overall, coda types (here, defined by distinct
clusters) were usually defined by the presence/absence of extended
pauses (‘+°), as suggested by the direction of loadings of the longer
ICIs. Note that clans shared some coda types (e.g. SR, 11R, 12R) but
also produced coda types which were nearly exclusive of their own
clan. For instance, the Regular clan mainly produced regularly-spaced
codas from 6 to 12 clicks (e.g. 6-12R); the Short clan mainly produced
codas with 3 to 5 clicks; Plus-One groups produced mainly short
codas with an extended pause before the final click (e.g. 3+1, 1+3+1,
5+1, 4+1+1); Four-Plus groups produced codas with four regular
clicks (e.g. 4R, 4+1+1, 2+4). These characteristic codas used more
frequently by specific clans (Figure 5.3B) appears to have driven the
clan partitions in the dendrogram presented in the main text (Figure

Figure S5.7  All codas sampled from sperm whales in the Eastern Tropical Pacific
as categorized by OPTICSxi including unclassified samples (‘noise’).
Principal component analysis on the inter-click intervals (ICI) for each
coda length (number of clicks) was used here to reduce the
dimensionality of the data for better visualization and interpretation.
The amount of variance explained by the first two principal
components (PC) is given at the axes. Codas are colored by type, as
defined by the OPTICSxi algorithm wusing the intermediate
parameterization scheme (Figure S5.4B). Samples sizes by type and
proportion of unclassified samples (‘noise’) by coda length are
presented. Note our classification analysis was conservative and
discarded a large portion of the samples regarded as ‘noise’ by the
OPTICSxi algorithm. This creates a scenario in which we only define
new coda types when there exists many, highly similar codas. .................. 244
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ABSTRACT

The overarching goal of my thesis is to formalize the interplay between animal society
and culture, using sperm whales as a model. Sperm whales live in multilevel societies,
characterized by cooperation and social learning. Females form nearly-permanent social
units and communicate using codas, stereotyped patterns of clicks. Units temporarily
group with other units that use similar codas, forming vocal clans—whales of the same
population with distinct coda dialects. I investigate the causes, consequences and
temporal stability of the sympatric sperm whale clans in the Pacific Ocean. First, |
explore the relationship between social structure and social learning as a phenomenon
non-exclusive of human societies. Social relationships demarcate how information flows
among individuals, as well as its content, while social learning affects who interacts with
whom. Second, I show that culture affects sperm whale society by creating clans. With
computer models mimicking the dynamics of empirical populations, I test multiple
mechanisms of coda transmission—individual learning, genetic inheritance, pure and
biased social learning. Clans with different dialects emerge only when whales learn codas
from each other, conforming to the most similar individuals around them. Third, I
evaluate the consequences of clan membership. Using a long-term dataset, I show
differences in social behaviour among clans: members of one clan dived more
synchronously and had more homogeneous, briefer relationships than the other. Cultural
drift may explain such divergence, with whales replicating within-clan social norms.
Finally, I investigate temporal stability of clans by studying the Galdpagos population
over 30 years. I document a complete population turnover leading to cultural shift: sperm
whales studied in 2013-2014 do not belong to two clans that used the area between 1985-
1995; instead they are members of clans previously found in other areas of the Pacific. In
conclusion, culture gave rise to sperm whale clans, which in turn drives social behaviour,
in a two-way relationship that is stable over time but dynamic over space. These findings
strengthen the evidence for culture among sperm whales, highlighting that processes
driving behavioural flexibility in humans—information transmission through biased

social learning and cultural drift—also operate in non-human animal populations.
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CHAPTER 1

INTRODUCTION

“I to be nature looking into nature with such easy sympathy as the blue-eyed grass in the
meadow looks in the face of the sky”

~H.D. Thoreau, 1841

Behaviour pervades Life. Simply put, behaviour is everything an individual—be it
Procaryota or Eucaryota—does from the moment it comes into life until the moment it
dies (Lehner 1998). It is inside and all around us, on the interface between individuals
and their environments (Kapeller et al. 2013). Behaviour is one of Nature’s essential
ingredients. Any system in Nature—be it simple, complicate or complex—can be fleshed
out by studying two fundamental characteristics: the elements composing the system, and
the rules of their interactions (Amaral & Ottino 2004); expressly, how these elements
behave and interact with each other. Societies are one of such complex biological
systems—an organized complexity (Weaver 1948) within which we and other animals
are inserted. As biological complex systems, societies intrigue the attentive observer with
their self-organizing and dynamic elements (Camazine et al. 2001): individuals with

adaptive behaviour.



1.1 SOCIETIES: EMERGENT PATTERNS FROM ADAPTIVE SOCIAL BEHAVIOUR

A society is a collection of individuals of the same species, and the nature, quality
and patterning of their social relationships, which are themselves a synthesis of the
behavioural interactions between individuals (Hinde 1976). While the individuals’
behaviours are usually intricate, the emergent behavioural rules in a society are often
simple. So how do complex patterns arise in a society from simple behavioural rules
(Hemelrijk 2005)?

The basics of sociality are dictated by the interactions among individuals and with
their environment in the search for individual or collective solutions to the challenges of
reproducing and staying alive (e.g. Wilson 1975, Krause & Ruxton 2002). Thus sociality
evolves where there is tension between cooperation and conflict (Tinbergen 1953,
Hamilton 1964, Frank 1998). The spatiotemporal predictability of resources, together
with predation risks, regulate the trade-offs of group-living; they are the general
underlying mechanisms of social structure (e.g. Connor 2000, Krause & Ruxton 2002,
Gowans et al. 2007). However, the big picture is more complex—and fascinating.

Social behaviour is diverse, flexible and adaptive among highly cognitive
animals, which is one of the reasons why their societies are dynamic (e.g. Lott 1984). A
wide range of animal social structures emerges in response to varied ecological pressures,
constrained by historic phylogenetic signals (Clutton-Brock 1989, Mann et al. 2000,
Smuts et al. 2008). But such social plasticity is also a product of proximate mechanisms
operating at the individual level—physiological, hormonal, developmental, genetic

factors (e.g. Oliveira 2005, Crossin ef al. 2013, Schradin 2013, Kappeler et al. 2013).



Therefore, individual characteristics can have major effects on social structure, especially
at small spatial and temporal scales.

We now have evidence that social behaviour flexibility can also be a product of
processes occurring over shorter scales than evolutionary time—one or few generations
(see Laland & O’Brien 2012, Perreault 2012). Individuals adjust their behaviour by
observing the changing environment and/or the behaviour of conspecifics (e.g. Heyes
1994, Laland 2004, Lefebvre et al. 2004, Rendell et al. 2011). Both, individual and social
learning, can be efficient solutions to track varying environments (Richerson & Boyd
2005, Perreault ef al. 2012). When socially learned behaviours are shared within subsets
of a population, they are considered culture (Boyd & Richerson 1985, Laland & Hoppitt
2003), which has been increasingly understood as an important driver of mammalian

phenotypes (e.g. Rendell & Whitehead 2001, Whiten & Whiten 2011).

1.2 CULTURE: THE WAY WE DO IT, THEY WAY THEY DO IT

Culture is pervasive in human societies. It has propelled recent human evolution
and transformed our lives in unprecedented ways, by broadening niches (e.g. Laland et
al. 2001, 2014), improving individual fitness (e.g. Boyd ef al. 2011) and, likely, cognition
(J1 & Yap 2016). Via social learning, information flows within and between generations
at a faster pace than via genetic transmission (Cavalli-Sforza & Feldman 1981). Thus
culture allows for a rapid spread of (generally) adaptive behaviours (Boyd & Richerson

2004). Culture is not an exclusively human feature. The fundamentals of culture extend



to societies of other taxa (e.g. Laland & Hoppitt 2003, Laland & Janik 2006), though
human cultures are arguably different than those of other animals (Laland & Galef 2009).

The key distinctions between the two cultural realms seem to be that human
cultures are more cumulative and symbolic. Human cultural evolution is clearly
incremental: achievements are improved in successive generations. Perhaps because
human learning is more process-oriented whereas animal social learning is more product-
oriented (Tennie et al. 2009), the evidence for cumulative culture among animals remains
embryonic, and contentious (e.g. Marshall-Pescini & Whiten 2008). Human culture is
also clearly based on a symbolic system for thinking and communicating (Ernst 1944).
Symbols—as shared conventions, socially-agreed and self-referential signs—are part of
everyday lives of humans in any corner of the world. They seem to be lacking in animal
cultures (e.g. Perry 2009, Jablonka & Lamb 2014), at least in the rich forms observed
across human societies.

While accumulation and symbolism primarily define the divergence between
human and animal cultures, there is much debate about how to define culture. Some
definitions are very specific and anthropocentric, occasionally only including humans
(e.g. Braidwood 1975), while others are more inclusive (e.g. Boyd & Richerson 2004).
Here I consider the working definition of culture as behaviour that is socially transmitted
and shared within subsets of a population (e.g. Rendell & Whitehead 2001, Laland &
Hoppitt 2003). This is permissive enough to be measurable across species, while
retaining two main underlying properties of the more restrictive definitions of culture: 1)
a behavioural trait distinguishable between groups; and 2) a transmission process

involving social learning (acquiring behaviour via observation of conspecifics). This



broader concept of culture facilitates interdisciplinary research ultimately interested in
tracking its evolutionary origins and trajectories.

As such, the chasm between human and other animal cultures has been slowly
bridged by data painstakingly collected during long-term field studies (e.g. Whiten et al.
1999) and carefully-designed controlled experiments (e.g. Whiten et al. 2005). We can
now appreciate that culture also pervades animal societies—birds, fishes, terrestrial and
aquatic mammals to name but a few (Laland & Hoppitt 2003, Laland & Janik 2006).
Semantic disputes aside (e.g. Laland & Galef 2009), the point is culture evolves shaped
by population-dynamic processes both among humans and other animals (Mesoudi 2011,
Perreault et al. 2012).

The cultural inheritance system can act together with genetic transmission driving
phenotypes (Boyd & Richerson 1985, Laland et al. 2010) and shaping the behavioural
repertoire (Rendell & Whitehead 2001, Laland & O’Brien 2012). Cultural transmission
of information is one of the determinants of behavioural syndromes and intrapopulational
behavioural variation (see Aratjo et al. 2011, Sih ef al. 2012, Wolf & Weissing 2012).
Although many social and biological theories are built upon the assumption that
individuals are ecologically equivalent, individual heterogeneity is no longer being
neglected as insignificant noise. It has profound implications for individual survival and
fitness (e.g. Curio et al. 1978) and population (e.g. Whitehead & Richerson 2009),
community (Bolnick et al. 2011, Sih ef al. 2012) and social dynamics (e.g. Krause et al.
2010, Castellano et al. 2009). In consequence, the resultant heterogeneity in individual

behavioural repertoire influences the structure of a society, and how information spreads



over it. In turn, information transmission via learning processes can also influence social

structure (Timbergen 1953, Nunn ef al. 2009, Whitehead & Lusseau 2012).

1.3 SOCIETY AND CULTURE: A TWO-WAY RELATIONSHIP

The way individuals behave can affect, and be affected by their social ties.
Essentially, this is how culture and society influence each other. Culture is founded on
the transmission of behaviour through social learning among individuals (Boyd &
Richerson 1985, Franz & Nunn 2009). Social learning can occur through a variety of
psychological mechanisms (Heyes 1994, Laland 2004, Hoppitt & Laland 2008), such as
emulation, teaching, social facilitation, local enhancement, product imitation and others
(for a recent review and definitions, see Rendell ef al. 2011). Thus, with learning clearly
taking place during individual interactions, social structure—who interacts with whom—
affects the transmission of learned behaviours (e.g. Voelkl & Noé& 2008, 2010, Whitehead
& Lusseau 2012). In fact, social structure influences the efficiency, consistency and
persistence of behavioural transmission through social learning (Cantor & Whitehead
2013). Moreover, social structure can define the content of information being socially
transmitted, and thus becomes a cause of cultural diversity (Norenzayan 2011, Whitehead
& Lusseau 2012).

For example, consider two hypothetical populations, one in which all individuals
interact with each other on a regular basis (a highly connected society), and another
structured into two groups whose members tend interact more often with themselves than

with the rest of the population (a socially segregated society). Now consider that a novel,



more efficient way of finding a food resource was introduced in both populations by
individual learning, i.e. by an individual creating the new technique by itself. If
individuals learn from each other (for example by observing, copying the behaviours of
their social contacts), the new foraging technique is likely to spread more quickly in the
first population because there all individuals will have a chance to interact with the
innovator or with the innovator’s close friends. In the first population, the innovation
would also be learned more accurately, since individuals are more likely to learn from the
source (the innovator) than through a long chain of social connections. In contrast, in the
second, socially segregated population the foraging technique may change faster over
time, due to learning errors or deliberate introduced modifications. Thus, in general, the
higher the structure of the society, the lower the speed, fidelity and robustness of the
information being transmitted (e.g. Cantor & Whitehead 2013, Duboscq et al. 2016). All
of these illustrate how social structure can affect culture when behavioural traits flows
among individuals via learning.

In turn, culture can shape social structure by influencing the opportunities for
social interactions (see Boyd & Richerson 2004, Morgan & Laland 2012). In humans, for
example, culture affects higher-level social attributes (e.g. Boyd & Richerson 1985)
directly—for instance individuals learning that they must accept and live in a
monarchical society—as well as indirectly—a socially-learned deference to elders or
members of one sex will drive the social structure into particular forms. Through either,
or both, of these routes, populations may possess different social structures. In other
species for which culture is important, social learning can enhance social cohesion—

through activity synchronization and behavioural homogenization within groups (Coussi-



Korbel & Fragaszy 1995)—and sometimes split the population into subsets of individuals
with distinct behavioural repertoires. Individuals may prefer to interact with individuals
who perform similar behaviours; and during these interactions, they can learn other
behaviours from one another. Thus, through social influence (social relationships leading
to behavioural similarity) and behaviour matching (vice-versa), a population of social
learners can be structured into distinct cultural groups (Axelrod 1997, Centola et al.
2007). For example, socially-learned foraging techniques and communication signals
among animals can lead to the coexistence of sympatric groups with distinct behavioural
repertoires.

Some examples come from populations of whales and dolphins. Cetaceans have
diverse and flexible behavioural repertoires, and even subsets of individuals from the
same population may be split into groups according to behavioural repertoires. In south
Brazil, for example, this is clear in a small population of bottlenose dolphins, in which
nearly half of the individuals cooperate with artisanal fishermen when hunting mullet fish
schools. The dolphins that perform the foraging technique are more socially connected
with each other than with those who do not, dividing the population into distinct social
modules (Daura-Jorge et al. 2012). Among whales that live in multilevel societies,
learned acoustic communication signals are also important in defining who interacts with
whom. For example, pods of killer whales form vocal clans with distinct repertoires of
calls (Ford 1991, Filatova & Miller 20015), and sperm whales form clans with distinct
repertoires of sequences of clicks used for communication (Rendell & Whitehead 2003,

Gero et al. 2016a). In both cases, individual whales primarily interact with—and so learn



from—their clan members, reinforcing behavioural boundaries within the same
population.

Neither these cultural behaviours nor these cultural groups are static. Rather, they
are evolving products of individual and collective experiences. Over time, cultural groups
may change their composition, and cultural repertoires may change as cultural traits are
fixed and selected, lost and changed due to innovations, founder effects, transmission

errors and biases (Koerper & Stickel 1980, Cavalli-Sforza & Feldman 1981).

1.4 EVERYTHING CHANGES: ADDING TIME TO THE MIX

Culture and society are closely linked by dynamic ties. They coevolve as social
learning is based upon association, and association may be biased by shared learned
behaviours. Add time to the mix and who interacts with whom and what they learn from
one another may change, influencing the outcomes of the culture-society interplay.
Individuals change as they grow, and so do their behaviour and social affiliates (e.g. Biro
et al. 2006, Matsuzawa et al. 2006, White et al. 2012, Patterson et al. 2015). Populations
change in composition as individuals enter and leave via birth/immigration and
death/emigration, and so do the social relationships within the society (e.g. Cantor et al.
2012). Culture changes over time, as both individual traits and the groups bearing them
spread and decline (Cavalli-Sforza & Feldman 1981, Richerson & Boyd 2005), and so a
population’s behavioural repertoire changes (e.g. Avital & Jablonka 2000).

Cultural change is now recognized as one pillar of evolution, along with genetic

and epigenetic (non-DNA cellular transmission of traits) inheritance systems (e.g.



Jablonka & Lamb 2014). Culture evolves with analogous ingredients of Darwinian
evolution: variation (“mutations” by transmission errors or deliberate innovations),
heredity (transmission of information via vertical, horizontal, oblique social learning),
differential survival and multiplication (cultural selection) and drift (see Cavalli-Sforza &
Feldman 1981, Richerson & Boyd 1985, Boyd & Richerson 2005). Here, I illustrate
cultural changes in acoustic communication systems, since they are strongly linked to
social structure (see Freeberg ef al. 2012) and change over time, at least partially, through
cultural processes.

While communication systems adapt over the time scales of genetic evolution,
significant changes can also happen during few generations time (e.g. Podos & Warren
2007, Nelson et al. 2004), and even much more rapidly, within the same generation
(Deecke et al. 2000, Noad et al. 2000, Garland et al. 2011) due to cultural processes.
Cultural selection may guide changes stabilizing specific behavioural variants that
perform better in a given context. For instance, culturally-transmitted bird songs can be
well adapted to a habitat (e.g. Tobias et al. 2010) thus stable over time (e.g. Byers et al.
2010); or show directional change in parallel to shifts in the acoustic environment (e.g.
Slabbekoorn & Boer-Visser 2006). Similarly, the structure and meaning of human
acoustic signals can be shaped by cultural pressures to become compressible and
maintain distinctions (e.g. Kirby et al. 2015, Tamariz & Kirby 2016). Alternatively,
neutral cultural processes can alter learned repertoires but with no apparent fitness
benefits (Koerper & Stickel 1980). An example is random-copying, which can induce
rapid shifts in frequency of cultural variants, as observed in the high turnover of

popularity in several human behaviours (Hahn & Bentley 2003, Bentley et al. 2004,
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2007, Rendell et al. 2010). Simultaneously, behavioural repertoires can change as
individuals, while learning from one another (Janik & Slater 2000), introduce errors and
innovations that can be selected or fixed by cultural drift (e.g. Williams et al. 2013,
Filatova & Miller 2015).

Demographic mechanisms can significantly affect the dynamics of
communication systems with socially learned vocal signals. In allopatric groups or
populations, variation becomes evident (e.g. songbirds: Krebs & Kroodsma 1980, Podos
& Warren 2007; primates: Tanaka et al. 2006; cetaceans: Filatova et al. 2015), as spatial
segregation generally promotes cultural diversity and reinforces divergences (Whiten et
al. 1999, van Schaik et al. 2003). In sympatric groups or populations connected by
movement of individuals, repertoires tend to either maintain their differences or
homogenize, depending on the strength of opposite cultural forces. As behaviourally
distinct groups meet, or individuals leave and enter populations, behavioural differences
could be used to label group identities and so reinforcing cultural boundaries (e.g. Boyd
& Richerson 1987). On the other hand, differences can be successfully introduced and
diffuse through the population (e.g. Fayet et al. 2014, Whiten et al. 2016), causing
immigrant and local cultures to merge (e.g. Mesoudi et al. 2016). In acoustic cultural
repertoires, such changes are usually gradual (e.g. Slater & Ince 1979, Nelson et al.
2004); but a local cultural revolution may be triggered when an injected foreign trait is
adopted rapidly and collectively (e.g. Noad et al. 2000, Garland et al. 2011).

For the social animal, a communication system is of paramount importance. It
tends to increase in complexity with higher social demands (e.g. Freeberg et al. 2012), as

more diverse communication helps one to navigate through multiple social relationships
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(e.g. Dunbar & Shultz 2007). Arguably, vocal communication may have peaked in
complexity in human languages—a symbolic system with unrestricted range of meanings
(Jablonka & Lamb 2014, Tamariz & Kirby 2016). Yet, acoustic communication is
imperative for many non-human animals (e.g. Horn & Leonard 2005, McGregor 2005,
McGregor & Horn 2015), particularly in the aquatic environment where light is usually
limited but sounds travel farther and more effectively (Tyack 1998, Janik 2005).

Vocal communication in whales and dolphins is sophisticated (e.g. Tyack 1998,
Janik 2014), in line with their complex sociality (May-Collado et al. 2007). The sounds
they produce are crucial to every aspect of their lives, including a range of social skills
such as grouping cohesively (e.g. King et al. 2014), maintaining long-term relationships
(Bruck 2013), addressing and remembering affiliates (King & Janik 2013, King et al.
2013), coordinating foraging strategies (e.g. King & Janik 2015), attracting mates (Smith
et al. 2008) and marking multiple social tiers (Gero et al. 2016a). Partially in
consequence, cetaceans have particularly complex and varied social systems (Connor et
al. 1998) based on evolving acoustic communication systems, which gives considerable
evidence for culture being an important driver of behaviour in these species (Rendell &

Whitehead 2001, Whitehead & Rendell 2014).

1.5: OCEANIC CULTURAL SOCIETIES: WHALES AND DOLPHINS

I begin with a caveat. Logistics may constrain studies on the interplay between
social structure and cultural transmission in cetaceans. There are many challenges in

studying long-lived, deep-diving animals that range over thousands of kilometers in
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offshore waters. But as data accumulate in long-term multidisciplinary efforts, we begin
to accurately depict the social systems (e.g. Mann et al. 2000). Cetacean cognitive
capacities are highly developed (Marino et al. 2007) and confer behavioural plasticity
and diversity to their social systems (e.g. Connor et al. 1998), which inspired a number of
conceptual models and empirical analyses of cetacean socioecology (e.g. Mann et al.
2000, Whitehead 2003, Gowans et al. 2007).

These outcomes from the sea counterbalance the theoretical expectations of
socioecological theory build upon animals from the terrestrial environment (e.g. Wilson
1975). Cetaceans live in a tridimensional, mobile environment characterized by red noise
(Whitehead 2008a), where risk and resources are more unpredictable in space and time
(Gowans et al. 2007). Consequently, cetacean societies are not bounded by defended
territories, and are generally larger than those of primates and other terrestrial animals.
All of these attributes give power and potential to the dynamic relationships between
culture and society (see Gero & Rendell 2015).

Cetacean societies are diverse. While ephemeral associations may be the general
pattern among baleen whales (Mysticeti), the social relationships of toothed whales
(Odontoceti) contain both labile and stable features (Connor ef al. 2000). A variety of
ecological (e.g. Gowans et al. 2007), biological (e.g. Lusseau et al. 2006) and
spatiotemporal mechanisms (e.g. Cantor et al. 2012) underpin the variation in cetacean
social structures. It is becoming clear that social learning is an important part of how
individual whales and dolphins cope with their ecological and social environments,

especially in foraging, communication and social behaviours (e.g. Boran & Heimlich
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1999). In other words, culture adds another layer of social complexity in cetacean
societies (Rendell & Whitehead 2001, Whitehead & Rendell 2014).

The evidence for culture among whales and dolphins grows as we refine our
understanding on their social complexity, geographical distribution, life history, memory
and learning abilities (reviewed in Whitehead & Rendell 20014). Captivity experiments
show that cetaceans do learn from their peers (e.g. Janik 2014), supporting that social
learning can underlie sympatric behavioural divergence, fast spread of innovations within
populations, and rapid evolution and long-term maintenance of behavioural variants
observed in the wild. For instance, the rapid evolution and spread of complex songs
(Noad et al. 2000, Garland et al. 2011) and rapid spread of innovative foraging tactics
(Allen et al. 2013) of humpback whales can only be explained by individuals learning
from those whom they interact with. Similarly, the vocal tradition (Ford 1991) and
dietary differences (Ford er al. 1998) among killer whale ecotypes are compelling
examples of the influence of social learning in sympatry and over large spatial scales.
Finally, the role of learning is clear in the emergence and maintenance of highly
specialized foraging techniques among cetaceans—some of which lasting for many
generations (e.g. Simdes-Lopes ef al. 1998). Examples include the spontaneous stranding
(Lopez & Lopez 1985) and (potentially) the cooperating hunting (Pitman & Durban
2012) of pods of mammal-eating killer whales, as well as the long list of feeding tactics
of bottlenose dolphins, such as sponging, mud-ring, barrier and trawler feeding (reviewed
in Whitehead & Rendell 2014). In some of these cases, it seems that the spread of a local
foraging variant via social learning can shape the structure of the society (e.g. Daura-

Jorge et al. 2012, Ansmann et al. 2012, Mann et al. 2012).
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The effect of culture on cetacean societies is not restricted to localized and small
populations. We also find impressive examples at a vast, oceanic scale. Sperm whales
(Physeter macrocephalus) have one of the most complex social structures among all sea
creatures (sensu Bergman & Beehner 2015) as they form multilevel societies (Whitehead
et al. 2012), in which cooperation, social communication, and culture are important
underlying mechanisms (Whitehead 2003). These traits make sperm whale societies a
very good model to address cultural processes (Rendell and Whitehead 2001, Whitehead
& Rendell 2014), social structure (Whitehead 2008b) and their interdependence—along
with the many particularities of their natural history that make such studies challenging

and exciting.

1.6 STUDY SYSTEM: SOCIETY AND CULTURE IN SPERM WHALES

Sperm whales are circumglobally distributed in offshore, deep waters (Jaquet
1996). There they perform deep (~200-2000m) and long (~40min) dives to forage,
mainly, for squids (Rice 1989). Sperm whales have two distinctive behavioural states:
75% of the time foraging at depth, and the rest resting/socializing at the surface
(Whitehead 1989, Whitehead & Weilgart 1991). For both, acoustic communication is
essential. Sperm whales possess a sonar-like apparatus—the spermaceti organ—with
which they produce series of broad-band clicks to echolocate prey. During social
contexts, they use the same system to produce a range of stereotyped patterns of clicks,
called codas (Watkins & Schevill 1977), used for communication (e.g. Schulz ef al. 2008,

Frantzis & Alexiadou 2008).
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The social patterns of sperm whales reflect their sexual divergences in life styles.
Males depart from their natal groups to live quasi-solitary lives near the poles and return
to tropical waters to breed (Whitehead 2003). On the other hand, females and immatures
spend their lives in the tropics, living together in stable, nearly-matrilineal social units of
about 11 related, as well as unrelated, individuals (Richard et al. 1996, Christal et al.
1998, Lyrholm et al. 1999). The social lives of females are cooperative. There is evidence
for communal care of the young (Gero et al. 2009, 2013), as well as for defending against
predators (Arnbom et al. 1987), and suggestions that females might finding food together
(by sharing, or eavesdropping on, information about ephemeral but somewhat predictable
food patches) (Whitehead 1989). In addition, the absence of territoriality and within-unit
mating suggest reduced competition among unit members (Christal & Whitehead 2001).
These cooperative activities take place within and between social units of females.

Sperm whale societies are multilevel: individuals living in nearly-permanent
social units that form temporary groups within a larger vocal clan (Figure 1.1, Whitehead
et al. 2012). Members from different social units form temporary groups (travelling
together for periods from hours to few days; Whitehead ef al. 1991), within which they
preferentially associate in close spatial proximity (Whitehead & Arnbom 1987) with
members of their own unit (Christal & Whitehead 2001). But more strikingly, these
temporary groups are formed by social units that share a similar repertoire of codas. Thus
a higher level of social organization is recognized: the vocal clans (Rendell & Whitehead
2003, Gero et al. 2016a,b). Vocal clans span large areas, are sympatric and genetically

indistinct (in the nuclear genome), which strongly supports the hypothesis of culture
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driving their social structure (Rendell & Whitehead 2003, Rendell et al. 2012, Whitehead

et al. 2012, Gero et al. 2016b).
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Figure 1.1. Schematic representation of the fundamental social levels of a female sperm
whale society from the Pacific Ocean (see Whitehead et al. 2012). In a population,
individual females and their young live in nearly-permanent social units for several years
(presumably their entire lives). Social units form temporary groups (from hours to few
days) with other units, but tend to do so with units with which they have high similarity
in the repertoire of codas (stereotyped patterns of click sounds used in social
communication), forming a vocal clan. A clan of sperm whales is identified as such
collections of social units that share an identifiable part of their coda repertoire, where
that part of the repertoire both forms a large portion of the coda production of those social
units and is readily distinguishable from the coda repertoires of social units from other

clans (see Rendell & Whitehead 2003). This multilevel structure applies only to the
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females and immature individuals; males disperse from their natal groups to live nearly-

solitary lives near the poles, returning to tropical waters to mate (Whitehead 2003).

Clans of sperm whales are different from most other animals’ social structures
(but see orca acoustic clans; Ford 1991). They may be the largest cooperative social
entity outside of humans (Whitehead & Rendell 2014). But what are the drivers of clan
structure in sperm whale societies? What are the consequences of a cultural population
structure for the individuals? How stable is this structure over time? In my research, I
describe and explain these three aspects of the interplay between social structure and

culture in sperm whales.

1.7 THESIS OBJECTIVES AND ORGANIZATION

The overarching goal of my thesis is to investigate the interplay between society
and culture and infer its behavioural mechanisms, behavioural consequences and
temporal stability, using the multilevel sperm whale society as a model. To accomplish
that, I employed an array of analytical methods to combine fieldwork, simulations and a
long-term empirical database, representing a multidisciplinary study that spans over
nearly 30 years.

In the second chapter, I delineate how social structure and learned behaviour are
mutually dependent, putting forth a conceptual framework for the interplay between
animal culture and society. I further explore theoretical expectations of this two-way

relationship, and back them up with recent advances in empirical studies with cetaceans.
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This chapter is a review essay that sets the theoretical ground for the thesis. I have
reviewed the relevant literature on the theory and methods to propose the formalism of
adaptive networks as a feasible tool to explore the society-culture interplay. This chapter
was published in 2013 in the theme issue of Philosophical Transactions of the Royal
Society B entitled “Flexibility and constraint in the evolution of mammalian social
behaviour”.

In the third chapter, I explore the mechanisms that give rise to the cultural
segregation that structures sperm whale populations. Here I focus on one side of the
culture-society interplay: whether cultural transmission can shape social structure. The
aim is to backtrack the empirically-observed social pattern (sperm whales organized in
sympatric clans with distinct repertoires of communicative signals) to infer on its causes.
By building mechanistic agent-based models informed by 18 years of empirical data, I
tested competing mechanisms—namely genetic inheritance, individual learning, pure or
biased social learning—that could give rise to vocal clans, the social level that crowns the
sperm whale multilevel society. I show that clans are unlikely products of stochastic
processes such as genetic or cultural drift but likely originate from cultural transmission
via biased social learning of acoustic communicative signals. I then suggest cultural
transmission as a key ingredient in the emergence of sympatric clans of sperm whales,
which increases the similarities between human and non-human societies. This chapter
was published open-access in 2015 in the journal Nature Communications and has
received considerable attention in the media (featured in over 200 news outlets from 18

countries).
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In the fourth chapter, I switch gears to the other side of the culture-society
equation, and test whether the known social structure into vocal clans could have
consequences for their members. Using a long-term database from 1985 to 2003, I
quantify the fine-scale social behavioural differences of the members of the two main
vocal clans of sperm whales off the Galapagos Islands. 1 show the clans differed
consistently in diving synchrony, heterogeneity, and temporal stability of social
relationships, and suggest that disparities in surface-time coordination and quality of
social relationships are byproducts of clan segregation, with potential effects in
alloparental care giving and calf survival rates. This chapter was published in 2015 the
journal Marine Mammal Science.

In the fifth chapter, I add time to the mix and evaluate the temporal stability of the
clan structure in the sperm whales off the Galapagos Islands over the last thirty years.
Populations are dynamic, and so are societies and culture. I updated the long-term
database on population structure acoustic behaviour with new data I collected off
Galapagos in 2013 and 2014 to compare acoustic repertoires that defines the vocal clans
and clan membership through individual identification. I present the curious case of the
bimodal cultural makeup of this population, in which the two original sympatric cultures
may have been replaced by two different culturally-defined groups. Previous data
indicate members of two clans using the Galapagos waters until about 1995, whereas new
data indicate that two different clans, formerly common elsewhere across the South
Pacific, are now using this area. In brief, I document a local cultural turnover triggered by
a complete population turnover using the area. While these findings suggest some

temporal stability in clan structure (long-lasting clan membership), it also points to low
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spatial stability (clans with large and dynamic ranges). This chapter is in review in the
journal Royal Society Open Science.

In the final chapter, I conclude my “sympathetic look” in the face of the nature of
animal societies and cultures. I discuss the combined relevance of my research by
reviewing the four key highlights of the thesis. Here I argue that information transmission
through biased social learning and cultural drift—key drivers of human behaviour—can
also be at play in wild animal populations structuring their social relationships. Finally, I
suggest the future steps for advancing the field on the relationship between cultures and
societies of animals. This chapter is followed by four appendices containing

supplementary material for the chapters 2 to 5.
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CHAPTER 2

ON THE INTERPLAY BETWEEN SOCIAL NETWORKS AND CULTURE:

THEORETICALLY AND AMONG WHALES AND DOLPHINS 3

“The universe is wider than our views of it”

~ H.D. Thoreau, 1854

2.1 ABSTRACT

Culture is increasingly being understood as a driver of mammalian phenotypes. Defined as
group-specific behaviour transmitted by social learning, culture is shaped by social
structure. However, culture can itself affect social structure if individuals preferentially
interact with others whose behaviour is similar, or cultural symbols are used to mark

groups. Using network formalism, this interplay can be depicted by the coevolution of

1 This chapter has been published in the theme issue of the Philosophical Transactions of the Royal Society
Series B “Flexibility and constraint in the evolution of mammalian social behaviour” compiled and edited
by Peter M. Kappeler, Louise Barrett, Daniel T. Blumstein and Tim H. Clutton-Brock. The full reference is:
Cantor M. & Whitehead H. 2013. The interplay between social networks and culture: theoretically and
among whales and dolphins. Philosophical Transactions of the Royal Society B. 368. 1618, 20120340.
doi:10.1098/rsth.2012.0340

2 Authors’ contributions: Mauricio Cantor (MC), Hal Whitehead (HW): Developed the conceptual
framework; MC: reviewed literature; MC: created the figures; MC: drafted the manuscript; HW
contributed several ideas, comments, edits in the figures and manuscript; MC reviewed the manuscript
during the peer-review process.

3 Publication history: Manuscript First Submission: 14 SEP 2012, Reviewed Manuscript Received: 21
NOV 2012; Manuscript Accepted: 26 NOV 2012; Manuscript Published: 08 ABR 201 3.
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nodes and edges together with the coevolution of network topology and transmission
patterns. We review attempts to model the links between the spread, persistence and
diversity of culture and the network topology of non-human societies. We illustrate these
processes using cetaceans. The spread of socially learned begging behaviour within a
population of bottlenose dolphins followed the topology of the social network, as did the
evolution of the song of the humpback whale between breeding areas. In three bottlenose
dolphin populations, individuals preferentially associated with animals using the same
socially-learned foraging behaviour. Homogeneous behaviour within the tight, nearly-
permanent social structures of the large matrilineal whales seems to result from
transmission bias, with cultural symbols marking social structures. We recommend the
integration of studies of culture and society in species for which social learning is an

important determinant of behaviour.

2.2 INTRODUCTION

Social complexity essentially emerges from individual efforts in creating mutual
solutions to maintaining and propagating life. The diversity and flexibility of social
behaviour are prominent ingredients of complex mammalian societies. Such plasticity has
been carved over evolutionary time by the interaction of ecological, phylogenetic,
developmental and genetic factors [1]. But behavioural flexibility can also be an adaptive
product of challenges occurring at shorter time scales [see 2,3].

When the environment varies unpredictably within periods of the order of tens of
generations, genetic determination of behaviour may not be optimal. In such cases,

environmentally-induced phenotypic plasticity [4] through learning [5] may emerge as a
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more efficient solution [e.g. 6]. Individuals regulate their behaviour by tracking the
environment as it changes and/or by tracking their conspecifics’ behaviour [e.g. 7-9]. The
former, individual learning, is an asocial trial-and-error strategy that may be time-
consuming, energetically costly or risky; the latter defines social learning, a nongenetic
mechanism of information transfer [5,10,11]. When behaviour is socially transmitted and
then shared within subsets of a population, it may be called culture [12]. Thus culture, as
defined in this way, can have a major role in structuring behavioural diversity within a
population [7,13].

As culture is fundamentally built upon social learning [e.g. 5], social structure and
culture are linked (Figure 2.1). If we express the social structure of a community as a
network, i.e. nodes depicting individuals linked according to their social relationships
[e.g. 14; see Appendix A2.1, Table S2.1], then we can envisage that social learning
occurs along the network edges (i.e. the links between individuals; Table S2.1). In
network depictions of animal societies the edge weights usually represent estimates of the
proportion of time that each pair of individuals spends together [14], and so may
represent the probabilities that individuals learn from one another [e.g. 15-17]. Thus, as
illustrated in Figure 2.1A, we suggest that the process of culture can be placed alongside,
and linked to, the process of social structure. Social structure can be conceptualized using
Hinde’s [18] framework in which social structure is the nature, quality and patterning of
the relationships among its members, and where relationships are formed from the
content, quality and patterning of dyadic interactions (Figure 2.1A). Then we can think of
social learning occurring during interactions, or being governed by relationships (Figure

2.1A, d). Network thinking is implicated by another element of the general definition of
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culture: “shared” [see 12]. If some pairs of individuals share behaviour, the implication is
that others do not. Thus, we suggest that the network representing the entire population
should be modular, i.e. showing strongly connected clusters of individuals with shared
behaviour [see 19; see also Table S2.1], for the results of social learning to be called
culture. Thus, in Figure 2.1A we show a second major link (e) from social structure to
culture.

But culture can also affect social structure. If individuals preferentially associate
with those who behave similarly [e.g. 20-22] (Figure 2.1A, c¢) and behaviour has a
cultural element, then elements of social structure may reflect culture. This may
especially be the case when conformism homogenizes behaviour though social learning
[e.g. 23], and/or when cultural symbols are used to mark social entities [24] (Figure 2.1A,
f).

Although depicted as static diagrams, social networks encode dynamic and
coevolutionary systems. Network topology evolves, as changes in node states affect
edges, and changes in edges affect node states [reviewed in 25,26]. In a society with
social learners and behaviour matching, that means changes in behaviour affecting
relationships, and changes in relationships affecting behaviour. Thus, individuals
influence and are influenced by their social network [e.g. 27-29], due to behaviour
matching (Figure 2.1B, g) [21] and social influence (Figure 2.1B, h) [20]. Either way,
both the network structure and the transmission dynamics can be transformed, subtly or
profoundly (Figure 2.1B, k). Social structure influences how information flows through
the population [e.g. 15] (Figure 2.1B, 1), at the same time that the transmission of

information can affect the network structure. For instance, stable modules in dynamical
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systems can emerge when interactions are more likely to form between nodes that have
similar states [30], while the dense connections within a module can reinforce the nodes’
similar states [e.g. 31]. In the social context, we get emergent structures if individuals
associate primarily with individuals with whom they share behaviour, and learn
behaviour primarily from their social associates [see 22,32,33] (Figure 2.1B, j). Finally,
interplay between social structure and transmission dynamics closes this cycle (Figure
2.1B, 1), since behaviour defines the cultural context, with its norms and transmission
biases, that influences how individuals behave and interact [see 5,12,23,24].

There are many theoretical studies of the potential relationships between network
structure and information flow over human-like social networks [e.g. 22,26-29,31-34].
However, non-human networks are generally smaller—fewer nodes—and need to be
represented with weighted rather than binary edges, because animal social relationships
are rarely all-or-nothing [35]. Thus the human-calibrated models are not necessarily
applicable, providing at best a rough starting point for exploring animal societies.
However, there have a few theoretical, agent-based models of the relationship between
social structure and culture calibrated for non-human societies. We review their results,
exploring theoretical facets of the interplay between culture and social structure in animal
societies.

We illustrate some of these ideas using results on cetaceans (whales and
dolphins). Cetaceans have particularly complex and varied social systems [36], and there
is considerable evidence for culture being an important driver of behaviour in these
species [37]. Among animal groups, cetacean societies have been particularly frequently

studied using network methods. Cetacean social relationships are not bounded by
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defended territories, and individuals usually have large home ranges and more social
associates than is typical for terrestrial mammals. These attributes give power and
potential to investigations of the relationships between culture and society among
cetaceans [see 38]. However cetacean cultural behaviour is difficult to study, and has
rarely been the focus of research. Thus our examples only illustrate small sections of the

rich interplay between society and culture illustrated in Figure 2.1, and those imperfectly.
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Figure 2.1. Two representations of the dynamic relationship between social structure and
culture. (A) Individual characteristics ultimately influence both social structure, through
their effects on social relationships (a), and the cultural context, through variation in both
behaviour and the individuals’ partialities for social learning (b). Overall, the interplay
between individuals and social relationships influences—and is influenced by—the
interplay between social structure and information transmission. (B) This is represented
by a coevolutionary social network in which the coevolution of nodes (circles
representing individuals) and edges (links representing relationships) (g, h) shapes and is

27



shaped by (k, 1) the coevolution of network topology and transmission mechanisms (i, j).
Thick dashed arrows illustrate the Hinde’s [18] conceptual framework for social structure
(a). Thick black arrows illustrate the elements of the concept of culture from Laland &
Hoppitt [12] (b). Thin arrows (c-f) represent additional effects hypothesized in this
review. For further details on network terminology please see the Appendix A2.1, Table

S2.1.

We illustrate these dynamic relationships between culture and social structure
using the formalism of coevolutionary networks (also called “adaptive networks™) [25],
characterized by a feedback loop between the dynamics of the nodes (individuals) and
topological evolution (social structure) mediated by transmission processes (social
learning) (Figure 2.1B). Even though disentangling cause and effect in this two-way
relationship is not trivial, we first summarize how social structure may affect culture
(section 2), then how culture may affect social structure (section 3). We also consider the
potential effects of social learning biases and symbolic marking (section 4). We conclude
by considering how understanding will advance in this area and by suggesting ways to

bridge the gap between theory and real-world cetacean societies (section 5).

2.3 HOW SOCIAL STRUCTURE AFFECTS CULTURE

We generally expect the spreading dynamics of information, or other quantities
like disease, through a society to be highly dependent on its network structure [e.g. 39-
45]. Agent-based models that roughly mimic non-human social systems and social

learning predict that large-scale structure [15,17,46], within-group hierarchy structure
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[16; see also 47,48] and the differentiation of individual social roles [49] affect
information flow on social networks (Figure 2.2).

Generally, increases in social network structure mean more heterogeneity in the
number and intensity of social relationships and longer path lengths (i.e. distance from
one node to another; see Table S2.1) which decrease speed, fidelity and robustness of
information flow [15]. Learning errors promote behavioural diversity in the population
[17]. In these simulations, as the large-scale structure of the social network increases,
behavioural diversity generally increases. As modules become increasingly separate
socially, they develop independent behavioural trajectories, leading to higher behavioural
diversity in the population. If culture is defined such that socially-learned behaviour is
consistently different between segments of the population [e.g. 12], one could conclude
that social structure can produce culture when the network is clearly modular [17]. These
modules are generally called “groups” by primatologists, and “communities”, “clusters”
or “units” in cetacean and proboscidean studies. All these terms have contradictory
connotations, so here we use “social modules” from the network literature to generalize
sets of individuals in which interaction and association rates, as well as social learning
opportunities, are consistently greater within social modules than between them. In some

societies, different types of social modules can be hierarchically arranged into social tiers

[e.g. 50].
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Figure 2.2. How social networks affect information transmission at two structural scales:
the large-scale structure of the population and the structure within social modules. In both,
the lower the connectance of the network, the longer the path length; thus more time is
required for the information flow, which makes the information more susceptible to loss
and transcription errors but more prone to generate diversity. Arrows represent the overall
directions of effects of network topology on network properties and on the transmission of
information (described by their respective metrics) as indicated by the theoretical literature
[15-17,46,49]. Arrows in parentheses represent our own speculations. Up arrows indicate
a positive relationship and down-arrows a negative relationship. In both, the lower the
connectance of the network, the longer the path length; thus more time is required for the
information flow, which makes the information more susceptible to loss and transcription
errors but more prone to generate diversity. In the hypothetical networks, nodes

representing individuals are connected by weighted edges whose thickness is proportional
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to the rate of social interaction, assumed to be proportional to probability of social
learning. Efficiency was measured by the number of steps until all individuals acquired the
new information (speed) [15]; consistency was measured by the average path length
(minimum number of steps along a chain of relationships from one individual to another),
reasonably assuming that longer paths are more likely to be subjected to transcription
errors [15]; persistence over time was assessed by simulating the forgetting of acquired
information and estimating its extinction risk [15]; and diversity was measured by the
standard deviation of continuous behavioural measures or the Shannon diversity index for
categorical behaviour [17]. See Table S2.1 (Appendix A2) for definitions and
interpretation of the network terminology; network metrics formulae can be found in

elsewhere [e.g. 14,19,93,94].

Agent-based models suggest that within small social networks that may be
representative of social modules in non-humans, social structure also determines the
spread of socially-learned information. Transmission speed and vulnerability of
information to extinction vary markedly according to the level of hierarchy among animals
within such networks [16]. Social learning homogenizes behaviour in egalitarian networks
more quickly and effectively than in despotic ones [16]. Scaling down to the individuals,
the social role an animal plays, inferred through the node position in the network, affects
the flow of information [see 51]. For instance, individuals with high centrality, towards the
centre of networks, (see Table S2.1) may be key dispersers, funnelling information flow
between different social modules, or controlling the access or the quality of information

[see 49]. Thus, even fine-scale social structure influences social learning [47,48,52].
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We have summarized these theoretical results on how social structure affects
culture in Figure 2.2. What about the real world? There are a few cases where we have
been able to trace the spread of information through a reasonably well-mapped social
network of whales and dolphins. Sophisticated analytical tools that separate social learning
from genetic, environmental, demographic and other factors in the acquisition of
behaviour are just beginning to be employed [e.g. 48,53,54]. Although we recognize a
dearth of empirical evidence, we will present current examples suggesting that social
learning follows network structure both within and between social modules.

In southwestern Australia, some bottlenose dolphins (Tursiops aduncus) beg for
food from recreational fishermen [55]. Two factors were strongly implicated in the
acquisition and spread of this behaviour through the population: how much time an
individual spent in areas of high boat density, and how much it associated with other
dolphins that were already begging. So begging behaviour seems to have spread through
the population by a combination of individual learning (dolphins spending time with
boats) and social learning (spending time with conditioned dolphins) [55].

Our second example is on a much larger scale. Male humpback whales (Megaptera
novaeangliae) on and near their winter breeding grounds sing long, elaborate songs [56],
“the most elaborate single display known in any animal species” [57, p.108]. Nearly all
whales on any breeding ground at any time essentially sing the same song, but it evolves
over the months of the breeding season. These characteristics are only consistent with
social learning, and mean that the humpback song provides “some of the most compelling
evidence for animal cultures” [58, p. 543]. We will consider the humpback whales in the

Pacific, with breeding grounds being the network nodes. Migrations and winter breeding
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grounds are shown in Figure 2.3. Even though the northern and southern hemisphere
breeding grounds overlap off Costa Rica [59], they are used at different times of year. The
North Pacific and South Pacific songs have different content. Within the North Pacific,
though, the songs on at least two different breeding grounds, those off Mexico and
Hawaii, have nearly identical content and evolve synchronously [60,61]. Possible
mechanisms for this synchronicity in behaviour on nodes 4,800 km apart include
information exchange on common feeding grounds or during migration (Figure 2.3),
movement of animals between the grounds in successive winters, or the same winter,

innate templates of change, and song in intermediate parts of the ocean [see 60,61].
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Figure 2.3. Humpback whale song in the Pacific. Principal breeding grounds are shown
by star symbols in the North Pacific (dark grey), South Pacific (light grey) and Indian
Ocean (black). Seasonal migration routes are indicated by dashed lines, and routes of
information flow by thick arrows. The evolution of the South Pacific song between 1998
and 2008 is shown by the block diagram [adapted from 62]. The different song types are
indicated by different colours and missing data by white boxes. The vertical columns of
the block diagram are aligned approximately above the study areas where the songs were

recorded in the South Pacific map.
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In contrast, song evolution on the South Pacific breeding grounds occurs
sequentially, and in a west-to-east direction [62]. A song heard off eastern Australia in one
winter might be heard off New Caledonia—2,000km to the east—12 months later, and off
French Polynesia after another year (Figure 2.3). In at least one case, a totally new, Indian
Ocean, song was injected into the South Pacific system in eastern Australia, perhaps by
animals whose autumn migration from Antarctica went up the eastern rather than the
western side of the Australian continent [63]. The reasons for the one-way movement of
songs across the Pacific are uncertain [62], as are the contrasts with the picture in the
North Pacific where songs on breeding grounds more separated than those in the South
Pacific evolve in synchrony. Perhaps the constriction of the North Pacific at temperate
latitudes (Figure 2.3) connects humpbacks that use well-separated winter breeding
grounds—the whales sing on migration [see 64]—in a manner that does not happen in the
southern hemisphere where the high latitude ocean circles the globe.

In summary, the structures of animal social networks over a range of scales reflect
the heterogeneous opportunities for individuals, or social modules themselves, to interact
and then for cultural traits to emerge, flow and evolve. The topology of social networks

generates and moulds culture (Figure 2.2).

2.4 HOW CULTURE AFFECTS SOCIAL STRUCTURE: BEHAVIOUR MATCHING
While social structure affects culture, the direction of causation can be reversed. In
this section we consider situations in which animals with similar culturally-determined

behaviour preferentially associate. General models have predicted that such behaviour
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matching, sometimes called assortativity or homophily, can become an important driver of
social network structure [e.g. 22,29,31,33]. Since behaviour matching breeds relationships,
edges between individuals with distinct behaviour tend to dissolve [21] and modules of
behavioural homogeneity emerge [e.g. 22,34,65]. We are not aware of quantitative models
of this phenomenon calibrated for non-human societies. However, in Figure 2.4A we
illustrate graphically how social network topology might be shaped by variation in
individual behaviour and social learning.

Individuals differ in many ways [e.g. 66], including their social experiences [67],
and behavioural repertoires [e.g. 68], and these characteristics can influence the social
network [69]. Natural populations are often composed of individuals displaying different
repertoires of behaviour, and/or degrees of specialization [see 70]. These patterns can
partially result from cultural transmission of behaviour [e.g. 68,71]. If individuals have
behavioural repertoires of different central values but similar width, randomly or
uniformly distributed through the population’s behavioural range, then preferential
association between individuals with similar behaviour will not tend to structure the
network (Figure 2.4A a-c). However, when individuals have different degrees of
specialization (i.e. repertoires differ in their widths) but there is no social learning, then
behaviour matching will lead to the “generalists” becoming central to a “small-world”
type (see Appendix A2.1, Table S2.1) network as these “generalists” are more likely to be
performing the same act as a randomly-chosen individual and so will associate with them
more often (Figure 2.4A d-f). Add social learning to the mix, so that individuals converge
on similar mean behaviour but with different degrees of specialization, and now the

“specialists” become central to the network (Figure 2.4A g-i) [see also 29]. In our final
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example, specialization is fairly uniform within the population but social learning clusters
the individuals’ behaviour into several modes, which then through behaviour matching
become the characteristic features of semi-discrete social modules (Figure 2.4A j-1) [see

also 22].
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Figure 2.4. (A) Hypothetical effects of behaviour matching (i.e. when individuals tend to
associate with those with similar behaviour) on social structure as influenced by patterns
of behavioural specialization. The columns indicate different distributions of individual
behaviour within the populations: unspecialized niches with similar widths; individual

variation in niche width and location; individual variation in niche width around a
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common central value; and specializations around several modal values with similar niche
widths. The first row represents the distribution of continuous behaviour (thicker lines:
population behavioural repertoires; thinner lines: individual repertoires); the second row
uses binary two-mode networks to represent equivalent distributions of categorical
behaviour types (squares) used by individuals (white circles: “generalists”; grey circles:
“specialists”); and the third row represents the weighted social network that behaviour
matching might induce in each case (individuals connect by edges whose thicknesses are
proportional to the rate of social interaction). (B) Adding conformism, behavioural
repertoires become narrower. With low and moderate individual specialization, the social
networks tend to random topologies, but when modules of individuals with specialized
behaviour are present, conformism increases their isolation. Definitions and interpretation

of network terms are available in the Appendix A2 (Table S2.1).

Two recently-published studies suggest that the matching of socially-learned
behaviour structures the societies of bottlenose dolphins (Tursiops spp.) [72,73].
Identifying such processes is difficult as the more parsimonious alternative that social
differences explain the behavioural patterns must be eliminated, or at least shown not to be
sufficient. However, in these examples the studies have gone some way towards doing
this.

Perhaps most famous among the many foraging specializations of bottlenose
dolphins is sponging, a cultural behaviour [74], largely transmitted from mothers to
daughters [75]. Bottlenose dolphins of Shark Bay, Australia, place sponges on their rostra,

a behaviour that is thought to help them when foraging in rocky substrate [76]. Sponging
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is performed singly and the sponging dolphins live in the same habitat as non-spongers,
but the spongers preferentially associate with other spongers. After accounting for other
possible causes of these preferred associations— range overlap, gender and kinship—
Mann et al. concluded that spongers prefer to associate with other spongers, and hence
that behaviour matching is an underlying mechanism driving the social network structure
[72].

This is pretty conclusive evidence, but we would really like an experiment, in
which we compare the social system with and without the behaviour. This is what
happened in Moreton Bay, on the east coast of Australia. In the 1990’s some bottlenose
dolphins followed prawn trawlers feeding on the discards and debris, while others did not
[77]. The trawler dolphins associated with one another, and the non-trawler dolphins with
one another, but there was very little social interaction between the two social modules
even though they lived in the same physical habitat [77]. By 2005 the prawn trawling,
which was not sustainable, had been virtually eliminated from the bay by fisheries’
managers. When the dolphins’ social system was studied again between 2008-2010 the
social segregation marked by association with trawlers had disappeared. Trawler and non-
trawler dolphins that had formed discrete social modules were now well integrated within
one social network [73].

Sponging in Shark Bay is almost certainly socially learned [58,74] and it is very
likely that exploiting trawlers in Moreton Bay [73] was as well. Thus these two examples

indicate the potential for culture to be a driver of cetacean social structure.

2.5 CONFORMISM AND SYMBOLIC MARKING
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In addition to the social context within which the individuals operate, the manner
by which behaviour is socially learned can also critically affect the dynamics of cultural
transmission [e.g. 46]. Behaviour can be socially transmitted through several
psychological mechanisms [e.g. 10] that are subjected to biases. Individuals may
disproportionately learn from individuals with particular traits [prestige; e.g. 78] or being
increasingly likely to adopt the most frequent behaviour [conformism; e.g. 5,23,79]. Such
learning biases affect the probability that information will be transmitted from one
individual to another [9], and thus the interplay between behaviour, information flow and
network structure. The effect of some of these processes on information flow has been
investigated using simulated non-human social networks [46]. In these simulations,
prestige or conformism biases had small effects on the transmission of a trait when
compared to other demographic or social features.

However, when there is a diversity of behaviour within a population, conformism
can strongly affect the manner in which this diversity influences social structure through
behaviour matching. This is illustrated in Figure 2.4B. With conformism at play,
individual behavioural repertoires become narrower and more like those of other
individuals. In consequence, there is an increase in the likelihood that the behaviour of
individuals matches. This can increase connectedness, dismantling small-world type
networks (Figure 2.4B d-i). However, in an already modular social system, conformism
decreases variation in behaviour within the different modules, leading to their increased
isolation (Figure 2.4B j-1).

This role of conformism in augmenting and maintaining behavioural homogeneity

within modules as well as separation between them is of particular interest to cetologists
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because of the social structures and behavioural partitioning of the large toothed whales.
Sperm whales (Physeter macrocephalus), killer whales (Orcinus orca), pilot whales
(Globicephala spp.) and probably some of the other larger Odontoceti, have matrilineal
social systems in which females, and sometimes males as well, usually remain in the same
social units as their mothers [36]. However, at least in sperm whales, the units may contain
related as well as unrelated animals [80]. The social units may be part of larger,
hierarchically-organized social tiers, such as “pods”, “clans”, “communities” and
“ecotypes” [81,82]. In sperm and killer whales at least, members of these social tiers have
characteristic behaviour—vocalizations, foraging methods, social and play behaviour—
that is thought to be socially-learned and so culture [37]. This is despite substantial social
connectivity. An individual frequently encounters different units, clans, etc. that have
dissimilar behaviour. But it does not adopt this behaviour, and we know that some
characteristic behaviour of the elements of the different social tiers varies over time [e.g.
83,84], so the behavioural repertoire cannot be purely inherited from the mother during
ontogeny. There is some horizontal, within-generational, learning, and this almost entirely
involves transmission within the social module, whether it is a unit, pod, clan, or
community. To maintain strict homogeneity, it seems that there must be some
transmission bias, probably conformism (bias toward “leader” figures could also have this
effect). Then, if behaviour matching is operating, behavioural conformism will feed back
into even tighter social modules (Figure 2.4B j-1).

Another mechanism that can increase social cohesion within social modules and
social differentiation between them is symbolic marking, when a particular cultural

behaviour acts as a marker of a module, and individuals primarily interact only with others
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who share the marker [24]. Symbolic markers of group identity are sometimes seen as the
most fundamental difference between the cultures of humans, which use such markers,
and non-humans, which do not [85]. And, the argument goes, this is an important reason
why human societies are tighter, richer, and more complex than those of non-humans.

However there are two indications that cultural symbolic marking may be a factor
in the social structures of the large toothed whales. Killer whales use complex sets of
stereotypical pulsed calls for communication [86]. Members of the same pod use the same
repertoire of calls, different from those of other pods [87]. In the “resident” ecotype of
killer whales, a pod’s repertoire may be quite similar to that of other pods within its clan,
but completely different from the repertoires of pods from other clans [88]. Specific call
types can evolve over time. Over 10 years the evolution of a specific call (the “N4” call)
occurred in parallel in two neighbouring pods [83]. The call changed in both pods, but in a
way that kept the inter-pod difference constant, more constant than if the changes in each
pod had been independent. This indicates that the inter-pod differences in the usage of the
call were important to the whales, and suggests that the call functioned as a symbolic
marker of pod identity.

Sperm whales also have vocalizations that are characteristic of their social entities.
But, in the South Pacific these entities are large. Clans of sperm whales, each containing
thousands of animals, have distinctive behaviour, characteristic vocalizations and
sympatric distributions [89,90]. So animals will from time to time encounter members of
other clans. In the North Atlantic, there is no evidence of sympatric clans [91]. Atlantic
sperm whale vocal repertoires vary geographically. However, the level of distinction in

sperm whale dialects among areas thousands of kilometres apart in the Atlantic is
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considerably less than that between clans that use the same area in the Pacific [91]. The
implication is that the sperm whale clans of the Pacific actively differentiate their
repertoires to symbolically mark clan membership [82]. This marking is not required in
the Atlantic where there are no sympatric clans.

Conformism and other transmission biases drive culture so that behavioural
variation closely reflects the underlying social structure. Then these behavioural contrasts
can shape and reinforce network topology. Symbolic marking is a particularly potent link

between the realm of culture and the realm of society. It may not be restricted to humans.

2.6 CONCLUSIONS AND THE WAY FORWARD

We have outlined conceptual frameworks for how culture and society interact in
non-humans. There are also interesting theoretical examinations of this relationship. Most
of these are calibrated for the human case, but several agent-based models aligned for non-
human societies have produced interesting results [e.g. 15-17,46]. The primary challenge
is in the real world, collecting and analyzing empirical data that can illuminate the
interplay between these systems (Figures 2.1 and 2.4). At least for cetaceans, and probably
for other mammals such as primates and elephants, it seems that the relationships between
society and culture are important drivers of how these animals interact with each other and
with their environment. So how should we proceed?

A primary requirement is to describe social structure. Recording associations or
interactions among identifying individuals provides the raw data for analyses of social
structure [92]. Recent reviews offer guidelines for measuring and quantifying social

relationships, testing social features against null models, describing the spatiotemporal
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structure of a society [92] and examining the multiscale structure of animal social
networks [e.g. 14,19,93-95]. The detection and quantification of social learning in animal
populations has proved challenging, especially distinguishing between asocial and social
processes. To meet this challenge a number of techniques have been introduced. These
include option-bias [96] and network-based [see 53,97,98] methods of analyzing the
spread of innovations through populations [e.g. 48,54]. Regression-type methods, such as
multiple regression quadratic assignment procedure, try to tease apart the contributions of
social learning, genes, ecology, ontogeny and potentially other factors to the distribution
of behaviour among individuals within a population [see 38,99,100].

The formalism of coevolutionary networks [25], in which the interplay between
individual behaviour and social relationships is explicitly coupled with the interplay of
social network structure and social learning (Figure 2.1B k), is an effective way to
conceptualize the mutual relationship between social structure and culture. Computer
simulations can illuminate these issues. Agent-based models are well-established tools for
examining social dynamics that can enlighten the social structure-culture interplay among
animals. A recent promising approach is mimicking transmission processes using
epidemiological models contextualized in coevolutionary social networks within
heterogeneous populations [e.g. 101,102].

Disentangling the direction of cause and effect between social structure and
culture, and investigating the roles of transmission biases, are non-trivial tasks. For
instance, consider the case of dolphins that forage with artisanal fishermen off Laguna,
Brazil [103]. For at least one hundred years, generations of dolphins have worked

cooperatively with generations of human fishermen to catch mullet, using mutually-
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understood communicative symbols [104]. Not all dolphins in the Laguna population take
part in the cooperative fishing, even though they use the same habitat. The distribution of
this unique foraging is coupled with its social structure — cooperative and non-cooperative
dolphins form distinct social modules [103]. While cooperative foraging with humans
could have driven this social segregation through behaviour matching, the behaviour could
be propagated through social learning within a pre-existing social module [103]. Perhaps,
cause and effect between social structure and culture is most directly approached
experimentally. Manipulative experiments either in the laboratory or field can examine the
effects of social structure and transmission biases on the spread of behaviour [e.g.
48,52,105]. Although feasible for some taxa, experimental intervention with large-bodied,
free-ranging cetaceans 1is still logistically challenging, aesthetically and ethically
questionable, and impractical in many cases. Alternatively, natural experiments in which
objects of cultural behaviour are introduced or removed from the environment, can be
highly revealing, as in the case of the trawler dolphins of Moreton Bay [73]. More
generally though, for cetaceans and other large, large-brained and long-lived animals,
most progress is likely to come from large-scale, long-term, systematic studies of social
relationships and behaviour, as in the case of the bottlenose dolphins of Shark Bay [72].

In conclusion, when behaviour is learned from conspecifics during social
interactions the distribution and dynamics of behavioural phenotypes within the
population can be shaped by its social structure. In turn, this behavioural repertoire
produces a cultural context for the population that can drive patterns of social interactions
and relationships. This feedback can make both societies and cultures structurally and

dynamically complex, strongly affecting the ecology of a species, and thus should be
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considered when studying species in which social learning is an important determinant of
behaviour. Combining network formalism with meticulous observational studies,
experimental intervention and computer simulations will allow us to look at both

directions of the relationship between social structure and culture.
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CHAPTER 3

MULTILEVEL ANIMAL SOCIETIES CAN EMERGE FROM CULTURAL

TRANSMISSION 46

“Life can only be understood backwards, but it must be lived forwards”

~ 8. Kierkegaard, 1844

3.1 ABSTRACT

Multilevel societies, containing hierarchically nested social levels, are remarkable social
structures whose origins are unclear. The social relationships of sperm whales are
organized in a multilevel society with an upper level composed of clans of individuals
communicating using similar patterns of clicks (codas). Using agent-based models

informed by an 18-year empirical study, we show that clans are unlikely products of
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stochastic processes (genetic or cultural drift) but likely originate from cultural
transmission via biased social learning of codas. Distinct clusters of individuals with
similar acoustic repertoires, mirroring the empirical clans, emerge when whales learn
preferentially the most common codas (conformism) from behaviourally similar
individuals (homophily). Cultural transmission seems key in the partitioning of sperm
whales into sympatric clans. These findings suggest that processes similar to those that
generate complex human cultures could not only be at play in non-human societies but

also create multilevel social structures in the wild.

3.2 INTRODUCTION

Selection for effective reproduction, foraging, and survival shapes social
interactions and relationships—both in current ecological conditions and historic
evolutionary pathways—and produces a variety of animal social structures [1-3].
Multilevel societies, consisting of hierarchically-nested social levels, are particularly
interesting as they suggest multi-level selection. Such societies are found in human [4-5]
and non-human primates [6,7], African elephants [7,8], and orca whales [7,9]. The
origins of multilevel social structures remain unclear, and are likely to be complex [4-7].
They likely include general drivers of social patterns—the ecological, evolutionary and
social contexts regulating group-living trade-offs [10,11]—as well as individual variation
in behaviour [3] and the time and cognitive constraints involved in managing multiple
social relationships [12,13].

A frequently neglected potential driver of animal sociality is culture—socially

learned behaviour shared within subsets of a population [14]. Experiments in captivity
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and the wild, as well as long-term observational studies and computer simulations, all
suggest that culture can be important drivers of phenotypic variation in several animal
taxa [14,15] and shape social structures [16]. One hypothesized effect occurs when
individuals who behave similarly preferentially interact (homophily) [17] and thus learn
from each other, resulting in groups or sub-populations with increasingly homogenous
behaviour [18]. Particularly strong homogenization may occur when individuals
disproportionately learn the most common behavioural variant from their social contacts
(conformism) to assist group integration or because a well-spread behavioural trait may
generally be adaptive [19]. Since social relationships are cognitively and energetically
costly, particular cultural behaviours can be used to mark the identity of a social group
(symbolic marking) [20,21], which facilitate interactions among individuals who behave
similarly. Therefore, biases such as conformism, homophily and symbolic marking affect
the learning of behaviours among individuals [22,23] segregating them into groups with
increasingly distinctive behavioural patterns [16,24-26]. Examples include the cultural
boundaries delineated by specialized foraging techniques and traditions [27,28] and
distinct dialects and communication signals [29,30] observed in primates, birds, and
cetaceans.

Cultural segregation can naturally follow geographic segregation [31,32]. With
little or no contact between sets of individuals, behavioural repertoires tend to diverge
over time. Therefore, pure spatial and/or demographic factors can lead to the
accumulation of behavioural variations, with drift over time generating behavioural
heterogeneity between sets of individuals [33]. Typically, the more distant these sets of

individuals are [31], and the lower the levels of dispersal, migration and population
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mixing among them [34], the more divergent their cultural traits [32,35]. Among
allopatric cultural groups, large distances or limited movement of individuals can
complicate the understanding of true drivers of behavioural divergence, since
environmental and genetic differences make it difficult to isolate cultural determinants of
behavioural variation [15]. We know little about how behaviourally-distinct animal
groups evolve and are maintained in sympatry, but in a common environment the effects
of culture can be clearer (for human examples, see [23, 26, 36]).

Long-term observational studies have unveiled social complexity [37] and
cultural diversity among cetaceans using the same waters at the same time [38]. For
instance, female sperm whales (Physeter macrocephalus) form matrilineally-based social
units with about twelve members each [39]. These units are organized into clans with
distinctive behaviour in several realms, including vocal repertoires [30], creating a
multilevel society [39]. Social units have characteristic repertoires of codas [40]—
patterns of clicks used for communication—and unit members are observed to only group
with other social units from their own clan, with whom they have similar coda repertoires
[30]. In sperm whales, as in other cetaceans, information flow through social learning is a
key driver of behaviour [38]. As learned acoustic signals can be important in social
relationship mediation [41], they could also possibly shape social structure [16]; for
instance, learned vocalizations are hypothesized to underlay the partition of sperm whales
into clans [30,39]. The sperm whale clans in the Pacific are sympatric [30,42] and include
genetically-similar individuals of all ages [43], thus systematic differences between them
are likely to be cultural, representing a good model for investigating how sympatric

animal cultural groups form in the wild.
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Here, we investigate the mechanisms giving rise to the nested social levels of
sperm whale society observed empirically. We build mechanistic agent-based models,
using empirical data collected over 18 years in offshore waters of the eastern Pacific
Ocean, to test whether clans could emerge in sympatry solely via cultural or genetic drift
of communication signals over time, or if social learning is required. We also consider
more sophisticate scenarios in which social learning is biased by homophily, conformism,
and/or symbolic marking. With homophily, communication similarity drives social
relationships so coda learning is preferentially from individuals with similar vocal
repertoires [17]. With conformism, the most common coda types that an individual is
exposed to are learned disproportionately more often [18]. In symbolic marking,
particular codas are used by all members of a social entity [20]. We accounted for
different degrees of population mixing by allowing coda transmission processes to
operate in the entire population, within social units or within pre-existent allopatric clans,
such as the geographically-based clans observed in the North Atlantic [39,44]. Our
investigation of the social patterns that emerge from animal collective behaviour is the
first formal effort to our knowledge to relate the formation of multilevel societies to
cultural evolution. We show that the higher social level of sperm whale societies unlikely
originates from stochastic processes but rather from biased cultural transmission of

acoustic communication signals.

3.3 RESULTS

3.3.1 Empirical Social Patterns
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Over our 18-year study of sperm whales in the Eastern Pacific, the sperm whale
society showed a hierarchical structure with three conspicuous nested levels: individuals
in social units forming vocal clans (Figure 3.1). The social network of photo-identified
individuals (nodes) connected by their social relationships (weighted links estimated by
half-weight association indices) displayed a modular topology (Q = 0.886), in which
modules of highly connected nodes delineated social units of individuals that live and
move together for several years or more [45]. These modules representing social units
formed larger modules in an overlapped acoustic network of social units (nodes)
connected by acoustic behaviour similarity (weighted links estimated by multivariate
similarity of coda repertoires). The acoustic network also displayed a modular topology
(O =0.154, 95% CI = 0-0.124): here modules of social units with shared coda repertoires
depicted the vocal clans [30]. The multilevel sperm whale society exhibited high within-
clan acoustic similarity but very low between-clan acoustic similarity, and no between-

clan social interactions (Figure 3.1).
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Individual Association Social Unit Acoustic similarity

Figure 3.1. Empirical multilevel network depicting the three nested levels in the sperm
whale society off the Galdpagos Islands: individuals within social units within vocal
clans. In the social network, modules of individual whales (coloured small nodes)
connected by their social relationships (black lines with thicknesses proportional to the
time individuals were identified in the same group) define the social units (letter-labeled
large nodes). In the overlapped acoustic network, modules of social units connected by
the similarity in acoustic behaviour (grey lines whose thicknesses are proportional to
multivariate similarity of coda repertoires) represent the vocal clans (blue: Regular clan,

characterized by codas with regularly-spaced clicks; red: Plus-One clan, characterized by
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codas with extended pause before the final click [30]). Social relationships and acoustic

similarities are re-plotted results from [52] and [30], respectively.

3.3.2 Emergent Social Patterns in Simulations

With agent-based models (ABMs) grounded on empirical evidence (Figure 3.2,
Appendices B3.8, B3.9: Supplementary Methods 3.1, 3.2), we simulated 20 scenarios
(Figure 3.3A) to test which transmission processes of coda types between individuals—
individual learning, genetic inheritance, pure and biased oblique social learning—could
split individuals into sympatric clans with similar acoustic behaviour, as observed
empirically (Figure 3.1). We focused on two high-level attributes of the simulated data:
similarity of coda repertoires among social units, and the emergence of modules of social

units with distinct repertoires.
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Figure 3.2. Schematic representation of the agent-based models. (a) Coda transmission
mechanisms are represented as changes in the coda repertoires vector (squares: coda

types; colors: frequency of usage: absent=0, always=100%). Calf agents change
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repertoires three times (between 0-2 years old) under one of following mechanisms. (i)
Individual learning: newborn agent a starts with an empty coda vector; half of the
elements are randomly selected to receive absolute frequencies of usage from a uniform
distribution €[0,100]. (ii) Genetic inheritance: newborn agent b starts with an empty coda
vector, which is filled with the same coda types and frequencies of its mother B. (iii)
Oblique social learning: newborn agent c starts with an empty coda vector; at the age 0 it
randomly samples 62 elements from the coda vector of other adult agents, kin-related or
not (including zeroed elements); at ages 1 and 2 the calf repeats the process, replacing
sampled elements. For iv-vi, calves gain an initial repertoire via oblique social learning,
then at ages 1 and 2 the following effects were included. (iv) Homophily: calf d copies
from adult agents of the social unit 4, which has the highest coda repertoire similarity
with its own social unit. (v) Conformism: calf e preferentially copies the coda types with
higher frequencies of usage, here the three codas commonly performed by the adults. (vi)
Symbolic marking: calves f and g were born in different social units, which have a
specific subset of codas (“symbol”) that all members always perform to mark the identity
of the unit (the sequences of red codas). Both calves copy codas from other adults, but

P19

also deliberately copy their units’ “symbols”. (b) Oblique social learning (iii) and the
additional effects (iv-iv) occurred at three social levels. (vii) Social unit: calf agents copy
only from agents of their own social unit. (viii) Predefined clans: simulation started with
predefined clan labels and calves copy from any agent inside of its predefined clan. (ix)
Population: calves copy from any agent in the population. In all scenarios, calves had a

low individual learning probability (replacing 1 random coda type by a random

frequency) per year.

56



The similarity of coda repertoires of social units varied considerably across the 20
simulated scenarios (Figure 3.3B), which only differed in how and at which social level
the codas were transmitted (Figure 3.3A). Scenarios with individual learning (ABM1),
genetic inheritance (ABM?2), and pure oblique social learning (ABM3) yielded the lowest
acoustic similarities. Neither vertical transmission (when agents received the same codas
from their mothers mimicking genetic transmission and/or mother-to-offspring learning)
nor pure social learning of codas (when agents copied coda types from each other) were
sufficient for coda repertoires to diverge between social units. Instead, differences among
individuals propagated over time and did not significantly deviate from the structure seen
with the null agent-based model with just individual learning of codas (when coda types
and frequencies of use were randomly assigned to agents) (ABM1).

However, the coda repertoires of social units tended to become more similar and
less variable when social learning was biased via two distinct effects: homophily (agents
copying preferentially from adults of those social units with similar repertoires to their
own) (ABM6-8) or conformism (agents copying preferentially the most common coda
types) (ABMO-11). By introducing symbolic marking (when agents of different social
units were assigned to specific subsets of codas) (ABM12-14), simulations had more
distinct starting points which were maintained over time reducing similarity among social
units’ repertoires. While the combination of symbolic marking with homophily pushed all
agents to a homogeneous repertoire (ABM18-20), the combined effect of homophily and
conformism led to an overall high similarity, but specially more variability among

repertoires than other scenarios (ABM15-17) (Figure 3.3B).
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Figure 3.3. Coda repertoire similarities and clan partitioning across simulated scenarios.

(a) Agent-based models (ABMs) differed in how a coda was transmitted (individual

learning, genetic inheritance, social learning), if there was any transmission biases

(homophily, conformism, symbolic marking), and the social level at which the
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transmission operated (population, social units, and predefined clans). Columns represent
ABMs and filled cells represent the presence of the model features (transmission
mechanisms, biases, social levels) indicated in the rows. Color code denotes similar
transmission mechanisms operating at different social levels. (b) Average coda repertoire
similarity of all emergent social units. Whiskers represent standard deviation (SD). (c)
Modularity (Q-values) of the resultant acoustic networks from each ABM. Significantly
high modularity values (P < 0.001) fall outside of the 95% confidence intervals
(whiskers) generated by a theoretical model (1000 replicates) and indicate the emergence
of vocal clans, i.e. modules of highly connected social units due to high coda repertoire
similarity in the acoustic network. Number of emergent vocal clans is listed on the top of
the plot; symbol shapes denote the social level where the transmission mechanisms

operated (circle: population; square: social unit; triangle: pre-defined clans).

Sperm whale clans exhibit distinct coda repertoires in the wild. This pattern was
evident in only three simulated acoustic networks, all of which included biased learning
(Figure 3.3C). Modules of highly connected social units representing clans emerged only
when codas were socially learned with homophily and conformism in tandem, regardless
of the social level they operated (ABM15-17) (Figure 3.4). In these three scenarios, the
measure of clan partitioning (modularity) was significantly higher than the theoretical
expectation and four orders of magnitude higher than the remaining scenarios (Figure
3.3C, Appendix B3.4, Table S3.1). The more complex scenarios—with combinations of
social learning, symbolic marking, and homophily even starting with predefined

geographically-segregated clans (ABM18-20)—performed similarly to the simpler
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scenarios (ABM3-11) with almost zeroed modularity values. In consequence, the
topology of the acoustic networks produced by these remaining scenarios was almost
completely connected, with no emergent clans (Figures 3.3C, 3.4), resembling the
networks produced by the null models, with no social learning (ABM1-2). While clans
did not emerge in the complex scenarios due to the convergence of the repertoires into a
single and homogeneous one, in the simpler scenarios clans did not emerge due to the

overall low similarity among social unit repertoires.
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Figure 3.4. Acoustic networks simulated by the 20 agent-based models (ABMs). Nodes
representing social units are connected by links representing coda repertoire similarity.
Colour code indicates similar transmission mechanisms operating at different social
levels across the ABMs, which differed in the coda transmission process (individual
learning, genetic inheritance, social learning), in the presence, type and combination of

transmission biases (columns: homophily, conformism, symbolic marking), and in the
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social level at which the transmission operated (rows: population, social units, and
predefined geographically-segregated clans). ABMs 01 and 02 represent the null agent-
based models with no social learning, but individual learning and genetic inheritance of
codas, respectively. From ABMO3 to 20, all models contain social learning of codas, with
and without biases. Distinct clans (modules in blue shades) emerged only when codas
were transmitted by social learning (SL) biased by conformism (C) and homophily (H)
operating in tandem at the population (ABM15), social unit (ABM16) and pre-defined
clan levels (ABM17). In all remaining scenarios, the acoustic network resembled the null

models (ABM1-2), with no distinct clans.

3.3.3 Robustness of the Emergence of Clans

Our findings emphasize the importance of transmission mechanisms, particularly
biased social learning, on similarity and divergence of acoustic behaviour of sperm
whales, showing that behavioural learning can create social hierarchies in sympatry. We
accounted for the effect of movements of individuals—while respecting the structure of
the sperm whale societies with nearly-permanent social units—in coda transmission by
replicating the transmission mechanisms in the three social levels relevant for the sperm
whales (social units, predefined geographically-segregated clans, and population).
Similarity and modularity patterns were consistent across the different social levels where
the transmission mechanisms operated (Figures 3.3B,C) indicating that different degrees
of population mixing had negligible effects on the emergence of clans.

Furthermore, clan emergence was robust regardless of initial conditions and

across varying parameterizations (Appendix B3.10: Supplementary Methods 3.3). A
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sensitivity analysis yielded similar outputs (Appendix B3.1, Figure S3.1): only the very
same three scenarios with biased social learning of coda types (ABMs 15-17) yielded
significant modules in the acoustic networks, regardless of model parameterization.
Therefore, the proportion and dispersal of potential tutors (adult agents) and learners (calf
agents), and copying errors or innovations as source of cultural traits (coda types) are
shown to have a minor effect on the diversity of cultural traits (coda types) and thus the
emergence distinct cultural clans of whales (Appendix B3.6, Supplementary Note 3.1).
Moreover, the metric of clan emergence was robust to variation in the sampling of
acoustic similarity among social units (Appendix B3.11, Supplementary Methods 3.4).
For all of the 20 ABMs, modularity was high, stable, and consistent across the range of
possible weights for a link (coda repertoire similarity) between nodes (social units) in the
simulated networks (Appendix B3.2: Supplementary Figure 3.2, Appendix B3.7:

Supplementary Note 3.2).

3.4 DISCUSSION

Our empirical findings and simulations combined reveal how the social levels of
sperm whales are nested and point out cultural transmission as the most likely candidate
mechanism giving rise to the upper social level of their multilevel society. Whale clans
are based on learning of communication signals, and biased learning may be necessary to
generate sympatric culturally-driven social tiers. By modelling the processes that give
rise to the complex yet highly structured social system of sperm whales, we show that
key processes attributed to human culture may not only be present in non-human

societies, but also likely created the social structure we observe in sperm whales. While
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ecological, cognitive, and time constraints and benefits [11,12,13] may delineate the
lower sperm whale social level (social units) as in other multilevel societies [7], we
suggest that the process that has produced the higher level (clans) is information flow.

In small multilevel human societies, the flow of information, materials, energy,
genes and/or culture among individuals plays an important role in regulating the quantity
and quality of social relationships [5,46]. Would the flow principles of a two-dimensional
terrestrial world create similar additional selective forces for sociality in the three-
dimensional marine environment [7]? While predation and resource availability are
thought to be basal for sociality in both environments, marine resources generally tend to
be more dispersed and less predictable in space and time [47,48], making it logistically
impossible for marine mammals to defend or transfer resources among individuals
(though they are sometimes shared). We hypothesized that, in this situation, information
is the primary resource that can be stored and transferred among selected companions;
the way such information flows can subsequently shape the structure of their society [16].
Take for example the knowledge of how to manipulate a certain food resource: it can
certainly flow within a population through social learning among individuals, but
sometimes not among all of them, which demarcates subsets of the society with distinct
behavioural repertoires [28,49]. In addition to foraging and movement behaviours [50],
sperm whales, and other cetaceans, can learn acoustic communication signals from each
other [41]. In the aquatic environment, where sounds spread particularly well, acoustic
communication—the likely function of codas [51]—may help maintain group cohesion,
reinforce bonds, aid negotiations and collective decision-making [52,53]. Since vocal

learning in cetaceans is an output of complex social behaviour and may assist the
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maintenance of multiple social relationships [41], we asked if it could trigger the
formation of the vocal clans.

This question is logistically unable to be answered using experimental
manipulations or observational studies (which would not provide a mechanism), making
an agent-based simulation an ideal approach. Our simulations suggest that clans are
unlikely products of stochastic processes, such as genetic or cultural drift. The simulated
acoustic behavioural segregation seems not to be a collection of individual innovations
diverging over time, or an artefact of genetic transmission. Whereas vertical, mother-
offspring, social learning can establish and maintain behavioural traits in some cetacean
populations (e.g. tool use and foraging tactics in bottlenose dolphins) [49,54], our models
suggest that oblique social learning is necessary to promote clan-like vocal repertoires
among sperm whales.

Still, social learning alone was not enough to segregate social units into clans, and
our vocal clan recipe needed additional ingredients. Social learning is susceptible to
biases [22], which affect flow of information and potentially the emergence of cultural
patterns. The theoretical expectation is that unbiased transmission can only lead to
marked cultural differences among allopatric, strictly isolated groups of individuals [55].
Yet, how are different coda repertoires maintained in the same Pacific waters? Our results
suggest that the answer may be in biased transmission, which can maintain similarities
within, and disparities between, sympatric cultural groups through time [55,56]. By
means of feedback between homophily and social influence [17,18], individuals who
behave similarly preferentially associate and learn from one another, increasing their

behavioural similarity. This process breeds relationships among like-minded individuals,
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and simultaneously tends to dissolve relationships between individuals with distinct
behaviour. As seen in our simulations, this effect is leveraged when individuals are
conformists and disproportionately learn the most common behavioural traits [19,57].
Combined, behavioural matching and majority-biased transmission can promote a
segregation of individuals into behaviourally distinct groups [16,26].

This is the case in our simulations: when the whales were more prone to learn the
most common coda types from those who already had similar coda repertoires, clans of
social units with distinct acoustic repertoires emerged and matched the pattern observed
empirically. Increasing behavioural homogeneity with some peers, and so reinforcing
social differentiation and cultural boundaries between subsets of the population, can be
particularly striking in sympatric large toothed whale societies. As with Pacific sperm
whales, killer whales (Orcinus orca) can display remarkable intrapopulation behavioural
segregation, seemingly marked by an intricate system of pulsed calls for communication
[9,58]. These calls can change over space and time, but tend to do so in a way that
preserves the differences between pods [59], suggesting that acoustic signals can allow
pods to distinguish themselves.

Our findings highlight the contribution of behavioural transmission mechanisms,
as opposed to purely demographic or spatial factors, in the emergence of the sympatric
cultural groups. Other factors, such as population size and proportion of tutors as source
of cultural traits, age distributions, dispersal rates, or copying errors/innovations
[34,35,60,61] played a minor role and have had no substantial impact in the emergence of
clans of sperm whales. Additionally, the complete spatial isolation into predefined

geographically-segregated clans [44], with members learning only within their clans, did
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not produce the acoustic divergence required to split the population into distinct dialects.
This show that multilevel social structures can arise even in the absence of spatial and
temporal heterogeneity, implying that learning mechanisms may have more influence in
driving social structure than previously thought.

In conclusion, sperm whales are distinctive among multilevel animal societies
with the higher social level produced by biased cultural transmission. By modelling the
evolution of the repertoire of acoustic communication signals, we were able to overcome
the logistical impossibilities of field experiments in the vast spatio-temporal scales that
are relevant for sperm whales, and show that the sympatric behavioural segregation that
delineates the sperm whale clans is not controlled by genes, neither by genetic or cultural
drift. Our empirically-founded models incorporating population dynamics and multiple
transmission mechanisms indicate that learning coda types plays a crucial role in
promoting similarity in acoustic behaviour, and, more strikingly, that biases in social
learning are required to split the sperm whales into sympatric clans with distinct dialects
observed in the wild. We suggest therefore that empirical clans have emerged like the
simulated ones: as a cultural segregation. While transmission biases drive culture and
social structure in humans [56], there is much debate about whether or not they are
exclusive features of human culture [62]. Providing evidence that the processes
generating the complex and diverse cultures in human populations could also be at play
in non-human societies is a crucial step towards evaluating the contrasts and

convergences between human and non-human cultures.

3.5 METHODS
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3.5.1 Empirical Data and Social Levels Definition

Sperm whale groups were tracked visually and acoustically, day and night, during
2 to 4 week research trips between 1985 and 2003 in the Eastern Pacific Ocean, mainly
off the Galapagos Islands (summarized in [39]). Three nested social levels were evident
within the Pacific sperm whale society: individuals, social units, and vocal clans.
Individuals were identified by photographic records, comparing the natural markings on
the trailing edge of tail flukes [63]. Social units were sets of about 12 individuals [39]
that live and move together for years, delineated using association indices on long-term
photo-identification data [45]. Clans were sets of social units with high similarity in their
coda repertoires, the stereotyped patterns of clicks used for communication [40]. Codas
were recorded with hydrophones and repertoires were assigned to the social units whose
members were photo-identified within 2h of the recording and had at least 25 codas
recorded [30]. The social units’ repertoires were compared to define the best partition of
social units with distinct repertoires into clans [30]. Clans are estimated to contain many
social units and several thousands of members, based on the estimated abundance of
sperm whales in the Pacific and number of clans [30]. Social units are typically found in
behaviourally-coherent groups with other units from their own clan, but never with units
from different clans even though sperm whales from several clans may use the same

waters [30].

3.5.2 Agent-Based Modeling
We simulated the interactions of multiple individual whales using an agent-based

modelling framework (ABM) to test whether the clan structure observed in the sperm
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whale society could arise from evolving vocal behaviour. The ABMs were built in R [64]

based on empirical parameters (Appendix B3.8, B3.9: Supplementary Methods 3.1, 3.2),

and are described according to the Overview, Design concepts and Details protocol [65]

as follows:

a) Purpose. The models test which transmission mechanisms for acoustic behaviour, if
any, can give rise to clans of social units of sperm whales with distinct acoustic
repertoires, and explain the multilevel social structure observed empirically.

b) Entities, state variables and scales. The models have one kind of agent, which
behaves under realistic life-history parameters (empirical support for model
parameters available in the Appendix 3.9, Supplementary Methods 3.2): female
whales that learn coda types at ages of 0 up to 3 years old. Because male sperm
whales lead quasi-solitary lives and rarely produce codas [63,66] they were not
represented in the models. The agents are characterized by their age (years), their
coda repertoire (a vector of frequencies of use of different coda types), and which
social unit and vocal clan they belong to (nested categorical variables). The models
were explicitly temporally-structured and implicitly spatially-structured. However,
we accounted for different levels of population mixing (and so implicitly for
individual movements), with coda transmission operating among individuals of three
different social levels (see ‘d”). Simulations lasted for 700 time steps (years).

¢) Process overview and scheduling: During each time step, biological processes
occurred in the following order: birth, coda repertoire composition and changes (at
ages up to 3 years old), social unit membership change (or not), and death. Calves

have high probability of staying with their natal group, and migration of individuals
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d)

among social units is rare [45]; thus nearly-permanent and nearly-matrilineal social
units are an emergent property. In these respects, the models mimic several
transmission processes characteristic of some socially complex species. We started
with two null models without social learning: in one the agents only learn their codas
individually; in the other they receive their mothers’ coda repertoire, representative of
genetic inheritance (as well as stable vertical cultural transmission). We then
simulated a total of 20 complementary scenarios with combinations of oblique social
learning of coda types and transmission biases operating at the three different social
levels (see ‘g’).

Design concepts. There are two emergent properties of the interactions among agents:
social units (sets of females and their offspring who stay together along the simulated
time) and vocal clans (sets of social units with highly similar vocal repertoires).
Social units emerge in all models and vocal clans can be predefined (see ‘g’), or may
emerge. All demographic processes were modeled with demographic stochasticity
and parameterized from empirical studies (see Appendix B3.9, Supplementary
Methods 2). Birth rates were age-specific, and mortality rates were density- and age-
dependent (calf agents had higher probability of dying than adult agents [67]), and
migration rates of individuals between units were low and decreased with age. The
main process of interest modeled is changes in individual coda repertoires, i.e. in
frequencies of use of coda types. Each agent has a repertoire represented by a vector
with 62 elements denoting continuous absolute frequencies of different coda types
from O (absent) to 100 (always performed coda type) (Figure 3.2A) (details in

Appendices B3.12, B3.13: Supplementary Methods 3.5, 3.6). Calves compose
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repertoires at early ages (although precise age is inherently difficult to estimate
empirically; Appendix B3.9, Supplementary Methods 3.2). Repertoire composition
was represented by calf agents replacing some coda types and frequencies once a
year, while at ages of 0, 1 and 2. After age 3, all agents’ repertoires were fixed.
Depending on the sub model (see ‘g’), the repertoire change occurred according to
one of the three main transmission processes (see Figure 3.2A): (i) Individual
learning—calf agents compose their own coda repertoires, i.e. are assigned to random
coda types and frequencies drawn from uniform distribution €[0,100]; (ii) Genetic
inheritance (which also represent vertical social learning)—calf agents receive their
mothers’ coda repertoires; and (iii) Oblique social learning—calf agents copy coda
types and frequencies from adult agents, of different generations, kin-related or not.
To the models with oblique social learning, the three following effects were included:
(iv) Homophily—calf agents preferentially copy codas from adult agents of social
units with the highest repertoire similarity with the calf’s social unit’s repertoire. (The
homophily effect posits that behaviourally-similar individuals tend to interact more
often [17]; since social learning occurs during social interaction, the homophily effect
on learning can be represented as individuals with similar behaviour learning
preferentially from each other.); (v) Conformism—calf agents disproportionately
copy the most common coda types; and (vi) Symbolic marking—all agents of a given
social unit are assigned to a random sequence of 6 coda types with frequency of usage
100 (a “symbol”) at time =1, to mark the identity of their units; all calf agents from
=1 deliberately copy the “symbol” of the unit they belong to. To account for different

degrees of population mixing, we replicated the models with oblique social learning
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and additional effects (iii-iv) across the three levels of the sperm whale society: social
unit, predefined clans and population (Figure 3.2B): (vii) Social units—calf agents
randomly copy codas from agents of their own social unit; (viii) Predefined clan—
agents were arbitrarily assigned to three clans and calf agents learned only from adult
agents of their own clan. (Since clan partition could be driven by non-learning
mechanisms, we simulated the pre-existence of clans representing geographically-
segregated clans such as those that seem to occur in the Atlantic where acoustic
variation is driven by spatial isolation [44]. We refer to these as ‘predefined clans’ as
opposed to the ‘emergent clans’ that may arise in the simulations due to acoustic
similarity.); (ix) Population—calf agents learn from any agent in the population. We
combined transmission mechanisms, effects, and social levels in a total set of 20
ABMs (see ‘g’, Figure 3.3A). At the end of each simulation, we observed the number
and size of social units and vocal clans and how similar their coda repertoires were
(methods below).

Initialization. Simulations were initialized with the following parameters based on
empirical data (details, justification, and references in Appendix B3.9, Supplementary
Methods 3.2). At the first time step, year =1, all simulations started with a population
of No=1000 agents, to which ages were randomly assigned from a negative
exponential distribution (so the initial population was mostly young, with ages
typically varying from 0 to about 70 years old), and social unit membership labels
were assigned with equal probabilities. Each agent received an empty vector of 62
elements (i.e. coda types) representing their coda repertoire. For each agent, half of

the elements in its coda repertoire vector were randomly selected to receive an
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absolute frequency of usage from a uniform distribution €[0,100] (absent coda
type=0; always performed=100). Agents are considered calves when they are 0, 1,
and 2 years old, during which changes in the coda repertoire occurred. Adult female
agents became sexually mature after 9 years old, stopped reproducing after 41 years
old, and lived 70 years on average. Population was modeled density-dependent, with
age-dependent reproduction, mortality and migration rates, such that the population
fluctuated around the carrying capacity (No) over time. The initial number of social
units was based on the initial population size (No) and empirical average unit size in
the Pacific (about 12 members). Social units split in half when double the maximum
initial unit size. Calf agents remained in the mother’s social unit since they highly
depend on their mothers; and adult agents had low probability of randomly migrating
to other social units during their lives (¢=0.05). Repertoire changes were represented
by replacement of frequencies of coda types and occurred three times for each agent
(repertoires were fixed after the age of 3). Newborn agents started the simulation with
empty coda repertoires; each simulated year, all calf agents changed their coda
repertoires under one of the three main mechanisms—with additional effects or not—
operating at one of three social levels (see ‘g’, Figure 3.2B). In all models calf agents
also had low individual learning rate (ilearn = 0.02), i.e., each year replacing the
frequency of one coda type (62 codas*0.02=1) chosen at random by a frequency
drawn from a uniform distribution €[0,100], which accounted for random learning
errors or deliberate innovations [61]. Supplementary Figure S3.3 (Appendix B3.3)

illustrates the population output measures of a typical simulation.
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Input. The models have no external input data, but initial parameters differed in sub
models.

Sub models. We created a total of 20 sub models (Figure 3.3A), all of which have the
same structure but differ in the way calves compose their coda repertoires (Figure
3.2). In the first null model (ABMO1), calf agents learn their coda repertoire only
through individual learning. In the second null, model (ABMO02), calves receive the
exact repertoire of their mothers, mimicking the genetic or vertical-cultural
transmission of coda repertoires. In all the following models (ABMO03-20), calves
change repertoires with oblique social learning, some with combinations of the three
transmission biases: homophily (ABMO06-08, 15-10); conformism (ABM09-11, 15-
17); and symbolic marking (ABM12-14, 18-20). Oblique social learning and its
biases occurred within social units (ABMO04, 07, 11, 13, 16, 19), across social units of
the same predefined clans (ABMO5, 10, 14, 17, 20); and in the entire population

(ABMO3, 06, 09, 12, 15, 18).

3.5.3 Coda Repertoire Similarity

The empirical repertoires of the social units were compared based on the inter-

click intervals of each coda using an averaged multivariate similarity metric [30].

Because in the agent-based models we simulated frequencies of usage of coda type—and

not the inter-click intervals of each coda—we compared repertoires of each pair of

simulated social unit with the weighted Bray-Curtis index between the average frequency

of usage of codas of all agents of these units. We adjusted the index to represent

similarity, which ranged from 0 (completely different) to 1 (exactly the same repertoire).
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We detail the differences between empirical and simulated codas and repertoire

comparison in the Appendix B3.14 (Supplementary Methods 3.7).

3.5.4 Clan Partition in Empirical and Simulated Data

Clan partitioning in the simulated data was adapted from the original methods for
vocal clan definition: the social units’ coda repertoires were compared and the best
partition into clans was based on the repertoire similarity [30]. While the original
approach included hierarchical clustering, we used the network formalism to depict social
units (nodes) connected by similarity of coda repertoires (links) and modularity to define
the emergence of clans (see below). To allow direct comparisons, we reanalyzed the
empirical social and acoustic data [30,45] with the same network framework. First, we
built a social network of photo-identified individuals (nodes) connected by the strength of
social relationships (links), i.e. the proportion of time individuals were seen together [45]
estimated by the half-weight association index. We then overlapped the empirical
acoustic network, in which the social units (nodes) were connected by the similarity in
their averaged coda repertoires (links).

For both empirical and simulated data, vocal clans were defined by modules in the
acoustic networks, i.e. subsets of nodes (social units) that are highly and strongly linked
within each other (by acoustic similarity) and weakly linked with the rest of the network.
We searched for the best module partition using the Walktrap algorithm [68], which is
based in the assumption that random walks in a network will tend to get “trapped” inside
strong connected modules. More specifically, this algorithm uses an agglomerative

approach to form modules, using a distance metric based on the probability of a random
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walk go from node i to node j. Hence, nodes belonging to a given module will share
similar probabilities of going to nodes outside their module. To the resultant hierarchy of
modules, the largest increase ratio of the total distance is used to infer the best partition
into modules. Subsequently, we assigned a value to this partition using the weighted

version of modularity metric Q [69]:

Q = —-%i(Ai; — kik;j/2m)5(g:, 97) (1)
where 4 is a weighted adjacency matrix, with elements representing the acoustic
similarity between social units, m = %Zi jAjj is the weighted number of links, 4 is the

weighted degree of node 7, }.; A;; and gi gives the label of the module (herein clan) the
node (herein social unit) i belongs to.

The significance of clan emergence, both in empirical and simulated data sets, was
assessed comparing the modularity O-values to a benchmark distribution generated from
1000 theoretical networks. We created theoretical networks with same size (number of
nodes, i.e. social units), same link weight distribution (i.e. acoustic similarity) and
connectance (proportion of realized links) using a model that randomizes the link weights
among nodes [70]. Clan emergence was considered significant whenever the modularity
QO-values of the observed acoustic networks lied outside of the 95% confidence intervals

of the benchmark distribution.

3.5.5 Sensitivity Analysis and Robustness of Clan Emergence
The parameters and initial conditions of the agent-based models (ABMs) were
grounded on empirical evidence (Appendix B3.9, Supplementary Methods 3.2) and fixed

across scenarios to allow directly comparison of learning strategies without any
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confounding influence of other changing parameter values. To evaluate whether the
observed partition of social units into clans was robust to varying the initial conditions in
the models, we performed a sensitivity analysis of the 6 initial demographic and 2
learning parameters that were common to all of the 20 ABMs (population size and
carrying capacity, reproductive age, migration rate, mortality rates, age distribution,
initial average social unit size, individual learning rate, coda repertoire size) (full
description in Appendix B3.10, Supplementary Methods 3.3). We ran each ABM
changing a single parameter value at a time to two extreme parameter estimates of a
biologically-meaningful range (Appendix B3.5, Table S3.2) and calculated modularity
and 95% confidence intervals with the theoretical model described above. Specifically,
we tested whether changing the ABMs initial setup would still yield emergence of clans
in the scenarios with biased social learning (ABMs 15-17); and conversely, whether clans
would emerge in the rest of the scenarios in which they originally have not emerged
(ABMs 1-14, 18-20) (see Figures 3.3C, 3.4).

In addition, we evaluated the robustness of the metric for clan partition
(modularity) by bootstrapping the links of the 20 simulated acoustic networks (Appendix
B3.11, Supplementary Methods 3.4). The simulation of coda repertoires by the ABMs
represented a complete sampling, in the sense that all codas of all agents of all social
units were recorded and compared. This is clearly not the case for the empirical data, in
which field logistics inherently yield incomplete sampling of the social units’ coda
repertoires. To make empirical and simulated data more comparable and assess whether
the modularity patterns in the simulated data were consistent in subsets of the simulated

data, we re-sampled the acoustic network weighted links (i.e. coda repertoire similarity
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between social units) with replacement (bootstrap, 1000 iterations) and calculated the
weighted modularity with increasing sampling, from 5% to 100% with increment of 5%

of the links at a time.

3.5.6 Code and Data Availability
Agent-based models and data are available in the R package balabm v.1.1

(Appendix B3.8, Supplementary Methods 3.1).
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CHAPTER 4

HOW DOES SOCIAL BEHAVIOUR DIFFER AMONG SPERM WHALE CLANS? 7%

“«“

our snakes gliding up and down for no purpose that I could see. Not to eat. Not for
love. But only gliding”

~R.W. Emerson, 1834

4.1 ABSTRACT

When individuals primarily associate with and learn from those who behave similarly,
society and culture become closely tied. Sperm whales (Physeter macrocephalus) exhibit
multilevel social structure, the levels of which are differentiated in part by characteristic
cultural behaviours. Sperm whales are organized into sympatric clans, with distinctive
vocal repertoires that are socially learned. Other behaviours, such as movement patterns

and foraging, also differ among clans. Here we ask whether the clan partition also

7 This chapter has been published in the journal Marine Mammal Science as: Cantor M, Whitehead H.
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includes divergences in social behaviour. Off the Galdpagos Islands, members of two
clans differed consistently in diving synchrony, heterogeneity, and temporal stability of
social relationships. While number of associates (indicated by social unit, group, and
cluster sizes) was similar between clans, Regular clan members dived more
synchronously and had more homogeneous relationships than the Plus-One clan
members. Plus-One social units had generally longer associations than those of the
Regular clan. Differences in surface-time coordination and quality of social relationships
are likely byproducts of the clan segregation, which could affect alloparental care giving,
therefore scaling up to differential calf survival rates between clans. This new dimension
of behavioural divergence between sperm whale clans indicates that sympatric, socio-

cultural entities of nonhumans can also display characteristic social behaviour.

4.2 INTRODUCTION

Culture, defined as socially-learned and group-specific behaviour, is increasingly
being recognized in primates, cetaceans, and some other nonhuman species (e.g., Laland
and Hoppitt 2003, Laland and Galef 2009). Culturally-recognized behaviours in these
species include food preferences, foraging techniques, migratory and movement
behaviour, vocalizations, play, and social conventions (Laland and Hoppitt 2003).
Because cultural behaviour is socially learned, social structure drives and moulds cultural
behavioural diversity, but it is important to consider that cultural diversity can in turn
influence social structure (Cantor and Whitehead 2013).

Social learning of behaviour among peers—the foundation of culture (e.g., Boyd

and Richerson 1985)—can affect the patterns of social relationships, thus shaping social
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structure. This could be direct, for instance, if individuals directly learn social norms
from one another. It could also be indirect if socially learned behaviour sets up conditions
in which different social structures emerge. For instance the social structures of
bottlenose dolphins (Tursiops spp.) may be structured by individually-characteristic
solitary or communal foraging methods, at least some of which are socially learned, as
individuals preferentially associate with others using the same methods (e.g., Ansmann et
al. 2012, Daura-Jorge et al. 2012, Mann et al. 2012). Furthermore, cultural tendencies to
engage in individual vs. communal foraging will affect attributes and measures of social
structure. Even more indirectly, culturally-learned foraging behaviour may set up
conditions, e.g., a particular spatial or temporal distribution of the selected resources, in
which different social structures are expected to be favoured (e.g.,, Krause and Ruxton
2002).

In some cases, social learning can promote the emergence of sympatric,
behaviourally-distinct groups (e.g., Centola et al. 2007). Social behaviour within such
groups may tend to diverge over time due to behavioural innovations, founder effects, as
well as transmission errors and biases (Koerper and Stickel 1980, Whitehead and Lusseau
2012). Alternatively, conformism and symbolic marking can homogenize behaviour
within social groups and accentuate differences between them (Cantor and Whitehead
2013). These processes could be operating on social behaviour, or in other kinds of
socially-learned behaviour such as foraging, that directly or indirectly impacts social
structure, as in the case of the bottlenose dolphins mentioned above (Cantor and
Whitehead 2103). Thus culture can augment and interact with the most-generally invoked

factors driving interspecific and intraspecific variation in social organization: the
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spatiotemporal availability and predictability of resources, predation risk, and individual
differences in social behaviour (e.g., Lott 1984, Kappeler et al. 2013, Schradin 2013,
Sacher et al. 2013, Wolf and Krause 2014).

Here we investigate whether two sympatric clans of sperm whales in the eastern
tropical Pacific that possess distinct foraging, movement, and vocalization (Whitehead
2003, Rendell and Whitehead 2003, Whitehead and Rendell 2004) also show differences
in their social behaviour. While male sperm whales lead quasi-solitary lives, females and
immatures live in nearly-permanent social units (see Whitehead 2003), within which
social relationships tend to be fairly homogenous. Social units form temporary groups,
but only with other units from their own clan. These clans can overlap spatially and have
minimal genetic differences between them, especially in the nuclear genome (Rendell et
al. 2012, Whitehead et al. 2012). Thus differences in their social behaviour are likely due
directly or indirectly to culture. Individuals may be learning from each other ways of
organizing social relationships, or, probably more likely, cultural behaviour leads
indirectly to differences in social structure between clans. In the latter, the candidate
processes are different foraging behaviours, differences in microhabitat use, or simple

stochasticity within socially isolated sets of animals.

4.3 MATERIAL AND METHODS
4.3.1 Photographic and Acoustic Sampling Effort

Groups of sperm whales were tracked visually and acoustically with a directional
hydrophone, day and night (Whitehead 2003) during 2- to 4-week research trips between

1985 and 2003 off the Galapagos Islands, Ecuador (Figure 4.1). Recordings of sperm
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whale codas (stereotypical patterns of clicks used for communication) were made using a
variety of hydrophones (frequency responses: 6 Hz—10 kHz, £3 dB; 1-10 kHz, +3 dB),
recorders and amplifiers (details in Rendell and Whitehead 2003). Females and immature
individuals were identified from photographs of natural markings on the trailing edge of
tail flukes with the assistance of a computer program (Whitehead 2003). Black and white
photographs were taken with 35 mm film SLR cameras until 2001, when we switched to
equivalent digital equipment. The quality of each photograph was rated (from QO=1, very
poor, to O=5, very high quality) based on focus, exposure, orientation of the fluke in the
frame, percent cover and tilt of the fluke in relation to the water surface (see Whitehead
2003). We excluded from the analyses photographs with O<3, calves (distinctively small
individuals, likely less than 2 year old) and mature males (distinctively large animals).
Our long-term data set comprised 3,943 coda recordings, 6,193 high-quality O>3
photographs, and social behaviour data of photo-identified individuals collected during
12,550 d of group follows (that varied from hours to a maximum of 12 consecutive days

and nights) over a period of 18 years (Figure 4.1).
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Figure 4.1. Spatio-temporal sampling effort off the Galapagos Islands, Ecuador, in the
South Pacific Ocean. (a) The islands (dashed box) have darker shading, lighter shading
represents waters less than 1,000 m deep (rarely used by sperm whales) and black lines
represent the tracks of followed whales. (b) Black bars represent days following whales
per year (of both clans); and gray bars represent the number of high-quality pictures

(0>3) used for photo-identification.

4.3.2 Sperm Whale Clans
Vocal clans were defined as sets of social units of sperm whales (see Table 4.1)

with high similarity in the repertoires of their coda vocalizations (Rendell and Whitehead

84



2003). In the South Pacific clans span ranges of several thousand kilometers and in all
well-studied areas two or more clans are present. Social units were assigned to clans as in
Rendell and Whitehead (2003), so we will summarize the methodology. The vocal
repertoires of social units were identified based on inter-click intervals of the codas.
Codas were assigned to social units whose members were photo-identified within 2 h of
the recording. We analyzed repertoires of social units that had at least 25 codas recorded.
Coda repertoires were compared with an averaged multivariate similarity method and
hierarchical cluster analyses were used to define the best partition of social units into
vocal clans (see Rendell and Whitehead 2003). We examined social variation between
the two principal clans found off the Galapagos Islands: ‘Plus-One clan’ (predominantly
codas with the final inter-click-interval extended), and ‘Regular clan’ (predominantly

codas with 4-8 regularly-spaced clicks).

4.3.3 Social metrics

We compared clans using seven social metrics, all direct measures of the extent to
which individuals were photo-identified together: three estimates of the number of
individuals in different social levels (1: social unit size, 2: group size, and 3: cluster size),
and four measures of interindividual association (4: dive synchrony within groups, 5:
social differentiation, S, among all pairs of individuals within social units, 6: half-weight
association indices, HWI, among all pairs of individuals within social units, 7:
standardized lagged association rates, SLAR, among all pairs of individuals within clans).
We chose the first three because they indicate the number of associates that individuals

experience with different definitions of association; the remainder are good proxies for,
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and inform different aspects of, the quality of relationships (4: behavioural coordination

within groups; 5: heterogeneity of relationships within social units, 6: strength of

relationships within social units, and 7: temporal stability of relationships among

members of different units within the same clan). Definitions of social metrics and

methods of estimation are presented in Table 4.1.

Table 4.1. Definition and estimation methods for the seven social metrics.

Social metric

1. Social unit

size

2. Mean
group size>*’

3. Cluster

size

1,23

4,6,7

Definition

Estimates based on

Method

Units of
analysis

Number of individuals
in a social unit, which
is a set of adult
females and immature
individuals that live
and move together
over periods of years,
generally of one or
more matrilines.
Number of individuals
in a group, which is a
set of individuals
moving together in a
coordinated manner
over periods of few
hours to few days.

Temporary subsets of
a group, composed of
the individuals at the
surface swimming in
the same direction and
speed, side by side in
a coordinated manner
a few body lengths or
less apart usually for a
matter of minutes.

Individuals associated
with at least two other
individuals during at
least two 12h-
identification periods
spaced out by at least 30
d.

The number of photo-
identified individuals for
each day.

Observations of number
of individuals in clusters
within 500m of boat only
when whales were
engaged in foraging.
Clusters of socializing
whales were not
considered because they
are very variable in size
and can sometimes
include all group
members.

We considered the
number of individuals
assigned to the same
social unit as in Christal
et al. (1998).

Two-occasion closed-
population Lincoln-
Petersen mark-recapture
estimator: g =

M} — 1, where
X12+1

x1 are the number of
individuals identified in
the first half of the
photo-identifications on
that day, x; in the second
half, and x;, in both.
Mean cluster size for all
records of cluster size for
a social unit

Social unit

Days
(estimated
group size
on day)

Social unit

86



Social metric  Definition Estimates based on Method Units of
analysis
4. Dive Expression of The maximum interval Expected intervals for Days with
synchrony*%”>  behavioural (in min) between the any hour are given by the  groups of
coordination among starts of consecutive regression model d = different
group members when  deep dives of grouped const + 2 — B - ¢, where clans
. . . . . n 2
foraging. 1nd1v1dqals dprmg each d s the longest interval
hour, minus its expected .
. between consecutive
value, as predicted by ) .
roup size and the dives for each hgur, nis
& the number of dives
presence of calves, made by the erou
averaged first over hours ‘¢ by the group
during the hour, c is
of each day, and then
. . presence (1) or absence
over those days in which .
. (0) of calves during the
a particular clan was
. hour, and b and f are
sampled with at least 5 of . .
regression coefficients.
such hours.
5. Social Variability in social The estimated coefficient S was estimated from the Mean S-
differentiation relationships of variation (CV) of the photo-identification data  values
48 (homogeneous S=0; true association indices with association defined ~ within
heterogeneous $>>0),  (S). Higher S-values as for metric 6, using the  social
here used to estimate  indicate more maximum likelihood units
the variation in dyadic  heterogeneity within- method described in the
probabilities of social unit relationships.  appendix of Whitehead
association within (2008b), with standard
social units. errors estimated by
bootstrap resampling
technique.
6. Strength of ~ Proportion of time a Associations among Half-weight association Mean
social pair of individuals pairs of individuals index: HWI = HWI
relationships > was observed together ~ diving within 10-min %, where, x among
in relation to the intervals. Within this x+y ab+ (X522 . pairs of
number of times that ~ period individuals are is the number of 10-min  members
they were observed. usually in well- sampling intervals that of a social
synchronized diving individuals a and b were  unit
cycles, at close spatial observed together; yab is
proximity (<600 m). the number of intervals
with a and b identified
but not together; ya and
yb are the number of
intervals with only
individual a, or b, were
identified.
7.Temporal Temporal stability of ~ The rate of association Plotting of the SLAR for
stability *° association between over time, for instance if =~ Standardized lagged all
two individuals is individuals 4 and B were  association rates (SLAR) members
given by the average identified as associates, over increasing time lags  of each
probability of re- then a randomly chosen  and fitting exponential clan

association after a
given time lag.

associate of 4 after lag t
was B.

decay models to the
observed SLARs (Table
4.3).

IChristal et al. 1998, 2Christal and Whitehead 2001, *Whitehead 2003, * Whitehead 20084, >Otis et al.

1978, *Whitehead 1996, "Whitehead 1999, 8 Whitehead 20085, "Whitehead 1995.

87



4.3.4 Clan Comparison

We primarily asked whether there are differences in the social metrics between
the social units from the two main vocal clans. As a cross-validation, we further asked the
reversed question: how can we best separate the two clans using these metrics? To
answer the former, we used Student’s z-tests (two-sample unequal variance) to test the
null hypothesis of no mean difference between the Regular and Plus-One clan, for all
social metrics other than SLAR (see below). We also measured the magnitude of the
differences with Cohen’s d effect size (difference in means divided by combined standard
deviation, SD), which informs how many SDs difference there is between the means of
the two groups on a given social metric. In these tests, the unit of analysis was the mean
value of the social metric for each available social unit. However, group size data
typically involved individuals from two or more social units at the same time, so we used
days spent following sperm whale groups as the units of analyses (Table 4.1).

To answer the latter, we applied a linear discriminant analysis (LDA). We aimed
to express how different were the two clans as a linear function, evaluating which of the
social metrics were important in quantifying their differences. We further aimed to
predict the classification of a new unknown social unit into a clan, given the descriptors
of its social behaviour. Here, the mean value of a metric for each social unit was also
used as the unit of analysis, thus standardized lagged association rates (SLAR) and group
sizes were not considered. We started by building the saturated LDA model with all the
five remaining social metrics; then used forward and backward stepwise leave one out

cross-validation to test whether models with fewer variables would have higher

88



prediction accuracy. At each step, a new LDA model was created—by including
variables not in the model (forward) or excluding those already in the model
(backward)—and its prediction accuracy was estimated. The processes stopped when the
accuracy did not improve, indicating that the resultant model was more efficient than
other formulations.

Finally, we compared how social relationships changed over time in each clan by
fitting four exponential decay models (SLAR1-4) with different possibilities for the
decay of relationships over time to the lagged association rate data within clans (Table
4.3). Because members of a social unit are, by definition, permanent associates, in this
context the lagged association rate primarily summarizes the dynamics of the associations
among social units as they form groups. The first model, SLARI1, is constant, with no
decay, representing permanent associations; in SLAR2, the association rate decays down
to zero, representing associations that occurred for a given time lag and then never again;
in SLAR3 the rate decays down to a lower level after a given time lag and then levels off,
representing a mix of long-lasting and more temporary associations; the last model,
SLAR4, is a sum of two exponential decay processes down to zero, representing two
levels of disassociation, at a shorter and a longer time lag (the full description of the
models and their parameter interpretation are available elsewhere: Whitehead 1995,
2008a). The SLAR models were fitted by iterative convergence to the original
association data. We selected the most parsimonious model for each clan with the lowest
quasi-Akaike Information Criterion (QAIC) (Burnham and Anderson 2002), to account
for the overdispersion of the association data. The degree of support for the models was

given by differences in the QAIC with the best fit model (AQAIC) and standardized
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relative QAIC weights (e(~%52QAI0)) (Burnham and Anderson 2002). We obtained
standard errors for the model parameters using the temporal jackknife procedure
(omitting 30 day periods of data each time) (Whitehead 2008a). SLAR and related
analyses were performed in SOCPROG (Whitehead 2009), while the remaining analyses

were done in R environment (R 2014).

4.4 RESULTS

There was generally greater variation in the social level sizes between units in the
same clan than between the clans (Figure 4.2A-C, Appendix C4.1 Table S4.1). The Plus-
One clan appeared to contain smaller social units (mean unit size: Regular 13.6; Plus-
One 10.7 individuals), that formed larger groups (mean group size: Regular 16.7; Plus-
One 22.9 individuals), and larger clusters (mean cluster size: Regular 1.6; Plus-One 1.8
individuals) but such differences were not statistically significant at the 5% level (Table

42).
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Figure 4.2. Social behaviour variation among sperm whale vocal clans (Plus-One,
Regular): (a) Social unit size (number of photo-identified individuals); (b) Group size
(number of individuals in temporary association); (c) Mean cluster size while foraging

(number of individuals seen together at the surface); (d) Dive synchrony (residuals of no-
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dive gap in minutes, from the dive synchrony regression model); (e) Social differentiation
(S, estimated CV of the actual rate of association); (f) Half-weight association indices
(mean HWI within units, estimated proportion of times pairs of individuals were seen
together). Boxplots show mean values (black dots), median (horizontal bar), 1% and 3™
quartiles (box, which widths are proportional to sample sizes), minimum and maximum
values (whiskers). Asterisks represent Student’s #-test statistical significance at P<0.05

(Table 4.2).

Table 4.2. Mean values of social metrics for units of the Regular and Plus-One clans off
the Galapagos Islands. Only social units to which we have data for all social metrics
(except group sizes; see text) were included in the tests. SD: standard deviation; t:
Student’s t statistic; DF: degrees of freedom; P-values significant at P<0.05 are italicized,
Cohen’s d: effect size and 95% confidence intervals (CI). HWI: half-weight association

index; S: social differentiation (estimated coefficient of variation of the true HWIs).

Social metric Regular clan Plus-One clan t DF P-value Cohen’s d (95%
(x + SD) (X £ SD) CI)

Social unit size 13.6+7.0 10.7+4.2 -0.9 6.41 0.42 0.46 (-0.89, 1.79)

(individuals)

Group size 16.7+6.6 22.9+14.6 -1.4 12.74  0.18 0.66 (-0.03, 1.33)

(individuals)

Cluster size 1.6+£0.2 1.8+0.3 0.9 2.62 0.45 0.74 (-0.65, 2.08)

(individuals)

Dive synchrony 6.3 £3.5 07+23 -3.2 5.84 0.02 1.74 (0.16, 3.25)

(residual no-dive

gap in minutes)

Social 0.35+0.34 0.00 +£0.00 -2.8 7.00 0.03 1.13 (-.032, 2.52)
differentiation S

Dyadic 0.15+£0.06 0.20+0.06 1.2 3.64 0.31 0.80 (-0.60, 2.16)
relationships

(mean within-unit

HWTI)
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In contrast, between-clan variation was clearer for interindividual association
measures (Figure 4.2 D-F). Average association indices were not statistically different
between clans (mean HWI: Regular 0.15; Plus-One 0.20). Social units that were
members of the Plus-One clan dived less synchronously (mean residual no-dive gap:
Regular 6.3; Plus-One 0.7 min). They were also more homogeneously associated, with
less variable association indices (mean S: Regular 0.4; Plus-One 0.0) (Table 4.2).
Moreover, the SLAR plots (Figure 4.3) and the most parsimonious models for temporal
stability of within-clan relationships (Table 4.3) suggest that the Regular clan units were
engaged in briefer associations: mean of 1.0 d (1/1.00) for the Regular clan vs. 2.0 d
(1/0.491) for the Plus-One clan. The higher SLAR rates for the Regular compared with
the Plus-One clan can be explained by the greater degree of social differentiation
(individuals keep associating preferentially with the same small set of preferred

companions).
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Figure 4.3. Standardized lagged association rates (thicker lines) and best fit models
(thinner lines; Table 4.3) among whales within each vocal clan (black: Regular; gray:
Plus-One). Low overlapping of the standard errors (vertical bars, from a jackknife

procedure) suggests significant differences.

In the linear discriminant analysis, the prior probability (i.e., the observed
proportion) of social units being from the Plus-One clan was 0.27, and 0.73 from the
Regular clan. The saturated LDA model ( Clan = 0.12 - Unit size — 1.12 -
Cluster size + 0.35 - dive synchrony + 0.36 - S — 1.64- HWI ) had only moderate
prediction accuracy: 63% of correctly a posteriori assignment of social units to clans. By
removing variables from the saturated model, the resultant reduced models were more
efficient. Both forward and backward stepwise procedures yielded predictive models
(forward: Clan = 0.15 - Unit size + 0.38 - dive synchrony; backward: Clan = 0.14 -
Unit size + 0.38 - dive synchrony + 0.28 - S) that were equally accurate (correctness
rates of 91% for both). Along the linear discriminant, the Plus-One social units clustered
towards the negative, and the Regular’s clustered towards the positive values. The
reduced models endorsed #-test results, which indicated that dive synchrony and S were
significantly different between clans. Dive synchrony seemed to be the most divergent

social metric between the two clans (see also Cohen’s d in Table 4.2).

Table 4.3. Models fit to Standardized Lagged Association Rates (SLAR) ranked by the
lowest quasi-Akaike Information Criteria (QAIC) for each of the two clans of sperm

whales off the Galapagos (Plus-One, Regular). AQAIC, QAIC weights and likelihood
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indicates the relative support for each model. Details on the interpretation of the model

parameters are available elsewhere (Whitehead 1995, 2008a).

SLAR Model QAIC AQAIC QAIC  Likelihood
weight

Plus-One Clan

SLAR3  s(t) = 0.015 + 0.027 - (04910 1,232.06 0 0.68 1.00

SLAR4  s(t) = 0.069 - e"10380 4 0,088 - (04540 123398 1.92 0.26 0.38

SLAR2  s(t) = 0.025 - ¢(-0-00020) 1,237.44 538 0.05 0.07

SLARI  s(t) = 0.023 1,240.95  8.89 0.01 0.01
Regular Clan

SLAR4  s(t) = 0.043 - e(70:00021) 4 0,028 - ¢(-1:0050)  8,011.47  0.00 0.65 1.00

SLAR2  s(t) = 0.046 - ¢(~0-0002) 8,012.73  1.26 0.35 0.53

SLAR3  s(t) = 0.038 + 0.061 - (12180 8,036.69 2522  0.00 0.00

SLARI  s(t) = 0.041 8,052.07 40.60  0.00 0.00

In summary, the two clans principally differed in behavioural coordination (dive
synchrony), heterogeneity of relationships within units (S) and the temporal stability of
social relationships among units (SLAR). We should, however, bear in mind a few
caveats regarding the nature of our comparison. We reported social differences between
two, out of five, known vocal clans (Rendell and Whitehead 2003). There are substantial
logistical challenges in collecting long-term data on deep-diving cetaceans in offshore
waters over large spatial scales. Thus at the moment we can only speculate whether the

social contrasts would extend to other clans.

4.5 DISCUSSION
In addition to vocal, movement and foraging behaviours (Rendell and Whitehead
2003, Whitehead and Rendell 2004, Marcoux et al. 2007a), our long-term study adds

social behaviour to the distinctions among the sperm whale clans inhabiting the Pacific
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waters. While clan partitioning is likely driven by cultural processes at a broad scale
(Rendell and Whitehead 2003, Whitehead et al. 2012), we suggest that fine-scale social
variation was shaped by a pre-defined clan partition, and therefore is a by-product—
rather than a cause—of cultural segregation.

Overall, our findings indicate variation in the social behaviour of sperm whales
from different clans. Most obviously, clan memberships imply differences in diving
synchrony, heterogeneity and temporal stability of social relationships, with members
from Regular clan diving more synchronously but with associations that are relatively
more heterogeneous and briefer than the Plus-One clan. However, the clans showed no
statistically significant variation in the sizes of lower social level, such as social units,
groups, clusters. Taken together, our results suggest that social life is more unit-oriented
for members of the Regular clan. Compared with a member of the Plus-One clan, a
Regular-clan sperm whale has relatively more equivalent relationships with its co-
members. Grouping with other units is less frequent and less prolonged for these Regular
units. In the Plus-One clan the emphasis seems more on dyadic individual relationships,
expressed by larger social differentiation, as well as associating with other units in the
clan, rather than the unit itself.

Such fine-scale social variation may ultimately propagate into fitness differences
between members of different clans (see also Marcoux et al. 2007b). Dive synchrony is
an expression of social affiliation and behavioural coordination among group members.
Primarily, it is an inverse measure of the quality of calf-protection at the surface: the
more synchronous their characteristic 40 min dives are, the less reliably there will be

babysitters at the surface for calves (Whitehead 1996). Because the provision of

96



alloparental care seems to be a key function of the social units (Gero et al. 2013),
differences in diving and surface-time synchrony, along with variation in quality and
duration of social relationships among females, could lead to different rates of calf
survival between clans. Additionally, diving synchrony serves as a proxy for foraging
coordination and perhaps cooperation at depths, where more echolocating individuals
might be more likely to find a food patch and could potentially assist one another in prey
capture. Thus, differences in diving coordination could lead to differences in feeding
success between clans (see also Marcoux et al. 2007a). Fitness differences between clans
could also arise indirectly, through learning of other behavioural patterns exclusively
within a clan. Social patterns affect the flow of behaviours through social learning (e.g.,
Voelkl and Née 2010, Cantor and Whitehead 2013), thus the between-clan variation in
social relationships could indicate different paths by which innovations and predominant
behaviours are transmitted within the clans over time. For instance, as is the case for
some other species in which variation in fine-scale social interactions can affect foraging
strategies (e.g., Aplin et al. 2012, Atton et al. 2014), movement patterns and micro-
habitat use of sperm whales can be socially learned within the clan (Whitehead and
Rendell 2004) and determine diet composition (see Marcoux et al. 2007a) as well as
potentially feeding success of clan members.

There are a few explanatory mechanisms for the emergence of behaviourally-
distinct clusters in a population, such as the sperm whale vocal clans. Intrapopulation
variations in social behaviour are usually assigned to genetic, ontogenetic, ecological,
and/or cultural factors (e.g., Schradin 2013, Cantor and Whitehead 2013, Cronin et al.

2014). Pinning down the principal mechanism can be challenging (e.g., Whitehead 2009,
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Allen et al. 2013, Mace 2014). In our case, sperm whale vocal clans are sympatric, span
large areas (Whitehead et al. 1998, Rendell and Whitehead 2003), are not genetically
distinguishable (Whitehead et al. 1998, Rendell et al. 2012), and contain individuals from
all age classes (Rendell and Whitehead 2003). Therefore behavioural differences between
clans are unlikely to be environmental, genetic, or ontogenetically-driven; they are more
parsimoniously ascribed to social learning (Rendell and Whitehead 2003, Whitehead et
al. 2012, Whitehead and Rendell 2014). More specifically, behavioural distinctions
between clans can emerge when: a) individuals with similar behaviour preferentially
associate (also called assortment, homophily), and b) associations reinforce behavioural
similarity (social influence) through social learning (see Centola et al. 2007, Cantor and
Whitehead 2013). In this way, the population would segregate into clans if sperm whales
with similar social behaviour tend to associate more often—either actively by preferential
association among like-minded individuals; or passively by differences in habitat use
strategies (see Croft et al. 2009, Farine 2014). However, it is much more likely that
matching of acoustic behaviour structures the associations among sperm whales (see
Rendell and Whitehead 2003, Schulz er al. 2008): coda types are used for
communication, are learned socially and only individuals with highly similar vocal
repertoires tend to associate. Indeed vocal similarity is how the clans were initially
recognized (Rendell and Whitehead 2003).

Once the sperm whale population is structured into vocal clans, other behavioural
variations, which may be functionally neutral (e.g., Hahn and Bentley 2003) such as the
social behaviour we report here, may emerge and disappear through drift over time

(Cavalli-Sforza and Feldman 1981). Analogously to phylogenetic processes (Koerper and
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Stickel 1980, Boyd and Richerson 1985), such changes in frequencies of socially-learned
behaviours occurring by neutral processes involving no selection or preference would
amplify the differences between the behavioural repertoires of the segregated clans.
Therefore, it may be parsimonious to view the social variation between clans as a
consequence of a predefined partition in the whales’ social network, with individuals and
social units replicating the patterns in dive synchrony and social behaviour of their clan
members, and drift leading to distinctive variation among clans in either the social
behaviour itself or other behaviour that directly or indirectly affects social structure (e.g.,
Whitehead and Lusseau 2012).

Behavioural segregation within populations adds another layer of complexity to
intraspecific variation in social structure (Kappeler et al. 2013). We showed that some
elements of the sociality of sperm whales are mapped onto the upper level divisions of
their society. These findings are among the few showing that culturally-marked groups of
nonhumans living in the same area have characteristic social behaviour (see also Cronin
et al. 2014). In perhaps the closest known parallel, sympatric killer whale (Orcinus orca)
ecotypes in the eastern North Pacific have distinctive social structures (Baird 2000), and
the evolution of these ecotypes may have been driven by cultural differences (Riesch et
al. 2012). However the ecotypes are now so different that there have been calls to
recognize them as distinct species (Morin et al. 2010). Social variation between sperm
whale clans further shows that their behavioural segregation is not limited to
communicative signals. The presence of sympatric clans with rich, divergent, culturally-
initiated behavioural norms suggest that sperm whale populations could carry multiple

traditions. Multiple traditions within populations are considered a rare trait for nonhuman
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societies (e.g., Whiten ef al. 1999, Allen et al. 2013), but they might remain unrecognized
either because behavioural ecologists have failed to look for them, or because
intrapopulation behavioural variation is fully, but incorrectly, attributed to ecological or
genetic differences. Sorting out the contribution of culture from other factors in driving

intraspecific variation remains a timely challenge (Kappeler et al. 2013, Mace 2014).
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CHAPTER 5

CULTURAL TURNOVER AMONG GALAPAGOS SPERM WHALES '*!"'!2

“All change is a miracle to contemplate, but it is a miracle which is taking place every
instant.”

~ H.D. Thoreau, 1854

5.1 ABSTRACT

While populations may wax and wane, it is rare for an entire population to be replaced by
a completely different set of individuals. We document the large-scale relocation of
cultural groups of sperm whale off the Galapagos Islands, in which two sympatric vocal
clans were entirely replaced by two different ones. Between 1985-1999, whales from two
clans (called Regular and Plus-One) defined by cultural dialects in coda vocalizations

were repeatedly photo-identified off Galapagos. Their occurrence in the area declined
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through the 1990’s; by 2000 none remained. We reassessed Galapagos sperm whales in
2013-2014, identifying 463 new females. However, re-sighting rates were low, with no
matches with the Galapagos 1985-1999 population, suggesting an eastward shift to
coastal areas. Their vocal repertoires matched those of two other clans (called Short and
Four-Plus) found across the Pacific but previously rare or absent around Galdpagos. The
mechanisms behind this cultural turnover may include large-scale environmental regime
shifts, and cascading responses to heavy whaling in the region. The fall and rise of sperm
whale cultures off Galdpagos reflect the structuring of the Pacific population into large,
enduring clans with dynamic ranges. Long-lasting clan membership illustrates how
culture can be bound up in the structure and dynamics of animal populations and how

tracking cultural traits can reveal large-scale population shifts

5.2 INTRODUCTION

Behavioural repertoires of animal populations change over time. Changes may
result from adaptive genetic evolution and genetic drift, phenotypic plasticity, individual
or social learning [e.g. 1,2]. Changes can take many generations (typical for genetic
evolution) or occur over a small part of the life cycle (e.g. phenotypic plasticity in the
face of rapid environmental change). When behaviour is socially learned and shared,
hence culture, evolutionary processes influence these dynamics at various scales [2,3].
When cultural behaviour changes rapidly relative to generation time, it can do so in two
distinct ways. First, by replacement of behaviours: individuals learn new behaviours and

those spread through the standing population. Second, by replacement of the individuals
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themselves: the population using that area dramatically changes in composition such that
entire cultural trait groups are replaced by others.

There are multiple non-human examples of the first case—replacement of
behaviours. Take humpback whales (Megaptera novaeangliae) for example. Male
humpbacks sing a continuously evolving population-specific song [4], but in the South
Pacific populations regularly discard entire songs in favor of a new song from a
neighboring population in a revolutionary transition that takes less than a year [5,6].
Similarly, humpback populations can rapidly diffuse foraging innovations in response to
ecological shifts [7]. As for the second case—replacement of individuals—there are
examples from human history of cultural groups replacing each other in a given territory.
One is the history of the Sahel, the sub-Saharan semiarid vegetation belt that was once
home for different cultural groups with two distinct feeding strategies—nomadic
pastoralism and sedentary farming [8]. Following large-scale environmental changes after
the French colonial rule—a combination of natural and anthropogenic desertification—
groups whose feeding strategies no longer fit the habitat were forced to move [8.,9],
resulting in a cultural turnover caused by the replacement of individuals by those from
different culturally-defined groups. However, examples outside humans are much rarer.
Here, we document rapid cultural turnover in an animal population caused by the
replacement of cultural groups on an oceanic scale: the sperm whales (Physeter
macrocephalus) off the Galapagos Islands.

Female sperm whales live in multilevel societies [10]. The fundamental social
level is the nearly-permanent social units of about 11 females and their young [10-12].

The largest level is the vocal clan, that we distinguish using characteristic repertoires of
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codas—stereotyped patterns of broad-band clicks used in social communication [13].
Vocal clans are sympatric (groups from multiple clans are found around the Galapagos
and off the coasts of Chile and mainland Ecuador [14]) but socially segregated such that
social units only form temporary groups (about 2-3 social units typically over periods of
days) with other units that share the same repertoires of coda types united by a common
structural theme [14]. Two vocal clans were common around the Galapagos Islands in
1980-1990’s: the Regular clan, consisting of social units that mostly make codas with
regularly-spaced clicks; and Plus-One clan, most of whose codas have an extended
interval before the last click. Two other clans were identified across the wider Tropical
Pacific: the Short clan which mostly produced brief codas with fewer than 5 clicks; and
the Four-Plus clan which mostly produced codas with a base of 4-regular clicks [14].
These distinct coda dialects are stable over at least a decade [15]. Among clans, there is
extensive sharing of mitochondrial DNA haplotypes, thus, taken with the degree of
sympatry, it is almost certain that these dialect variations are cultural in nature [16]. Clans
also differ in habitat use, foraging success, diet, social behaviour, and possibly calving
rates [17-19], suggesting that clan membership has much wider implications than just
vocal dialect. Thus, clans appear to be a significant structuring factor in sperm whale
society.

Although highly socially structured, sperm whales in the Tropical Pacific display
little geographic structure: clans overlap over very large areas [10,14]. While social units
have ranges spanning about 2,000km, the clans to which they belong have wider
distributions, spanning across the Tropical Pacific [14,20]. This nomadic behaviour likely

reflects adaptive space use, probably driven by the effects of oceanographic conditions on
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variation in the distribution of their prey, deep ocean squid [20,21]. We surveyed sperm
whale populations and coda repertoires over the last three decades, and use these data
here to show a complete turnover in cultural dialects concurrent with a turnover in the

pool of individuals around the Galépagos Islands.

5.3 METHODS
5.3.1 Field Methods, Photo-Identification, and Acoustic Recordings

Sperm whales were tracked visually and acoustically in deep waters (>1,000m)
across the Tropical Pacific, day and night during 2- to 4-week surveys between 1985 and
2014 (Figure 5.1, Appendix D Tables S5.1- S5.3). Given the logistical challenges of
offshore surveys, sampling was unevenly distributed; the Galdpagos archipelago was the
main study area (Appendix D, Tables S5.1-S5.3). Annual encounter rates off the
Galapagos were calculated as number of groups of female and immature whales
encountered divided by total hours of acoustic and visual search (i.e. total effort minus

time following whales) [22].
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Figure 5.1. Re-sightings of individual female and immature sperm whales in the eastern
Tropical Pacific, between (a) 1985-2004 and (b) 2013-2014. Dashed circles loosely
indicate study areas, with numbers indicating total of photo-identified individuals.

Numbers by arrows indicate match of individuals between areas.

Individuals were identified from photographs based on patterns of natural marks
on the trailing edge of their tails, assisted by a semi-automated photo-identification
protocol [23]. We rated each photograph from poor to very high quality (O=1 to 5) based
on focus, exposure, orientation, percent cover and tilt of the fluke [24]. Distinctively
small animals (of about <2 years) were considered calves; distinctively large animals as
mature males; the others were considered females and immatures [24]. We analyzed only
0>3 photographs of females and immatures. From a total of 14,286 photographs, we
identified 4,468 individuals (Appendix D5.1, Table S5.2).

Sperm whale codas were recorded using various hydrophone arrays and recording

devices over the duration of the study (Appendix D5.11, Supplementary Methods 5.1)
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[14]. All recordings were analyzed using Rainbow Click software [25] in which
individual clicks were manually marked and designated as part of codas. From acoustic
recordings from across the Pacific, we sampled 17,045 codas (Appendix D5.2, Table

35.3).

5.3.2 Assigning Coda Repertoires to Photo-Identified Groups

We assigned coda recordings to groups of individual whales photo-identified
together. We considered all recordings made on the same day when continuously
following a group of sperm whales to be of the same group [14]. Codas recorded on two
different days were considered to be from the same group if least 25% of the photo-
identified individuals were re-sighted [26]: ma»>0.25*min{nas, n»!, where ma» is the
number of individuals photo-identified on both days, n. is the number of individuals
identified on the first day, and n» on the second day. We discarded groups whose recorded
repertoires contained less then 25 codas [14].

To account for any potential autocorrelation in coda production during the same
day, all coda recordings on a given day from a given group represented a single
repertoire. Under the assumption that coda production of a given group on a given day is
independent of its production on a subsequent day, repertoires from different days were
treated as replicates of a group’s repertoire and were considered independent samples of a
group’s coda production [27]. We used permutations to test differences between group

repertoires (Appendix D5.12, Supplementary Methods 5.2) [27].

5.3.3 Continuous and Categorical Similarity Between Coda Repertoires
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We compared group repertoires using the absolute inter-click intervals (ICI, i.e.
the time between the onset of one click to another in a coda sequence) to represent the
temporal structure (rhythm and tempo) of their codas [27,28]. To quantify similarity
between coda repertoires, we applied continuous and categorical metrics to this
multivariate data set. The former was used to define the vocal clan partitions; the latter
was used to define coda types that illustrate the differences in the patterning theme of the
codas between clans (analyses pathway in Appendix D5.4, Figure S5.1).

For the continuous approach, we calculated the multivariate similarity of two
codas of the same click length (i.e. same number of clicks) using the Euclidean distance
between their inter-click interval vectors (Appendix D5.13, Supplementary Methods 5.3)
[14]. With the categorical approach, we classified codas into discrete types based on their
rhythm and tempo, illustrating how repertoires differed among clans. We assigned codas
to categories using OPTICSxi hierarchical clustering [29] (in this context: [27]). We ran
OPTICSxi on the absolute inter-click intervals independently for each set of codas of the
same click length, using a sensitivity analysis to define the algorithm initial parameters
(Appendix D5.14, Supplementary Methods 5.4). We labeled the coda types according to

number of clicks and rhythm, based on previous nomenclature [14,26].

5.3.4 Assigning Photo-Identified Groups to Vocal Clans

The original partition of vocal repertoires into clans ([14], Supplementary
Methods 5) used hierarchical clustering analyses based on the continuous multivariate
similarities of standardized IClIs of codas, and the k-means algorithm to categorize codas

into types [14]. Here we used the updated methods for comparing repertoires described
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above to re-analyze this data set together with the repertoires recorded off Galdpagos in
2013 and 2014 (Appendices D5.3, D5.15: Table S5.3, Supplementary Methods 5.5). To
assign the 2013 and 2014 groups to clans, we first built an average-linkage clustering
dendrogram using the continuous multivariate similarity matrix for the combined dataset;
then we identified whether these groups clustered together into a distinctive branch
(indicating a new clan) or whether they clustered with previous clans. We measured the
accuracy of the dendrogram representation using the cophenetic correlation coefficient
(CCC), and considered CCC>0.8 to indicate a reliable representation. The dendrogram
robustness was measured by bootstrap resampling [14]: all groups’ coda repertoires were
randomly sampled with replacement (100 replicates), their similarities were recalculated
and the proportion of times a given branch was replicated used to indicate the robustness

of that branch.

5.4 RESULTS
5.4.1 Photographic Matching and Movements

We identified 4,468 individuals across the Pacific study areas (Appendix DS5.2,
Table S5.2) with re-sightings illustrating the scale of movements individuals could
undertake (Figure 5.1). Most individuals were identified off the Galdpagos Islands;
however, overall encounter rates there declined over the period 1985-2000 (Figure 5.2).
Between 1985-1995, female and immature sperm whales were repeatedly found (1,085
identified individuals); encounters with whale groups became rarer in the late 1990’s and
by the 2000’s they seemed to have left the area (Figure 5.2). Surveys from 1985-2004

suggested an eastward movement away from Galdpagos (Figure 5.1A). Our 2013-2014
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surveys indicated a modest, recent return of sperm whales to this area (Figures 5.1B, 5.2);
however, this was by new individuals. The photographic recapture rate was very low:
only 1% of the females and immatures (5/463) were sighted in both 2013 and 2014. From
these recently photo-identified whales, none matched with the previous whales seen off

Galapagos and only 6 females had been seen in in the Gulf of California in 2003 (Figure

5.1B).
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Figure 5.2. Encounter rates of sperm whale off the Galdpagos Islands over 30 years
across clans. Rates were higher in early 1980’s, started declining during the 1990’s and,
after a hiatus in 2000’s, started rising again. Color code indicates clan membership
(Figure 5.3) of whales for which both photo-identification and acoustic data were
available in that year. Whiskers represent standard errors (SE). Asterisks indicate years
with no dedicated surveys off Galapagos (the larger gap in 2000’s was mainly motivated
by a lack of opportunistic sightings in the area), but in some of these years there were

surveys in surrounding areas (Tables S5.1-S5.3).
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5.4.2 Acoustic Repertoires

From 1985 to 1999, coda repertoires of 64 groups of female and immature were
recorded across the Tropical Pacific [14]; in 2013-2014 we recorded 15 new groups off
the Galdpagos (Appendix DS5.3, Table S5.3). Mantel tests confirmed that repertoire
similarity between acoustic recordings from the same group was greater than between
different groups indicating that groups had significantly different repertoires (Galédpagos
2013-2014: r=0.413, p<0.001; Pacific 1985-1999: »=0.170, p<0.001; Combined: »=0.176,
p<0.001).

The categorical analysis of the full data set identified 27 distinct coda types
containing from 3 to 12 clicks varying in rhythm and tempo (Figure S5.2). Although the
OPTICSxi algorithm classified only the most stereotyped codas (4,091/17,045 codas;
24%), discovery curves of classified coda types were nearly asymptotic (Figure S5.3),
suggesting that most coda types made by the sampled groups were represented. Coda
types were robust to variation across the OPTICSxi input parameter space (Figure S5.4).
Coda type classification was used to describe the thematic differences in coda patterning
driving clan partitioning defined by the continuous analysis that includes all codas

(Figure 5.3).

5.4.3 Clan Structure
The original partitioning of clans in the Tropical Pacific [14] was preserved in our
analysis, with Regular, Four-Plus, and Short clans depicted in our dendrogram as largely

similar to the original analysis (Figure 5.3A). There were some minor changes: the

111



groups recorded off Tonga and in the western Caribbean (branches with lower bootstrap
support in the original analysis) clustered with groups belonging to the Plus-One clan;
and four groups (two designated as Short, and two as Regular) clustered with different
clan branches (Figure 5.3A). We expected some changes because our new analysis was
different from the original [14] in two ways. First, we included the newer groups
recorded off Galdpagos (Figure S5.5). Second, we used absolute instead of the relative
inter-click intervals used in the original clan partition, since recent studies [27,28] suggest
that tempo, in addition to rhythm, is an important element of coda diversity.
Nevertheless, the dendrogram in Figure 5.3A is an appropriate depiction of the coda
repertoire similarity among groups of whales (CCC=0.896), with good support from the
bootstrap analysis.

The new categorical coda classification reproduced the main thematic patterning
expected for codas types in each clan (Figure 5.3B). For instance, groups belonging to the
Regular clan mainly produced regularly-spaced codas from 6 to 12 clicks (e.g. 6R1, 6R2,
7R1, 7R2, 8R2, 9R2, 9R3, 10R2, 11R, 12R); groups from the Short clan mainly produced
codas with 3 to 5 clicks (e.g. 3R, 2+1, 1+2, 4R, 1+2+1, 1+3+1); Plus-One groups
produced mainly codas with an extended pause before the last click (e.g. 3+1, 1+3+1,
5+1, 4+1+1); Four-Plus groups produced codas with four regular clicks (e.g. 4R, 4+1+1).
The groups recorded off Tonga and in the western Caribbean contained dominant codas
with longer pauses at the end (e.g. Tonga: 4+1+1; Caribbean: 1+3+1, 5+1, 61, 10I). These
coda types may explain the tendency for Tonga and Caribbean groups to cluster with the
Plus-One clan in our analysis. The patterns seen in the clustering analysis agreed with the

distribution of coda types per clan in the multivariate space: some types were made by
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many clans, whereas other types were characteristic of some clans as described above

(Figures S5.6, S5.7).
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Figure 5.3. Coda repertoire similarity and clan structure of sperm whale groups from the
Pacific between 1985 and 2014. (a) Hierarchical clustering dendrogram (CCC=0.896)
depicts the multivariate similarity (Euclidean distances on absolute inter-click intervals)
among coda repertoires of photo-identified groups of sperm whales (branches). Colour

code and clan names follow original results [14]; ‘g’ indicate groups observed off
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Galapagos; dashed branches indicate new groups observed in 2013-2014; arrows indicate
mean similarity between and within clans; numbers besides nodes indicate the number of
replications (out of 100) in bootstrap analysis. (b) Frequency of coda types containing up
to 12 clicks (rows) classified into discrete types for each photo-identified group
(columns). Shades of grey indicate the frequency of occurrence of coda types in a given
group repertoire; coda type labels represent rhythm (see Figure S5.2); numbers under
columns indicate total number of recorded codas from each group of whale used in the
continuous analysis; numbers on the right indicate the total codas per type used in the

categorical analysis.

The repertoires of groups recorded in 2013 and 2014 off Galapagos did not cluster
by year of recording (Figure S5.5), indicating that different clans were present in both
years. When these new groups were added into the Tropical Pacific clan analysis, they
clustered with existing branches representing the Four-Plus and Short clans and not with
the Regular and Plus-One clans previously heard off Galapagos (Figures 5.2, 5.3A).
Four-Plus and Short were heard previously off Chile, Kiribati, and the Marshall Islands,
and were very rare or absent off Galapagos in the past: in fact, only a single social unit of
the Short clan was recorded in 1999 (Figure 5.2) [14]. Our acoustic results concurred
with the photo-identification results: the lack of matches between the Galapagos whales
from 1985-1999 and 2013-2014 (Appendix D5.2, Table S5.2); and the 6 whales seen in
2003 in the Gulf of California (Figure 5.1B) were found to be members of the Four-Plus

clan in 2013 off Galapagos.
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5.5 DISCUSSION

Our study demonstrates cultural turnover in the sperm whale dialects off the
Galapagos Islands over the last 30 years. We attribute these changes to a turnover in the
clans utilizing these waters: the shift in the acoustic repertoires matches the complete
replacement of sperm whales identified off the Galadpagos. These findings confirm
previous suggestions that clans are stable over time (at least in repertoire, and almost
certainly in membership) but dynamic over space [15]. Our long-term analysis indicates
the coda repertoires remain little changed across three decades in the Pacific, highlighting
that Pacific sperm whales roam over very wide geographical areas as members of large,
long-lasting cultural clans [14,30].

None of the individual sperm whales using the waters off Galapagos in 2013 and
2014 were seen in the area during the previous three decades. Our photo-identification
findings increased the number of individual sperm whales catalogued across the Tropical
Pacific, but the rate of photographic recaptures off the Galapagos between 2013-2014
was low despite our long-term and large-scale sampling. Offshore surveys, however,
impose several logistical challenges, making our sampling effort patchy in time and space
(Table S5.1). We acknowledge the consequent uncertainty regarding presence of whales
in waters near the Galapagos, as well as in unsampled years. Yet, our photo-identification
data provide strong evidence for large-scale movements between discrete study areas and
across years. We propose, therefore, that the drastic demographic change we report was
driven by emigration of groups of whales from different clans.

There are four lines of evidence that support emigration out of Galapagos, rather

than changes in the composition of the clans themselves, as the most likely mechanism
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for the local decline in sperm whale sightings. First, there were several re-identifications
of Galédpagos groups and clans off northern Chile and Gulf of California (Figure 5.1A,
see also [20, 31]) evidencing that sperm whales do move long distances. Second, sperm
whales seem not change their clan membership, or if so, only very rarely [24]. Third,
sperm whales are slow-reproducing, long-living animals [24] and the last three decades is
a relatively short window in their life span during which no high mortality was evident
[22]; all of these make death and birth very unlikely the drivers of the replacement of
individuals off Galapagos. Finally, errors in individual identification cannot be a major
factor because marks used to photo-identify animals rarely change [32]; indeed, Atlantic
sperm whale individuals have been re-identified across 30 years within a single study
area much smaller than ours [12]. Combining these facts with our findings on coda
repertoires, we suggest the same clans from three decades ago still populate the Tropical
Pacific, but what seems to have occurred is a large shift in the habitat used by each of the
clans.

Sperm whales are nomadic. In the Pacific, social units have wide ranges,
performing long distance movements (mostly span about 2000 km, some over 4000 km)
within relatively short temporal scales [20], emphasizing the magnitude of the spatial
scale relevant for sperm whales. The long-distance movements are made by individuals
travelling together, since sperm whales live in nearly-permanent social units [11]. These
units belong to large clans with dynamic ranges [10,15], which are stable emergent social
structures [30] within which coda usage is conserved over time [15]. Therefore, the
radical cultural turnover in sperm whale dialects off Galdpagos reflected a clan

replacement, i.e. a local turnover in whales using the area in consequence of their natural
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movements in search for resources over large spatiotemporal scales. This contrasts with
the cultural revolutions among humpback whales where songs changed dramatically but
with little turnover of individuals [4-6].

The sperm whales recently identified off Galdpagos are not members from the
Regular and Plus-One clans once common in the area. Instead, they are members of two
existing clans (Four-Plus and Short) previously heard across the Pacific but very rare or
absent in Galdpagos waters. The Four-Plus clan was consistently heard off northern
Chile, while the Short clan spread over the Tropical Pacific and only few of its members
(a single social unit) had been previously identified off Galapagos [14]. The new whales
immigrated from neighboring waters in the wider Pacific. Our photo-identification data
may give some indication of origin: there were some matches with Four-Plus clan
members seen previously in Gulf of California, where both Short and Four-Plus clans

may be present [33].

5.5.1 Why Were the Clans Replaced?

The Galédpagos Islands, and more broadly the eastern Pacific, were historically
important grounds for sperm whales [34]. Although there were numerous whales when
our Galapagos studies started in 1985, emigration drastically reduced their numbers
between 1990-2000. Following this exodus, members of different clans have been slowly
repopulating the Galdpagos. The fall and rise of cultural clans of sperm whale off
Galapagos lead to two questions. Why did members of the original clans leave? Why are
the new whales from other clans rather than return of the original clans? While our data

show a clear shift in Galapagos sperm whale dialects, the underlying mechanisms for the
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large-scale displacement of clans are necessarily speculative. In what follows we describe
two non-exclusive hypotheses.

The first scenario involves large-scale environmental shifts. Drastic
environmental changes force cultural groups to adapt their strategies or move [e.g. 8].
Like many other predators as well as some herbivores, food availability is a major driver
of movement for sperm whales. They tend to go where the prey is, moving from areas of
low to high feeding success [35]. The abundance of preferred prey, for instance jumbo
squid (Dosidicus gigas [21]), may fluctuate naturally across the Pacific and in response to
environmental changes such as the El Nifio Southern Oscillation (ENSO). ENSO events
impose massive changes in the Pacific [36], including anomalous sea surface warming,
large influx of deep warm waters, and fluctuations in primary productivity and nutrient
cycling [36,37]. In particular, the extreme ENSO events in early 1980’°s and late 1990°s
represented remarkable warming in the equatorial Pacific, devastating marine fauna
[36,38], including marine communities in the Galdpagos region [39]. The reduced
productivity of tropical and equatorial Pacific waters considerably decreased the feeding
success of sperm whales off Galapagos [40]. ENSO events are becoming more frequent
and intense [36,41]; due to cetaceans’ high and adaptive mobility, leaving affected areas
is their immediate response [42]. We know sperm whales from different clans tend to
move and forage differently [17]. In years of normal temperatures, the foraging strategy
of the Regular clan outperforms the Plus-One; whereas in the warmer, less productive
ENSO years the foraging successes of both clans is reduced considerably but the Plus-
One’s strategy becomes more efficient than the Regular’s [17]. Clans may conserve their

foraging strategies even during remarkable environmental changes [17], thus living in
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this large-scale dynamic habitat, groups of whales from particular clans may relocate,
moving to areas where their foraging strategies are likely to maximize their food intake.
This assumed cultural inertia of foraging strategy—not uncommon in marine mammals
[43,44]—implies that large-scale movement is favoured over remaining in a changing
habitat and adapting to the new conditions. This may explain both why the original clans
left and why the new immigrants are from different clans, but implies that changes to the
ecosystem around Galapagos [37-39] are perceived differently by sperm whales from
different clans.

The second scenario involves lagged responses to the population decline caused
by modern whaling [22]. Sperm whales in the general vicinity of the Galapagos were
heavily hit by nearly-unregulated, as well as pirate, whaling between 1957-1981 [45,46].
The extreme depletion of sperm whales of the eastern Pacific in those years focused on
the relatively-inshore waters of the Humboldt Current off Perti and Chile as the legal
whaling used catcher-boats operating from mainland ports [34,46]. The whaling may
have left a surplus of sperm whale prey, re-opening a niche in the rich Humboldt Current
waters. In case of density-dependent habitat selection [47], whales would redistribute
themselves according to habitat quality—Ilow whale density in productive coastal waters
may have stimulated the eastward migration out of the Galapagos in the 1990’s [22]. If
the population slowly recovers, it would redistribute to first occupy high-quality coastal
waters then adjacent areas [47], which may explain the modest and recent return to
Galapagos waters documented here. In this scenario, the turnover of clans off the
Galapagos would result from a general eastward movement: first of the Regular and

Plus-One clans from the Galdpagos to more coastal waters, and then of the Four-Plus and
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Short clans from oceanic and northern waters to the Galapagos. The underlying
assumption is that different cultural foraging strategies characteristic of each clan [17]
performs similarly in different areas.

In both scenarios, the turnover of clans using Galapagos indicates that there may
be social dynamics driving movement decisions. Group displacement implies a
compromise between individual decision and group conformity [e.g. 48]. Thus, once
some members of one clan have decided to leave a particular habitat, other members may
choose to move with clan-mates rather than remain within that habitat—a within-clan
gregariousness that could be mediated by specific codas identifying clan membership
[27]. As associations with familiar conspecifics can facilitate acclimation to novel habitat
[49], the benefits of foraging and associating with behaviourally similar clan members
may outweigh the cost of displacement to a new habitat. This assumes that clan
membership is important for the success of the individuals and social units that comprise
them, which fits well with recent evidence that sperm whale movement decisions are
shared [50] and that individuals conform to the predominant behaviour of clan members
[30]. Overall, these findings show that tracking cultural traits can reveal large-scale
population shifts, which further illustrates the key role culture can play in the structure

and dynamics of animal populations and their communication systems.

5.5.2 Conclusions
Learned communication repertoires can be either stable across or change within
generations in response to cultural selection and drift [51-53]; yet a population’s

repertoire is rarely completely replaced. We found an influx of immigrants from different
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cultural clans replacing those that used to be in the area decades ago. This local cultural
turnover was an epiphenomenon of large-scale displacement of sperm whales organized
by vocal clan, suggesting that clan structure is temporally stable but spatially flexible.
The changes in sperm whale acoustic repertoires off Galdpagos are clear, but the ultimate
causes of this cultural turnover remain hypothetical. Unraveling the drivers of large-scale
relocation of cultural groups will allow us to better understand animals’ response to the
changing ocean, the dynamics of depressed populations, and the importance of culture in

animal societies.
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CHAPTER 6

CONCLUSIONS

“The most beautiful thing we can experience is the mysterious. It is the true source of all
art and science. He to whom the emotion is a stranger, who can no longer pause to
wonder and stand wrapped in awe, is as good as dead—his eyes are closed.”

~ A. Einstein, 1930

In my thesis I posed the question on the interplay between animal society and
culture, taking eastern Tropical Pacific sperm whales as a model. I investigated the
causes, consequences and temporal stability of the highest level of their multilevel
society—the vocal clans. I showed cultural processes giving rise to clans of sperm
whales, which in turn affect the social behaviour of their members, in a two-way
relationship that can be stable over temporal, but dynamic over spatial scales. This
research fits within a formal conceptual framework of the study of the dynamic
interactions between social structure and social learning in non-humans. My results on
sperm whales strengthens the evidence for culture as a key aspect of their lives, as
individuals, as members of family groups, and members of a larger population structured
into sympatric cultural communities. These results further illustrate that important

processes driving behavioural flexibility in humans—information transmission through
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biased social learning and cultural drift—can also operate in wild animal populations and

structure their social relationships.

6.1. RESEARCH FINDINGS

6.1.1 Interplay: Society and Culture of Sperm Whales

Chapter 2 was set out to explore the reciprocal relationship between social
structure and social learning, highlighting it as a wide-spread phenomenon, non-exclusive
of human societies. I argued that social relationships define the content and the way
information flows among individuals during social relationships, at the same time that
social learning adjusts who socially interacts with whom. Using the formalism of adaptive
networks (e.g. Gross & Blasius 2008), I delineated frameworks that organize the current
findings in the topic, and also generate hypotheses to be later on confronted by data
(Figures 2.1 and 2.4 in Chapter 2). While learning cultural behaviours during social
relationships may be inherently tied to our lives, in my research I show the same two-way
relationship playing a major role in the lives of cetaceans—especially sperm whales—

shaping the large-scale structure of their societies.

6.1.2 Cause: Biased Social Learning

Sperm whales off the eastern Tropical Pacific are organized into sympatric clans of
individuals with high similarity in their vocal communication repertoire (Rendell &
Whitehead 2003). This is not only an emblematic example of culture structuring an animal

society in the wild, but may be, potentially, the largest cooperative entity outside humans
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(Whitehead & Rendell 2014). However, while the empirical pattern was clear, the
literature was inconclusive about its causes. Chapter 3 sought to identify the underlying
mechanisms giving rise to the vocal clans, and formally test the hypothesis of social
learning being involved in the clan partition. It is logistically impossible to perform
experiments over the large temporal and spatial scales relevant for the whales, so I
developed a series of computer models in which virtual whale populations behave and live
accordingly to the empirical rules observed for wild populations. Thus by trying to
replicate the empirical pattern in the presence and absence of different transmission
mechanisms of coda vocalization—individual learning, genetic inheritance, pure and
biased social learning—I could backtrack the formation of clans to infer on its major
drivers. I show that clans of whales with different dialects emerge when whales learn from
each other, but in a specific way: conforming to the most similar individuals around them.
So, on this side of the interplay, culture is a key ingredient in the partition of sperm whales

into sympatric clans with different acoustic repertoires.

6.1.3 Consequence: Social Behaviour Diversity

Chapter 4 looked into the other side of the interplay—the consequences of clan
membership for social behaviour. Using a long-term dataset, I found that the clan partition
propels differences in a range of social metrics: individuals of one clan dived more
synchronously and had more homogeneous and briefer relationships than the members of
the other clan. 1 proposed cultural drift as a potential explanation for the such
divergence—with individuals replicating the social norms experienced within their clans.

Given that the social units are the fundamental social level in sperm whale societies, for
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which alloparental care giving is thought to be the primary driver (e.g. Gero et al. 2013), 1
speculated that differences in social relationship quality and duration, as well as surface
time, can potentially cause differences in calf survival between clans. Much of what we
know about mammal social learning and culture comes from foraging behaviour (e.g. Box
& Gibson 1999). My findings expand the cultural divergence of sperm whales, by adding
distinct social norms between clans. Combined with previous findings on movement and
diet preferences (Whitehead & Rendell 2004, Marcoux et al. 2007), my results suggest
that sperm whale culture is more diverse than previously recognized, encompassing a
wider portion of their behavioural repertoire. This places sperm whales among few other
animal species with rich, divergent cultural repertoires, such as primates (e.g. Whiten et al.
1999, van Schaik et al. 2003) and other cetaceans (e.g. Ford et al. 2000, Garland et al.

2011, Allen et al. 2013, Whitehead & Rendell 2014).

6.1.4 Stability: Temporal But Not Spatial

To this point, much of my research had been theoretical and/or based on previously
collected data. By revisiting the sperm whales off the Galapagos Islands nearly thirty years
after the start of behavioural studies (Chapter 5), I updated the current picture of the sperm
whale societies using the waters off the archipelago with new empirical data. I
documented the decline in occurrence of sperm whales off Galdpagos through the 1990’s,
followed later by a slow return to these waters. This is a rare case of all individuals of a
population being replaced by new ones; what is more, I found that the new individuals
were members of different cultural clans. While the local population composition changed

dramatically, the coda repertoires in the pool of sampled individuals in the Tropical
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Pacific remained quite stable. Thus, I found that clan structure can be temporally stable,
but spatially flexible. That is, sperm whales roam over very large areas but as members of
long-lasting cultural clans. I hypothesize that such large-scale displacement of cultural
clans could be a response to recent environment shifts, or to the collapse of the population

following whaling in the area; but these remain hypotheses for future studies.

6.2. RESEARCH CONTRIBUTIONS

The outcomes of my thesis may be of interest of a wide portion of the academic
community—from theoreticians interested in emergence of patterns in nature, to
empiricists interested in the underlying mechanisms of social behaviour in the wild. I
believe these findings are also relevant to a general audience beyond, interested in the
lives of the enigmatic sperm whales. In what follows, I frame the specific contributions of
my research into three different levels.

At the population level, my research adds important pieces to the unusual picture
of sperm population structure that has emerged from studies of the eastern Tropical
Pacific. After modern whaling decimated the population in the 1950’s, 1960’s and 1970’s
and uncertainty over the next few decades (Whitehead ef al. 1997), my research brings
good news. Sperm whales are persisting in the eastern Tropical Pacific, and show signs of
return to areas where they were once abundant. As a cultural society, composed of
matrilineally-based social units and clans, sperm whales have been roaming around the

Tropical Pacific, eventually returning to the Galapagos archipelago.
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At the species level, my research adds to our growing picture of sperm whale
society: how much behaviour is culturally-driven, what factors contribute to the culturally-
driven social patterns, how these patterns change over time and the implications they have
for the social behaviour of the individuals. My findings provide new lines of evidence for
social learning as a major driver of the large-scale structure of their populations, and
added social behavioural variability to the diversity of their cultural repertoires. Taken
together, these findings reinforce that membership of cultural groupings plays an
important role in the structure and dynamics of sperm whale populations.

More broadly, my research contributes to the literature on animal culture, a much
debated topic in academia. My findings illustrate and reinforce transmission of
information as a source of phenotype diversity and behavioural flexibility, implying that
proximate mechanisms occurring in shorter (few generations) time scales have profound
implications for population and social structures of animals. By strengthening the
hypotheses that culture is a source of intrapopulational variation in behaviour, and a driver
of phenotypes, this research helps to bridge the unnecessarily large gap we have created

between our conceptions of humans and other animals (e.g. Corbey & Lanjouw 2013).

6.3. LIMITATIONS AND THE WAY FORWARD

We may “never know a man to become as good at [distinguishing between
individuals] as the animals themselves” (Timbergen 1953, pp. 108), let alone how they
perceive each other, how they feel (Safina 2015) and what it means to be inside of an

animal’s mind (Gould 1998). The scientific advances in the fields of animal cognition,
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learning and sociality are remarkable; we think we already have a good—yet blurry and
incomplete—picture of the cultural processes that operate in animal societies. But, truly,
studying animal culture remains a challenge.

I learned throughout my research some of the numerous difficulties involved in
studying societies and culture—starting with the basics, i.e. finding elusive animals in
remote places. The amount of effort put by the research group over years in field work
offshore is immense. The time invested in collecting data on sperm whales—months at the
sea patiently waiting to hear the faintest clicks, spot a blow in the horizon; then making
sure we keep tracking, recording, photographing the whales for as long as possible—and
painstakingly processing these data in the lab is huge. The magnitude of the spatial and
temporal scales relevant for sperm whales make it hard to eavesdrop informatively on
their private lives. There are clear limitations in addressing culture and society of whales
based on simulations and direct observations. At best, our approach provides sometimes
sparse data—collected during short periods at the surface—other times cluttered data—
during long periods of exchange of communication sounds among many whales
underwater.

To afford a more comprehensive view of the mutual relationship of animal culture
and societies, there is room for improvement in at least three basic aspects: collect more
refined data, employ novel analytical methods, and consider other taxa. First, the more
refined data one can get at the individual level, the better. The challenges of data
collection are taxa-specific. The most used measure of social relationships in of
vertebrates (and particularly in cetaceans) assumes the gambit-of-the-group, meaning

individuals observed in close spatio-temporal proximity have had conditions to socially
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interact (Whitehead & Dufault 1999). This is a very useful proxy (e.g. Farine 2015) but it
provides limited, coarse information on the content and quality of the social interactions
(e.g. Castles et al. 2014) that ultimately make up the social structure of the population
(Hinde 1976). Improving the recorded details of social interactions may not be much of a
problem for species which behaviours are visible and easy to distinguish, such as
terrestrial mammals. For cetaceans, new technologies for automated data collection (such
as D-Tags, crittercams; e.g. Johnson & Tyack 2003, Calombokidis et al. 2007), are
becoming increasingly available and promise to provide an incredibly detailed picture of
how individuals behave and communicate above and underwater. However, these are still
expensive and time-consuming techniques, so the number of sampled individuals is likely
to be limited. More likely, observational studies may continue to provide the best quality
of data at the individual level for many cetacean species in the near future (e.g. Mann et al.
2012, Gero et al. 2016). Continuing efforts to amass data in long-term field studies is
imperative.

As individual identification data accumulate over the years, in addition to genetic,
hormonal, behavioural information, we can begin to tease apart other drivers of social
relationships of animals that may come along with learning and cultural processes (e.g.
Whitehead 2009). These richer data can feed more sophisticated analytical tools to better
describe social relationships (e.g. Whitehead & James 2015), social structure (e.g. Farine
& Whitehead 2015) and account for other biological and ecological factors (e.g. Pinter-
Wollman et al. 2013) that could mask whether aspects of the large-scale social structure
are products of culture (e.g. Whitehead 2009, Mann ef al. 2012). With long-term and

detailed empirical data, network-based diffusion models on time-ordered data (e.g.
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Hoppitt & Laland 2013) have been proven very powerful ways of tracking the spread of
behaviours among individuals in the wild (e.g. Allen et al. 2013). Finally, experiments
with natural populations can be great tools to test the function of a particular behaviour
(e.g. through playback experiments; Sayigh et al. 1998) and if this behaviour is learned
among conspecifics. For cetaceans, however, experiments in the wild are usually
logistically challenging and some may be impractical—for instance seeding in a
behavioural innovation to monitor how it spreads among social contacts (as done for
primates and birds; e.g. Aplin et al. 2015, Whiten et al. 2016). Likewise, experiments
removing the effect of a particular behaviour in a wild cetacean population is not only
very difficult but ethically questionable. When a behavioural variation is naturally
removed, one may be fortunate to test its effect on the social structure of a wild population
without direct interference; although fortuitous, this approach is very revealing (e.g.
Ansmann et al. 2012). Thus, theoretical work based on models and computer
simulations—such set evolutionary theory (Tartina et al. 2011) and the agent-based
modeling (Railsback & Grimm 2012) exercised in this thesis, to name a few—may
continue to illuminate the dynamics of the interplay between social structure, learning, and
their coevolution (see Nowak 20006).

Finally, the field will benefit from a broader investigation by increasing the
number of taxa for which the interplay between society and culture is considered. Here I
focused on oceanic examples, but I recommend the incorporation of culture in the context
of social structure of any species for which social learning can drive behaviour; good
candidates include birds, fish, terrestrial herbivore and carnivore mammals (e.g. Box &

Gibson 1999, Laland & Hoppitt 2003). For some of these species, we are more likely to be
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able to directly test the interplay, for instance with diffusion and playback experiments
(e.g. Whiten et al. 2016) both in captivity (e.g. Whiten et al. 2005) and in the wild (e.g.
Aplin et al. 2015). Tying together observational, experimental, and theoretical work would
be the ideal next leap for future studies; but meeting this agenda will not come without

massive challenges.

6.4. CLOSING REMARKS

We have always “feared and worshipped, loved and hunted whales”—they are part
of human cultures (e.g. Estes 2006, Sakakibara 2009). But there is still much debate as to
whether culture is exclusive to humans (e.g. Laland & Galef 2009). My research
strengthens the evidence for whales having their own kinds of culture (Rendell &
Whitehead 2001), which is an important piece in the puzzle of the evolution of sociality.
More personally, it fascinated me to see a society of completely different animals, living
on a completely different environment, displaying key similarities with our own society.
The outcomes of this work made me remember the similarities we have with other
animals. Throughout the thesis I argued that similar individuals tend to interact—
similarity breeds good relationships (e.g. McPherson et al. 2001). So I hope we improve
our relationship with Nature before sperm whale societies, and other fascinating biological
systems, are severely depleted.

The most obvious clash between human and whale cultures—the whaling
industry—has already collapsed largely as a consequence of our societies’ greedy

decisions. But the destructive potential of our culture is far from finished. Culture,
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undoubtedly, equipped humans with unparalleled means to live abundantly in every corner
of the planet (e.g. Boyd et al. 2011, Marean 2015)—this is arguably what distinguishes us
from other life forms (e.g. Boyd & Richerson 1996, Tomasello 1999). I posit that just
possessing culture may not be what makes us humans different; it may be the leftovers of
our cultural decisions. Surely our culture is more complex, diverse and cumulative than
other animals’ (e.g. Tomasello 1999, Tennie et al. 2009). And so are its negative
consequences.

Our culture promotes, directly and indirectly, many threats to the entire biosphere.
This is not news to anyone: humans have caused rapid, drastic changes in all ecosystems
(e.g. Estes et al. 2011), perhaps even triggering a sixth mass extinction (e.g. Koch &
Barnosky 2006, Wake & Vredenburg 2008, Yeakel et al. 2014) and changing the pace of
evolution (Palumbi 2002). Global warming (e.g. Whitehead et al. 2008, Cai et al. 2014),
resource overexploitation (e.g. Myers & Worm 2003, Worm et al. 2006), noise and
chemical pollution (e.g. Weilgart 2007, Jambeck et al. 2015)—to cite few perils—are
increasingly threatening life on land and in the ocean, including the pelagic ecosystems
whose remoteness may make them be erroneously perceived as pristine or of least
concern.

Throughout the thesis, I also emphasized the importance of the individual, and
individual behaviour. Individual actions may seem minor in comparison to the magnitude
of the problems our society causes to nature; but yet these actions can, collectively, help
to alleviate some of these major problems (e.g. Springmann et al. 2016). Let us learn
from predecessors: our technological culture may not keep us insulated from

environmental problems for as long as we hope (Diamond 2005, 2012). If culture makes
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humans change and adapt (Boyd et al. 2011), then it is time for us to change again.
Minimizing, at least retarding, the malign by-products of our cultural behaviour is urgent.
So may our minds be open to refrain from unsustainable life styles; may our eyes be open

to look into Nature and wonder in awe with that Thoreauvian sympathy.
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A2.1 TABLE S2.1. Glossary of network terminology and its interpretation in the context

of animal societies, based on refs. 1-7.

Network, graph

Nodes, vertices
o

o
(o]

o
o

o

Edges, links, ties

&

Binary edges

%

X

Weighted edges

=

One-mode
network

Tw

&

o-mode

network

Definition

Meaning in the animal social context

Collection of points (see
“nodes”) joined in pairs by lines
(see “edges”) according to a
defined relationship.

Points in the network diagram,
representing the elements of the
studied system. Nodes can have
different states.

Connecting lines between two
nodes in the network,
representing a  relationship
between the elements of the
system.

Edges can be present or absent
and represent the presence of a
qualitative relationship between
two nodes in a network.
Quantitative relationships
between two nodes in a network,
whose weights are proportional
to the relationship intensity.

Networks in which all nodes
have the possibility of being
connected.

Networks whose nodes are
divided into two distinct sets,
with edges only occurring

B3This appendix available online at
http://rstb.royalsocietypublishing.org/content/royptb/suppl/2013/03/28/rsth.2012.0340.DC1/rstb20120340su
ppl.pdf as supplementary material for the manuscript: Cantor M. & Whitehead H. 2013. The interplay
between social networks and culture: theoretically and among whales and dolphins. Philosophical
Transactions of the Royal Society B. 368. 1618, 20120340. doi: 10.1098/rstb.2012.0340
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Population of individuals represented by
nodes and connected by their social
relationships represented by edges.

Usually represent identified individuals,
but can represent higher levels of social
structure. States of nodes include sex,
age, behaviour types.

Represents the social relationship
between two individuals.

Presence or absence of a social
relationship (or social interactions)

between two identified individuals.
Quantitative = measure  of  social
relationships. Commonly, weighted
edges represent the proportion of time
two individuals spend associated,
estimated by association indices [7], or
the rate at which they interact per unit
time.

Animal social networks themselves are
examples of one-mode networks: all
pairs of individuals may have a
relationship.

Figure 2.4 is a two-mode network,
illustrating individuals connected to the
behaviour types that they perform.



Coevolutionary
(or adaptive)
network

Topology of the
network

Modular
structure

Nested structure

Small-world
properties

Shortest
length

path

Connectance

Strength

Closeness
centrality

between different sets of nodes.

Network exhibiting a feedback
loop between the local and
topological dynamics, i.e. the
state of the nodes and the
evolution of the network
structure.

The arrangement of the nodes
and the pattern of relationships
between them; the structure of a
network.

Network composed of weakly
interlinked groups of nodes,
which are strongly internally
connected.

In a nested two-mode network,
some nodes have  more
interactions than others and there
is a tendency for interactions of
nodes with few interactions to be
a proper subset of the
interactions of nodes with more
interactions

Networks in which two nodes
that are both linked to a third
node tend to be themselves
linked and in which there is a
small average shortest path
length between individuals.

The least number of steps
between two connected
individuals that separate two
nodes in a network.

The proportion of realized edges
in relation to possible edges.

The sum of the weights of all
edges connected to a node.

Total distance of a given node to
all other nodes in the network,
defined by the inverse sum of its
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We suggest that this feedback loop can
represent the interplay between changes
in individual behaviour and the social
structure, mediated by social learning
occurring during social relationships
(see Figure 2.1b).

The topology of a social network is an
illustration of the social structure of a
population.

A modular social network depicts sets
of individuals that interact or associate
at high frequency with each other, and
at lower frequency with individuals of
other modules.

Figure 2.4 contains a nested individual-
strategy network in which individuals
that perform few strategies tend to
perform a proper subset of the
behavioural strategies performed by the

individuals  that perform  several
strategies.
In a small-world network, most

individuals are not directly related to
each other, but almost everyone can be
reached from every other by a small
number of relationship steps.

Measures the shortest distance between
two individuals in a social network, in
terms of number of intermediate
relationships. It is a measure of the
efficiency of information transmission.
Total number of dyadic relationships
given the total number of possible
dyadic relationships.

Sum of intensity of all social
relationships of a given individual,
sometimes called gregariousness.

A measure of how related an individual
is to all others in the social network.



shortest distances to all other

nodes.
Betweenness Measures the degree to which a Measures the number of shortest paths
centrality node lies on the shortest path that passes through an individual; thus
between two other nodes. individuals with high betweenness may

funnel and control the flow of
information through the social network.
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

B3.1 SUPPLEMENTARY FIGURE S3.1

i\i O Population level u a) Initial population size e) Initial age distribution
& 0.34 O Social Unit level A 1000 agents Exponential decay

H A Predefined Clan level b) Reproductive age  f) Initial average unit size
:'9 0.2 [ ] 9-40 years 12 agents

“: c) Migration rate g) Individual learning rate
.E 0.1 5% 2%/year

3 d) Mortalit h) Coda repertoire size
g 00-???ff7|—————0l*IIIOIA )ca/f=9.3°/);,adu/t=5.5% )GZCodat’;pes

T T T T 1T T T T T T T
1234567 8 91011121314151617 181920
Agent-based model

(a) Initial population size (e) Initial age distribution
—| 500 agents =1 5000 agents = Uniformly-distributed —| Exponential increase
0.4 — A — —
. L - . ° . A
02 . . 5| 5
_ A Jl _ _ -
00 Baaisiiiiiian i iasa iR i AR AAARRA AR AR
(b) Reproductive age (f) Initial average social unit size

8 agents ‘ —| 15 agents

6-20 years 18-70 years

-

o
N
|
|
|
|
|

Modularity (*10-") £ 95% CI
8
|
i »
i
i

A

(c) Migration rate (9) Individual learning, innovation and error rate

1% -1 10% | 1%/year | 10%/year

(d) Mortality (h) Coda repertoire size
~| calf=16.7%, adult=5.1% —| 31 coda types ~| 93 coda types

Equal

Agent-based model

4 This appendix is available online at
http://www.nature.com/ncomms/2015/150908/ncomms9091/extref/ncomms9091-s1.pdf

as supplementary material for the manuscript: Cantor M, Shoemaker LG, Cabral RB, Flores CO, Varga M,
Whitehead H. 2015. Multilevel animal societies can emerge from cultural transmission. Nature
Communications 6: 8091. doi:10.1038/ncomms9091

198



Supplementary Figure S3.1. Sensitivity analysis of parameterization and initial
conditions in the emergence of clans in the 20 simulated scenarios. Clan emergence is
evaluated by the weighted modularity O-value (y-axis) in each of the acoustic networks
simulated by the 20 agent-based models (x-axis). Color code denotes similar transmission
mechanisms of coda types among agents operating at different social levels (see Figure
3.3A, main text); shapes represent the social level at which the transmission operated
(circle: population, square: social unit, circle: predefined geographical clan); whiskers
represent the 95% confidence intervals (CI) estimated by an appropriate theoretical
model, based on 1000 iterations and 10 replicates for each model. Significant O-values,
those falling outside of the 95% CI of the benchmark distribution (P < 0.001), indicate a
reliable partition in the acoustic networks, i.e. a modular topology with subsets of social
units (nodes) more strongly connected with each other than with the rest of the network
(see Figure 3.4, main text). The top plot illustrates our main results (Figure 3.3C, main
text), followed by their initial parameters values. In each of the 16 new scenarios below
(a-h), a single parameter was changed at a time for all 20 models with values representing
the extremes of a biologically meaningful range (the parameter value is indicated in the
top left of the plot). Note that each small plot resembles very much the main pattern
shown in the top plot, indicating that the clan emergence presented in the main text is

robust to variation in the parameters and initial conditions.
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B3.2 SUPPLEMENTARY FIGURE S3.2
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Supplementary Figure S3.2. Sensitivity analysis of the weighted modularity metric

along a gradient of increasing sampling of the link weights in the acoustic networks. The

modularity metric defines a reliable partition in the acoustic networks (i.e. emergent

clans) simulated by each of the 20 agent-based models (ABMs). Whiskers represent the

95% confidence intervals (CI) given by 1000 replicates in the bootstrap procedure (link

weight resampling with replacement). Color code denotes similar transmission

mechanisms of coda types among agents operating at different social levels (following

Figure 3.3A, main text). Note the strikingly similar pattern in all scenarios, conferring
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robustness to our chosen metric for clan partition across the range of possible weights for

a link (coda repertoire similarity) between nodes (social units) in the simulated networks.

B3.3 SUPPLEMENTARY FIGURE S3.3
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Supplementary Figure S3.3. Typical simulated dataset. Output of a representative
simulated dataset, with social learning of coda types within social units (ABMO04), after
700 simulated years: (A) Social unit size distribution (number of agents); (B) Age

distribution (in simulated years, i.e. time steps in the simulation); (C) Population size



over time (number of agents); (D) Coda frequency of all repertoires of all agents within
each social unit. Each boxplot represents the frequency distribution of a social unit; boxes
represent 1% and 3™ quantiles; black horizontal bars represent median; dashed whiskers

represent minimum and maximum frequencies; circles indicate outliers.
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B3.4 SUPPLEMENTARY TABLE S3.1. Modularity results and averaged acoustic similarity in all 20 agent-based models.

A Modularity Average acoustic similarity = SD
B  Transmission process and level of operation Emergent social units Emergent clans
M 0 95% CI ~ o
within between #  within between
01 Individual learning (IL) 0 0-0.6*10°  0.3301+0.0122  0.3297+0.0079 1 0.3301 -
02  Genetic inheritance (GI) 0.1*10°8 0-0.8%10%  0.4405+0.0533  0.3902+0.0312 1 03913 -
03 Social learning (SL) at population level 0 0-1.7*10%  0.5026+0.0196  0.5017+0.0127 1 0.5026 -
04 Social learning (SL) at unit level 0 0-0.2%10% 0.4958+0.0170  0.4956+0.0120 1 0.4958 -
05 Social learning (SL) at clan level 0 0-0.4%10% 0.4874+0.0138  0.4875+0.0106 1 04872 -
06 SL+Homophily (H) at population level 0 0-0.9%10%  0.9592+0.0139  0.9545+0.0106 1 09592 -
07 SL+Homophily (H) at unit level 0 0-0.2%10%  0.9546+0.0196  0.949440.0142 1 09546 -
08 SL+Homophily (H) at clan level 0 0-0.5%10% 0.9613+£0.0103  0.9570+0.0077 1 09575 -
09 SL+Conformism (C) at population level 0.2*10°8 0-0.9%10% 0.7477£0.0122  0.7470+0.0101 1 0.7495 -
10 SL+Conformism (C) at unit level 0 0-0.9*10® 0.7538+0.0171  0.7536+0.0123 1 0.7538 -
11 SL+Conformism (C) at clan level 0.6*107® 0-0.7¥10°  0.7094+0.0119  0.7086+0.0082 1 0.7086 -
12 SL+Symbolic Marking (SM) at population 0 0-0.3*10°  0.4246+0.0100  0.4253+0.0068 1 04246 -
13 SL+Symbolic Marking (SM) at unit level 0 0-1.0%10% 0.4821+0.0171  0.4813+0.0103 1 0.4821 -
14 SL+Symbolic Marking (SM) at clan level 1.0*10°® 0-0.5%10%  0.4794+0.0199  0.4801+0.0127 1 0.4808 -
15 SL+H+C at population level 0.020 0-0.003 0.7625+0.0540  0.7494+0.0491 3 0.7343+0.0684 0.7302+0.0054
16 SL+H+C at unit level 0.036 0-0.006 0.7582+0.0639  0.7437+0.0498 2 0.7183+0.0852 0.7115+0.0046
17 SL+H+C at clan level 0.029 0-0.003 0.8210+0.0730  0.8089+0.0581 2 0.8191+0.0112 0.8189+0.0056
18 SL+H+SM at population level 0.9%10°® 0-1.7*10% 0.9581+0.0152  0.9531+0.0110 1 09538 -
19 SL+H+SM at unit level 0 0-0.7¥10°  0.9546+0.0179  0.9479+0.0148 1 0.9546 -
20 SL+H+SM at clan level 0.5%10® 0-1.5*10° 0.9567+0.0142  0.9509+0.0103 1 0.9524 -

For each agent-based models (ABMO01-20), modularity O + 95% confidence intervals (CI) calculated with theoretical models,

and averaged coda repertoire similarity + standard deviation (s.d.) within and between social units and emergent clans are

presented. ABMs are composed by a transmission process (individual learning, genetic inheritance, social learning (SL)),

with/without a transmission bias (homophily (H), conformism (C), symbolic marking (SM)), occurring at three different social

levels (population, social unit, predefined geographically-segregated clan).



B3.5 SUPPLEMENTARY TABLE S3.2. Parameters tested in sensitivity analysis of the agent-

based model parameterization and initial conditions.

Parameter or starting

condition

Lower estimate

Chosen condition

Upper estimate

a) Starting population size and

carrying capacity (agents)

b) Reproductive age (years)

c¢) Migration rate among social

units (agents year™)

d) Mortality probability
(year™)

e) Initial age distribution

(years)

f) Initial average social unit
size (agents)

h) Individual learning rate
(year™)

g) Repertoire length (coda

types)

Noz 500
6 to 20

c=0.01

Uniform (equal to all

agents)

Normal distribution
(all ages are equally
probable)

tvu =38

ilearn =0

nCodas = 31

No= 1000
9 to 40
c=0.05

Age-dependent [1]
(Mralves = 0093, Maduiss
=0.055)

Exponential decay
(more younger, less

older agents)

tvu=12
ilearn = 0.02
nCodas = 62

No=5000
18 to 70
c=0.10

Age-dependent [2]
(Mcatves = 0.1679,
Maguis = 0.0505)
Exponential
increase (more

older, less younger

agents)
tvu=15
ilearn = 0.10
nCodas = 93

Tested parameters were common to all of the 20 agent-based models. Three conditions

for each parameter were tested: a lower extreme estimate, the chosen condition, and an

upper extreme estimate.
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B3.6 SUPPLEMENTARY NOTE 3.1

Collectively, the sensitivity analysis evaluated the robustness of the clan partition
across various demographic, learning, and coda-specific parameterizations (see
Sensitivity analysis of parameterization and initial conditions in the agent-based models,
Supplementary Methods). The different effects considered were the proportion of
potential tutors (adult agents) as source of cultural traits (coda types) [3], their dispersal
rates [4,5] as seeding of copying errors and innovations [6,7] between social units on the
transmission of coda types among learners (calves), the diversity of cultural traits in the
population and hence the emergence distinct cultural groups [8], here the clans of sperm
whales. The results were very robust to changes in the initial conditions and
parameterization (Supplementary Figure S3.1). This is clear in two key ways. First, in all
of the 16 cases with different initial conditions, there was no reliable clan partition in the
models in which they originally have not emerged (ABMs 1-11, 13-14, 18-20). In these
cases, modularity was zero or non-significant and 2 to 3 orders of magnitude smaller than
in the cases where clans emerged (Supplementary Figure S3.1). Second, clans emerged
only in the very same three models with biased social learning of coda types (ABMs 15-
17) in which we originally observed partition of the acoustic networks into modules
(Figure 3.4, main text).

Although the overall pattern is robust to the initial conditions, there were a few
deviant situations (10%: 5 situations/(3 models*16 cases)) in which these three models
that originally yielded clans did not produce them when the parameters were set to
extreme estimates (Supplementary Figure 3.1). These were when: a) individual learning

rate was excessively high in ABMs 15 and 16; and c) coda repertoire length was
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excessively small in ABMs 15, 16 and 17. We interpret these findings as follow. First,
with very high rate of individual learning, the social learning efficiency decreases. Such
rates (10% per year) would represent very low fidelity in copying coda types and/or very
high rate of innovation by calves. Either way, the overall diversity increases, dismantling
possible homogeneity in coda repertoires within potential clans. Second, with very small
coda repertoires (c), there are few coda types and consequently little room for variation.
When averaging the repertoires of all individuals of social units, the overall diversity
decreases, leading to the convergence of all units’ repertoires and consequently to no

partition into clans.

B3.7 SUPPLEMENTARY NOTE 3.2

Our sensitivity analysis of our metric for the clan partition (see Sensitivity analysis of
clan partition, Supplementary Methods) suggests that the clan emergence is robust to the
variation in the averaged acoustic similarity among social units (acoustic network links)
(Supplementary Figure 3.2). In all the 20 agent-based models, the pattern was strikingly
similar: modularity values were high, stable (with small 95% confidence intervals) and
consistent from 5 to 100% of the sampled links (despite an overall decrease around 30%).
This confers robustness to our chosen metric for clan partition across the range of
possible weights for a link (coda repertoire similarity) between nodes (social units) in the

simulated networks.
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B3.8 SUPPLEMENTARY METHODS 3.1. The balabm R package.

Agent-based models are available in the R package balabm v.1.1, which is deposited
open-sourced at the Bitbucket repository https://bitbucket.org/maucantor/balabm. The
package also makes available the empirical data used in this work.
1. Installation: The package can be installed from the repository:
a. Launch R. Install and/or load the package ‘devtools’ with the command:
if(Irequire(devtools)){install. packages('devtools’); library(devtools))}
b. Install and load ‘balabm’ with the command:
install _bitbucket(“maucantor/balabm”); library(balabm)
2. Running the models.
a. Browse your local machine for the folder where R was installed and find the folder
/library/balabm.
b. The folder /abm/ contains the scripts for each of the ABM (Check README.txt).
Copy the content of this folder to your working directory.
c. Open the R scripts for the agent-based models in R (or RStudio) to run the models.
When using these models or data, please cite the R package along with the original paper:

citation("balabm")

B3.9 SUPPLEMENTARY METHODS 3.2. Empirical support for the agent-based models.

We built agent-based models based on the following empirical socioecological findings:

a. Social structure parameters
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i. Female and immature sperm whales are found in nearly-permanent social units that
include related, as well as unrelated, animals [9]. Mature males lead quasi-solitary lives
and spend a great part of their lives near the poles, associate only briefly with female
social units for mating [9], and rarely perform coda vocalizations [10]. Therefore, males
would not play any important role in the behavioural learning mechanisms we addressed
here, and thus the simulated social units contained only female agents.

ii. Calves experience high natal group philopatry, i.e. they remain in the natal social unit
since they are highly dependent on their mothers [9,11]. Thus, agents with 0, 1 and 2
years old do not change social unit membership, i.e., the probability of remaining with
the mothers in their natal social unit (i.e. retaining the social unit membership label) was
rem = 1.

iii. Changes in social unit membership are very rare. Social units are long-term entities
that are composed of females and immatures that live and move together for many years
and likely their entire lives [9,12]. Thus, adult females have very low probability of
migrating to other social units [13]. There is a rough estimate of 6.3% probability of
individuals to be involved in social unit merging, splitting or transferring of individuals
within a given year [13]. Thus, in our models there was a very low probability, ¢ = 0.05,
of adult agents migrating to another social unit (i.e., of randomly changing their social
unit label) through their lives. In the abovementioned study [13], the individuals who
changed social units were relatively young females. Thus, in our models the migration
probability was age-dependent, inversely proportional to the agents’ age, with youngster

agents more prone to change their social unit.
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iv. Therefore, with 7, ii, and iii, the social units emerge in the simulations as nearly-
permanent and nearly-matrilineal, as in the empirical data. Although four other short-
term aggregative levels have been described for sperm whales, none of them are
considered a social level per se [9] either because they are temporary (small temporal
scale: clusters, groups) or because they do not involve social interaction among
individuals (large spatial scale: aggregations, concentrations). Clusters are ephemeral sets
of individuals swimming closely at the water surface for periods of minutes, and groups
are sets of units moving together in a coordinate manner for periods of few hours to few
days [9]. Concentrations are patches of whales spanning a few hundred kilometers, within
which aggregations of individuals within 10-20 kilometers may occur [9]. Therefore,

these short-term aggregative levels were not represented in the models.

b. Population parameters

v. Empirical social units were delineated using individuals re-sighted at least three times,
with at least two other individuals during at least two 12h-identification periods spaced
out by at least 30 days [13]. Off the Galapagos Islands, there were 174 photo-identified
individual sperm whales that meet the above criteria and were assigned to 18 known
social units [13]. To account for undersampling, the simulated initial population size was
more than 5 times larger (No = 1000 individuals) than the empirical number of photo-
identified individuals, but still a reasonable number of sperm whales (excluding mature
males) to be using the waters off the Galapagos Islands [14].

vi. The mean social unit size off the Galapagos Islands is about 12 members (including

sometimes juvenile males) [14,15]. The maximum initial number of simulated social
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units was a function of the initial population size: Tvu = No / SU where Tyu is the total
number of social units at time step =1, Ny is the initial population size, and SU is a
random integer from the uniform distribution €[8,14].

vii.  Social units rarely split, merge, or experience abrupt membership changes [9,13]. With
stochastic demographic processes in the simulations, social units may increase or
decrease in size over the simulated time (see Appendix B3.3, Supplementary Figure
3.3A). To prevent the simulated social units from growing indefinitely, they split in half
when their size doubled the maximum initial social unit size at time step /=1. All agents
of a splitting social unit had the same probability of remaining in their original unit or
being part of a new social unit. That is, half of the agents of that social unit were
randomly selected with equal probabilities to keep their social unit membership labels,
while the other half had their social unit membership replaced by the new label T ¢ +1,
where T ¢ is the maximum number of social units existent at the time step .

viii. Although precise ages are hard to estimate empirically, female sperm whales are
thought to become sexually mature after at about the age of 9, stop reproducing after
about 40 years old, and live 70 years on average [9]. In the simulations, agents followed
these characteristics. The simulation were started with agents’ age being randomly
assigned from an exponential distribution (f(age) = A -e(=4%9€) gge >0, A = 0.08),
so the initial population was mostly young, with ages typically varying from 0 to 70 years
old. Agents reproduced from 9 to 40 years old (i.e. newborn calf agents are added to their
simulated social units), and demographic rates were chosen such that most whales lived
70 years (although some could die earlier and a few live longer) (Appendix B3.3,

Supplementary Figure S3.3B).
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ix. The empirical female sperm whale reproduction rate is age-specific and estimated [16]
to be bemp i = 0.257 — (0.0038 x agei), where bemp i 1s the empirical birth rate and age; is
the age in years of the individual i. Because we were interested only in female agents, we
simulated female offspring only, so the simulated birth rate was half of the empirical one
(bi = bemp i/ 2), assuming a 1:1 sex ratio in birth events. At each time step ¢, a birth
probability bi » was calculated for all agents of the population who reached sexual
maturity, which have the same probability of giving birth. In the social unit of the
selected reproductive agents there will be an addition of one agent with age 0 and an
empty coda repertoire vector.

x. Population was modeled as density-dependent. We assumed that all social unit
members compete for the same foraged resources, and thus the population fluctuated
around the carrying capacity (i.e., the initial population size, No = 1000 individuals) over
time (see Appendix B3.3, Supplementary Figure 3.3C).

xi. Mortality rates (m:) were defined as m: = [(B: + N;) — No] / (B: + N;), where B is the
number of births in year ¢, N: is the population size in year ¢, and No is the initial
population size. Calves usually have higher mortality than adults, and classic and recent
empirical estimates corroborate this pattern [9,10]. In our models, to account for age-
dependence in mortality we calculated the number of agents that would die in each time
step, m:;, and removed agents from the simulation according to empirical estimates of
mortality rates [9] (calf = 0.093 year!; adult and juveniles = 0.055 year!). Therefore, all
agents in the population at the time step ¢ had a probability of dying according to their
age class. The death of selected agents was represented by the removal of their coda

repertoires, social unit membership, and age labels from the model.
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xii. The simulations lasted for # = 700 years, a period 10 times longer than the empirical

life expectancy [9] and long enough to achieve a steady state in the simulations.

c. Learning parameters

xiii.  While sperm whales mainly produce echolocation sounds (continuous series of clicks),
they also produce codas, stereotypical patterns of 3-40 broadband clicks lasting less than
3 seconds in total [17]. Codas are performed in a social context [9,18,19] almost
exclusively by females [10] and their major function seems to be labelling and
reinforcing social bonds [20].

xiv. Sperm whale social units have vocal repertoires of about 31 coda types (usually 3-4
commonly used plus about 25 to 28 uncommonly used coda types) [19,21]. In our
simulations, agent calves started with coda repertoires of 31 random codas (frequencies
of which were drawn from the uniform distribution €[0,100]). Along the simulation, they
could change their repertoires and add frequencies of up to 62 coda types, which is twice
as long as the empirical coda repertoires to correct for undersampling of empirical data.

xv. Individuals gradually develop their codas in early ages [22,23] and rarely change coda
repertoire as adults. The precise age for learning the acoustic repertoire is genuinely
difficult to estimate given the impossibilities of experimental intervention with sperm
whales in the wild. While the empirical evidence is inherently scarce, it suggests that
individuals mainly compose their vocal repertoires at early ages, rather than over the
course of their lives. Based on the best available empirical data, we defined a calf as an

agent up to 3 years old—since after this age sperm whales are usually larger and begin to
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wean and perform deeper dives [12]. Learning was modelled such that calf agents change
their coda repertoires between the ages of 0 and 3 years old (see Figure 3.2, main text).

xvi. To account for copying errors and innovations [6,24], in all models calf agents were
subjected to a low probability (0.02) of replacing the frequency of one randomly chosen
coda type (62 codas * 0.02 = 1) by a value drawn from the uniform distribution €[0,100]
each year (at ages 0, 1 and 2 year old). This effect represented individual learning, i.e. the
chance of deliberately creating new coda types (innovation), or randomly creating a new
type by copying an existent one with low fidelity (copying error). Therefore, with xii and
xiii, changes in the coda repertoire occurred three times for each calf agent and after the
age of 3, their repertoires were fixed.

xvii. Individuals within social units have very similar (but not identical) coda repertoires
[21,23,25,26]; and social units of the same clans have similar (but not identical) coda
repertoires [21,23]. Therefore, just as with the empirical data [21], we evaluated possible
clan segregation based on the coda repertoire of the social units. In our simulations, we
used the averaged coda repertoires of the social units to examine whether they cluster in
the simulated acoustic networks (i.e., by testing for modularity).

xviii.  Social units from different clans in the same area have very distinct coda repertoires
[21], which justifies clustering of social units with high coda repertoire similarity as
emergent clans in the simulations.

xix. Demographic effects and individual movements—such as migration, immigration and
dispersal—can be important drivers of cultural diversity [27]. Our models were explicitly
temporally-structured and implicitly spatially-structured. To account for the potential

demographic and movement effects in coda transmission, while respecting the structure
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of the sperm whale societies with nearly-permanent social units, we simulated different
levels of population mixing. We replicated all the models with social learning and
transmission biases in the three social levels that are relevant for sperm whales: social
unit, predefined geographical clans and population. In doing so, it is reasonable to assume
that the mean distance between an individual and other members of its unit is less than
that between the individual and other members of its clan, which in turn is less than the
distance between two members of the whole population. We represented the case in
which social units are fairly closed structures by allowing the calf agents to learn only
within their own social units. We represented learning between social units that are
spatially segregated by starting the simulations with predefined clans mimicking the
geographically-segregated clans found in the Atlantic [28], and allowing calf agents to
copy from agents of other units, but only from those within their clans. Finally, we
represented the case of a completely mixed population by allowing the calf agents learn

from any agent in the population.

B3.10 SUPPLEMENTARY METHODS 3.3. Sensitivity analysis of parameterization and

initial conditions in the agent-based models.

Agent-based models usually rely on assumed parameters to modulate the agents’
behaviour. In some cases, their empirical values are unknown. We have grounded the
parameter estimates of our models using the best empirical evidence available (see
Empirical support for the agent-based models, Appendix B3.9, Supplementary Methods
3.2). In our main analysis (Figures 3.3 and 3.4, main text), the parameters and initial

conditions were fixed across scenarios, so we can directly compare differences in
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learning strategies—the overarching goal of this study—without having the confounding
influence of changing parameter values or starting conditions.

Possibly, different starting points in the simulated scenarios could cascade into
different model outputs. To evaluate the robustness of our findings on the partition of
simulated social units of sperm whales into clans with distinct acoustic behaviour, we
performed a sensitivity analysis of the parameters that were common to all of the 20
agent-based models. We assessed the impact of 6 initial demographic parameters in
addition to 2 key parameters of coda transmission (Appendix B3.5, Supplementary Table
S3.2). Some demographic parameters could affect the number of learners (calf agents)
and tutors (adult agents) in the population: population size (carrying capacity) controls
number of agents; reproductive age controls addition of agents; mortality controls
removal of agents; initial age distribution controls number of calves in the starting
populations. Others tested demographic parameters could affect the probabilities of
interaction between agents: migration rates among social units affect population mixing;
average social unit size affect number of associates of an agent. Finally, the coda
transmission parameters could affect learning fidelity and cultural trait diversity:
individual learning controls the rate of innovations and leaning errors in producing new
coda types; while coda repertoire length controls number of coda types to be learned.

To evaluate the clan partition, we ran the models changing a single parameter value at
a time and calculated the modularity Q-metric for weighted one-mode networks, our
measure of clan partition. Significantly high O-values indicated a reliable partition in the
acoustic network into modules, i.e., the emergent clans. The significance of O-values was

checked using an appropriate theoretical model reshuffling the link weights among social
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units, using 1000 iterations. Modularity was considered high and significant when the
observed (Q-value was higher than the expected by chance, falling outside of the 95%
confidence intervals (CI) of the benchmark distribution generated by the theoretical
model (for more details, see details in the main methods section).

Our models are computationally demanding; therefore, for each of the 8 parameters
and initial conditions we tested two values (the extremes of a biologically-meaningful
range) and replicated it 10 times for each model, amassing 3200 Q-values from
independent runs of the agent-based models. Supplementary Table 3.2 (Appendix B3.5)
displays all parameters and their tested ranges. We compared our modularity findings
(Figures 3.3C and 3.4, main text) with 16 other situations, changing a single parameter at
a time. This allowed us to parse out the effect of each parameter on our modularity
results, rather than having confounding influences of multiple parameter changes as a
time. While, ideally, we would examine interactions of parameters as well, due to
computational limitations with agent-based models, it is common to examine changing a
single parameter at a time [32,33]. The results are available in the Supplementary Figure

3.1 (Appendix B3.1) and Supplementary Note 3.1 (Appendix B3.6).

B3.11 SUPPLEMENTARY METHODS 3.4. Sensitivity analysis of clan partition.

We defined a clan, both in the empirical and simulated datasets, using a weighted
modularity metric to evaluate the partition of the acoustic networks (i.e., nodes
representing social units connected by weighted links representing similarity among their
coda repertoires). Although the agent-based models simulated coda repertoires for each

agent, the empirical data is not resolved at the individual level since it is logistically very
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difficult to assign coda production to individual whales in the wild (this has been
achieved in just one case [26]). To make the simulated data comparable to the empirical
data, we averaged the coda repertoires of all agents of the social units to build the
acoustic networks (see Figure 3.4, main text). However, the simulation of coda
repertoires with agent-based models represents a “complete sampling”, in the sense that
we are able to record all codas of all agents of all social units. Clearly, this is not the case
for the empirical data, for the same logistical challenges.

We have used the weighted counterpart of the modularity metric to account for
fine-scale variation in the similarities among simulated social units. To evaluate if the
metric is robust to variation in the levels of sampling in the individual coda repertoires—
and make simulated and real-world acoustic networks even more comparable—we
performed a sensitivity analysis to the resultant weighted modularity Q-values in the
simulations. We resampled (with replacement, 1000 iterations) the simulated network
links of all 20 ABMs and evaluated the modularity values with increasing sampling
gradient, from 5% to 100% with increment of 5% of the links at a time (bootstrap
procedure). The results are available in the Supplementary Figure 3.2 (Appendix B3.2)

and Supplementary Note 3.2 (Appendix B3.7).

B3.12 SUPPLEMENTARY METHODS 3.5. Differences between empirical and simulated

coda types.

Codas are stereotypical patterns of 3-40 broadband clicks lasting less than 3
seconds in total [17]. The empirical codas types are classified according to inter-click

intervals, i.e., the proportion of time between the clicks [19,21]. For instance, a coda type
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labelled as 5R contains 5 regularly-spaced clicks (so 4 equal inter-click intervals), while a
4+1 coda also contains 5 clicks but with an extended period between the 4™ and 5 clicks
(so 3 equal and one extended inter-click interval). Sperm whales can produce several
coda types [19,21]. Here, we simulated the absolute frequency of the different coda types
each whale can make, not inter-click intervals that define coda types. In our agent-based
models, each agent has a coda repertoire represented by a vector with maximum of 62
elements denoting absolute continuous frequencies of different coda types from 0
(absent) to 100 (always performed coda type). For instance, consider a whale 4 that
always performs 5 codas types 3R, 4R, 5R, 4+1, 5+1; and a whale B that mostly performs
the codas 3R, 4R, 7R but sometimes also performs the codas 6R, 2+1, 3+4, 2+4. The
repertoire of a simulated agent representing 4 is given by a vector of 62 elements, 5 of
which have frequency 100% and the rest is zeroed. Likewise, the repertoire of the agent B
is also a 62-element vector but with 3 elements with 100%, 4 elements with intermediate
frequency (say 30, 40, 60, 50%) and the rest is zeroed. Therefore, the two vectors differ
both in number of zeroed elements and in the frequencies of the non-zeroed ones. Note
that we simulated and compared frequencies of use of labelled codas, not the codas
themselves, because we are interested in evaluating the diversity of codas individuals end
up producing under different coda transmission scenarios (to further quantify and

compare the similarity of their coda repertoires).

B3.13 SUPPLEMENTARY METHODS 3.6. Differences between empirical and simulated

coda transmission.
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The principal mechanism for the acquisition of coda repertoire is hypothesized to
be social learning, in which individuals reproduce the coda types they are exposed to
[19,21,23,29,30]. The main goal of our agent-based models is to test which transmission
mechanisms, if any, can reproduce the empirical patterns (distinct vocal clans of sperm
whales with highly similar coda repertoires), presumably generated by social learning of
coda types among whales. Therefore, we modeled changes in the agents’ coda repertoires
(i.e. changes in the frequency of codas used) occurring due to varieties of social learning
and other alternative transmission processes, to observe under which combination of
transmission processes vocal clans (clusters of social units with similar coda repertoire)
emerged. Briefly, the transmission processes modelled were: genetic inheritance or
vertical transmission (agents copy the exact mother’s repertoire), individual learning
(agents are assigned to random coda types and frequencies), and oblique social learning
(see main text and Figure 3.2).

Oblique social learning was simulated as agents copying different proportions of
other older agents’ repertoires (i.e. coda types and their frequencies of usage). For an
example of a typical social learning simulated event, consider the two abovementioned
fictional whales 4 and B. When the agent 4 “learns” from B, it randomly selects a coda
type i from B’s repertoire (62-element coda vector) and copies their frequency of use so
the ith element in A’s repertoire will contain the same value as the ith element in B’s
repertoire. The proportion of coda types copied is predefined, as well as from whom the
codas were copied (only from individuals of the same social unit; or from individuals of
different social units of the same vocal clan; or from any individuals of the population)

(see main text and Figure 3.2A, iii). This “pure” social learning could also be biased by
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homophily, conformism, and/or symbolic marking. In the models with homophily, agents
copied coda types from agents of social units with high coda repertoire similarity to the
social unit they belong to, but not their own (Figure 3.2A, iv). In the models with
conformism, agents disproportionately copied the most common coda types (within their
social unit, within their clan, or within the entire population) (Figure 3.2A, v). Finally, in
the models with symbolic marking, agent calves copied a specific subset (~10%) of the
coda repertoire of their social unit to mark the social unit they belong to. This subset is
represented by 6 coda types that individuals from a given social unit will always perform
(i.e., all agents will have 6 specific elements with 100% frequencies in the coda vector)
(Figure 3.2A, vi). In our 20 sub-models, these transmission processes could be combined
and occur within the social unit (Figure 3.2B, vii), the pre-defined vocal clan (Figure
3.2B, viii), or entire population (Figure 3.2B, xi) (see also the main text and Figure 3.3A

for full description).

B3.14 SuPPLEMENTARY METHODS 3.7. Differences between empirical and simulated

coda repertoire comparison.

Empirical coda repertoires were assigned to the social units whose members were
photo-identified within 2h of the recording at the field and had at least 25 codas recorded.
The empirical repertoires of the social units were compared using two methods, one
based on continuous and other on categorical measures [21,31]. The first method used an
averaged multivariate similarity method to compare codas with the same number of
clicks, based on the infinity-norm distance between the absolute and standardized

intervals between adjacent clicks (inter-click intervals):
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SaB = (ngnp) (1)

where s4p is the coda similarity between the repertoires 4 and B, each with n4 and ns
codas respectively; /i is the number of clicks in coda i of set 4, /; is the number of clicks
in coda j of set B, and dj; is the maximum distance (given by the infinity-norm) between
the inter-click interval vectors of the codas i and j. The basal similarity was 0.001 to give
a very fine scale comparison of codas on the order of 1 millisecond (although results are
robust to variation) [31]. The multivariate similarity (s) was used to build the links among
social units in the empirical acoustic networks, which we then used to analyze the clan
partition. The second method categorized codas into nearly discrete types based on the
number of clicks using a k-means clustering algorithm and a variance ratio criterion to
choose the number of clusters [19,21]. Each coda type was given a representative label
(e.g. 3R for codas with three regularly spaced clicks; 4+1 for 5-click codas with an
extended interval before the last click). Two categorical coda types were considered
similar if they were assigned to the same type (categorical similarity = 1) and dissimilar if
assigned to different types (categorical similarity = 0) [19,21].

In our agent-based models, we simulated frequencies of usage of coda types
(categories), and not the inter-click intervals of each coda, therefore the coda repertoire
comparison resembles the second method. We chose the asymmetric weighted Bray-
Curtis index as a feasible metric to compare the simulated data—the averaged frequency
of usage of codas within members of a social unit—to calculate the similarity between
the repertoires of the social units and further evaluate the emergence of clans. For each

two coda repertoires, the similarity of the frequencies of use of coda types was given by:

BCip=1- (222) 2)

Sa+Sp
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where BCus is the sum of the lowest frequency of the coda types that are common to both
repertoires of the social unit 4 and B; Sa is the total frequency of the codas in the
repertoire of the social unit 4, while Sz is the total frequency of codas in the repertoire of
the social unit B. The original Bray-Curtis index measures dissimilarity, so here /- BC4s
gives the similarity between repertoires: from 0 (completely different) to 1 (exactly equal
repertoires). Note that this metric did not consider coda types that were simultaneously
absent (double zeroes) in both repertoire vectors. Finally, the Bray-Curtis similarities
between simulated social units were used to build the simulated acoustic networks from

which we analyzed the potential partition into clans.
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4"

C4.1 TABLE S4.1. Summary of the social metrics among social units of two vocal clans of

sperm whales off the Galapagos Islands (Plus-One and Regular). Unit size (number of

photo-identified individuals), mean cluster size while foraging (number of individuals),

dive synchrony (residuals of no-dive gap in minutes, from the dive synchrony regression

model), social differentiation (S), association indices (HWI).

Clan

Plus-One
Plus-One
Plus-One
Plus-One
Plus-One
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular
Regular

Social

c
=
:o

NMYTOoOCNR—TT“mEPOZQTMI

Social Cluster size Dive synchron _
unit size %+ SD? 4 SD° ' S+SE®  HWIX+SD
14 1.42 +0.06 -0.17 £3.36 0.00+0.37 0.16£0.21
12 2.01+045 -1.08 £2.21 0.00+0.25 0.17£0.17
11 - - 0.60+0.20 0.22+0.34
6 1.34 - 0.00£0.09 041+0.16
6 1.85 3.21 0.00+£040 0.27£0.27
24 1.68 +0.34 3.68 +5.06 0.67+0.10 0.10£0.14
22 1.45+0.08 2.284+1.45 0.33+0.16 0.21£0.17
18 1.30 6.46 0.79+0.07 0.15£0.20
9 1.79 +£0.38 8.31 0.74+0.34 0.15£0.22
6 1.50+0.18 13.05 0.00 0.11+0.13
13 1.89 +£0.49 8.30 0.22+036 0.14£0.22
11 1.63+0.31 3.92+2.78 0.00+£0.29 0.27£0.17
8 1.20 - 0.33+0.30 0.07+0.13
9 1.56+0.34 - 0.52+0.34 0.09+0.16
6 1.49+0.22 451+7.65 0.00 0.07+0.15

2SD: standard deviation; ® SE: standard error; Dashes indicate unavailable data.
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APPENDIX D: SUPPLEMENTARY MATERIAL FOR CHAPTER 5'6

D5.1 TABLE S5.1. Sampling effort summary of dedicated visual and acoustic surveys for
sperm whales in the Eastern Tropical Pacific (ETP). Study areas: Galapagos Islands (1),
Panamd, Ecuador, and northern Peru (2), southern Peru and Chile (3), Gulf of California
(4) and Western Pacific (5). Days following whales: total days tracking and in visual
contact with sperm whale groups; Photographic records: total number of pictures taken of
tail flukes for photo-identification (see also [1]); Codas analyzed: total number of coda

samples manually identified and included in the continuous analyses (see also [2]).

Year Study areas Days following Photographic Codas analyzed
whales records
1985 1,2 32 973 1,511
1987 1 55 1,615 2,342
1988 1 15 442 0
1989 1 56 1,708 113
1991 1,2 25 962 413
1992 2,45 13 273 1,234
1993 2345 26 514 1,553
1994 1 3 108 0
1995 1,24 23 583 660
1996 1 8 144 0
1997 14 20 310 0
1998 1,4 27 179 0
1999 1,24.,5 46 811 879
2000 2,3 79 2,082 5,360
2002 1,4 35 897 0
2003 4,5 17 383 0
2004 4 6 173 0
2013 1 27 996 1,986
2014 1 41 1,113 994
Total ETP 554 14,286 17,045

16 Supplementary material for the manuscript: Cantor M, Whitehead H, Gero S, Rendell L. Cultural

turnover among Galapagos sperm whales. Royal Society Open Science.
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In 2013 and 2014, we revisited the Galapagos waters, totaling 165 sampling days and 1,670 hours

with visual and/or acoustic contact with 15 groups of distinctive whales photo-identified together.

D5.2 TABLE S5.2. Number of photo-identified (quality rating 0>3) individual adult
female sperm whales and immatures of both sexes (males in parentheses) in the Tropical
Pacific by study area and year. Only individuals with a recorded position are presented.

Calves were not quantified. Data from 1985-2004 (3,947 individuals) came from [1].

Panama, Chile
Year Galapagos Ecuador, South’ern Gulf of Western Total

Northern . California Pacific

Pert Peru
1985 344 (8) 6 (0) 0 (0) 0(0) 0(0) 358
1987 440 (8) 0(0) 0(0) 0(0) 0(0) 448
1988 95 (0) 0(0) 0(0) 0(0) 0(0) 95
1989 337 (4) 0(0) 0(0) 0(0) 0(0) 337
1991 94 (2) 278 (4) 0 (0) 0(0) 0(0) 378
1992  0(0) 5(0) 0(0) 1(0) 109 (5) 120
1993  0(0) 116 (1) 114 (0) 2 (0) 5(0) 238
1994 23 (0) 0(0) 0(0) 0(0) 0(0) 23
1995 91 (8) 21 (0) 0 (0) 4(0) 0 (0) 124
1996 29 (4) 0(0) 0(0) 0(0) 0(0) 31
1997 0(0) 0(0) 0(0) 5(0) 0(0) 5
1998 27 (6) 0(0) 0(0) 64 (4) 0(0) 101
1999  9(3) 3(0) 0 (0) 102 (3) 1(0) 120
2000 0(0) 15 (0) 863 (32) 0 (0) 0(0) 910
2002  0(37) 0 (0) 0 (0) 280 (3) 0(0) 420
2003  1(0) 0(0) 0(0) 139 (4) 1(0) 141
2004 0(0) 0(0) 0(0) 68 (0) 0(0) 68
2013 210 (25) 0(0) 0(0) 0 (0) 0 (0) 235
2014 253 (33) 0 (0) 0(0) 0 (0) 0 (0) 286
Total 1,953 (138) 444 (5) 997 (32) 665 (16) 116 (5) 4,468
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D5.3 TABLE S5.3. Number of codas analyzed from groups of female and immature sperm

whales photo-identified together in the Eastern Tropical Pacific by study area and year.

Year correspond to the photo-identification effort in Table S5.1. Data from 1985-1999

(14,065 codas) came from [2].

Year

1985
1987
1988
1989
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2002
2003
2004
2013
2014
Total

Panama,

Galépagos Ecuador, g;llilt‘;;ern Gul.f of . Wesfern
Northern i California Pacific
: Peru
Peru

1,511 0 0 0 0
2,342 0 0 0 0

0 0 0 0 0
113 0 0 0 0

0 413 0 0 0

0 293 0 941 0

0 429 616 134 374
0 0 0 0 0
660 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
879 0 0 0 0

0 0 5,360 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
1,986 0 0 0 0
994 0 0 0 0
8,485 1,135 5,976 1,075 374

Total

1,511
2,342
0

113
413
1,234
1,553
0

660

0

0

0

879
5,360

1,986
994
17,045
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D5.4 SUPPLEMENTARY FIGURE S5.1.

Processing

Rainbow Click
Manual Marking of Codas

Analysis

Continuous
Multivariate distance between
coda repertoires

Categorical
Similarity of coda samples of
same click length

A Y
Matlab OPTICS

Custom-written similarity script Density based clustering algorithm

Supplementary Figure S5.1. Schematic of the analyses of acoustic recordings and coda
repertoires to define vocal clans of sperm whales. In the processing phase, raw acoustic
recordings were listened at 4 speed and codas were marked in the Rainbow Click
software. Coda repertoires were composed of coda recordings assigned to groups of
whales photo-identified together. In the analysis phase, we used the absolute inter-click
intervals (ICI, the actual time between the onset of one click to another in a coda
sequence) to characterize the temporal structure of the codas. We then used two

complementary analyses, continuous and categorical. With the continuous measure, we
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compared coda repertoires similarity among groups of whales, using customized
MATLAB routines to calculate the multivariate Euclidean distance between repertoires
and hierarchical clustering algorithm (supported by a bootstrap procedure) to define the
partition of groups into clans of whales (Figure 5.3a). With the categorical measure, we
qualitatively described the differences between clan repertoires. We used the OPTICS
algorithm to identify clusters of very similar coda samples, with stereotyped rhythm and
tempo (Figure S5.2), which we called coda types. We performed a sensitivity analysis to
define the most parsimonious initial parameters for the OPTICS algorithm (Figure S5.4).
Many coda samples were disregarded as ‘noise’ and not included in a coda type cluster;
however nearly asymptotic discovery curves suggested that nearly all coda types made by
the sampled groups were represented (Figure S5.3). We then used contingency tables
(Figure 5.3B) to illustrate the principal differences between the repertoires of the
different clans (Figure 5.3A), and Principal Component Analysis (Figures S5.6, S5.7) to
visualize with more details these differences in coda type usage by different clans. This

schematic was adapted from [3].
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D5.5 SUPPLEMENTARY FIGURE S5.2.
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Supplementary Figure S5.2. Codas up to 12 clicks produced by sperm whales across the

Eastern Tropical Pacific and classified into discrete types. Coda types (y-axis) were

defined by the OPTICS algorithm (fixed {=0.025 and minpts ~4% of the sample size)

based on absolute time (x-axis) between inter-click intervals (ICIs). Dots represent mean

time of each click in the coda, and whiskers represent 95% Confidence Intervals around

the mean time. Coda type labels were based on the rhythm, where the first number

indicates the number of clicks; “R” indicates regularly spaced clicks; “I” indicates

increasing click intervals along the coda; “+” indicates extended interval between clicks;

and the sequential number distinguishes between codas with the same number of clicks

and rhythm but of increasing duration (e.g. 9R1, 9R2, 9R3).
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D5.6 SUPPLEMENTARY FIGURE S5.3.
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Supplementary Figure S5.3. Discovery curves for coda types per photo-identified group
of sperm whales across the Eastern Tropical Pacific. Coda types were identified using the
OPTICSxi algorithm, under three initial values for the key parameters ¢ (drop in sample
density) and minpts (number of minimum points): a) low ¢ = 0.005, high minpts = 8%
sample size; b) intermediate & = 0.025, intermediate minpts = 4% sample size; and c) high
¢=0.050, low minpts = 2%. Black lines represent a repertoire of a photo-identified group
of whales, red lines represent the mean discovery curve and red shades represent the

standard errors for the mean curve.
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D5.7 SUPPLEMENTARY FIGURE S5.4.
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Supplementary Figure S5.4. Codas classified into discrete types according to rhythm,
produced by photo-identified groups of sperm whales across the Eastern Tropical Pacific.
Coda types up to 12 clicks (y-axis) were based on absolute time (x-axis) between inter-
click intervals (ICIs). Dots represent mean time of each click in the coda, and whiskers
represent 95% Confidence Intervals around the mean time. Coda types were defined by
the OPTICSxi algorithm, under three alternative initial parameterization, varying contrast
parameter ¢ (threshold in reachability distance drop, establishing the relative decrease in
density within clusters) and minpts (defines the minimum number of samples that can be
considered a cluster) but fixing ¢ (maximum reachability distance within which clusters
will be searched for): (a) & = 0.025, minpts ~ 4% of sample size; (b) & = 0.005, minpts =
about 8% of sample size; (¢) & = 0.05, minpts ~ 2% of sample size. Coda type labels (y-
axis) were based on the rhythm, where the first number indicates number of clicks, “R”
indicates regularly spaced clicks; “I” indicates increasing click intervals along the coda;
“+” indicates extended interval between clicks; and the sequential number or letters
distinguishes between coda with same length and rhythm but of increasing duration (e.g.
OR1, 9R2; 2+1A, 2+1B). “N” indicate the coda samples regarded as ‘noise’ by the
OPTICS algorithm (note low accuracy, i.e. large 95% confidence intervals) and so
discarded from the categorical analyses. The matrices illustrate coda types (rows) for
each photo-identified group (columns). Shades of grey indicate the frequency of
occurrence of coda types in a given group repertoire (x>10%: black; 5%<x<=10%: dark
grey; 1%<x <=5%: grey; 0<x<=1%: light grey; 0: white). Color code for photo-identified
groups follow original clan partition in [2] and in the Figure 5.3 (main text). Numbers on

the right indicate the total codas per type used in the categorical analysis. Note the high
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number of coda samples discarded as noise (“N”’). Overall, there were some variations
across the three parameterization schemes. For instance, the number of coda types would
be 25 for the restrictive (a) or 29 for the permissive (c) parameterization schemes, mainly
because some 3- and 6-click codas were merged into the same or split into more types.
The intermediate parameterization (b) described more clearly the clan segregation based

on the continuous analysis data.

D5.8 SUPPLEMENTARY FIGURE S5.5.
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Supplementary Figure S5.5. Coda repertoire similarity among only the groups of sperm
whales recorded off the Galapagos Islands in 2013 and 2014. The hierarchical clustering
dendrogram (average linkage, CCC=0.89) depicts the multivariate similarity (Euclidean
distances on absolute inter-click intervals) among coda repertoires of groups of whales
(branches), colored by clans (as in [2]; see also Figure 5.3A). Numbers besides the

clustering branches indicated the number of times (out of 100) they were replicated by in

bootstrap analyses; numbers underneath are the year of recording.
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Supplementary Figure S5.6. Coda types used by vocal clans of the sperm whales.

Principal component analysis was used to reduce the dimensionality of the raw absolute

inter-click intervals (ICI) for each coda length (number of clicks) for better visualization

of the clusters of codas classified by OPTICSxi into categorical types (Figure S5.2,

represented by icon shape) using the intermediate parameterization scheme (Figures

5.3B, S5.2, S5.4B). Coda samples are colored by clans, a categorical variable defined by

241



hierarchical clustering analysis (Figure 5.3A; as in [2]). Loading plots indicate the
direction of variation according to each ICI. The amount of variance explained by the
first two principal components (PC) is given at the axes. The new data set recorded off
Galapagos in 2013 and 2014 is marked in black. For clarity, all coda samples regarded as
‘noise’ by the OPTICSxi algorithm (Figure S5.4) were not plotted. Overall, coda types
(here, defined by distinct clusters) were usually defined by the presence/absence of
extended pauses (‘+’), as suggested by the direction of loadings of the longer ICIs. Note
that clans shared some coda types (e.g. SR, 11R, 12R) but also produced coda types
which were nearly exclusive of their own clan. For instance, the Regular clan mainly
produced regularly-spaced codas from 6 to 12 clicks (e.g. 6-12R); the Short clan mainly
produced codas with 3 to 5 clicks; Plus-One groups produced mainly short codas with an
extended pause before the final click (e.g. 3+1, 1+3+1, 5+1, 4+1+1); Four-Plus groups
produced codas with four regular clicks (e.g. 4R, 4+1+1, 2+4). These characteristic codas
used more frequently by specific clans (Figure 5.3B) appears to have driven the clan

partitions in the dendrogram presented in the main text (Figure 5.3A).
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D5.10 SUPPLEMENTARY FIGURE S5.7.
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Supplementary Figure S5.7. All codas sampled from sperm whales in the Eastern
Tropical Pacific as categorized by OPTICSxi including unclassified samples (‘noise’).
Principal component analysis on the inter-click intervals (ICI) for each coda length
(number of clicks) was used here to reduce the dimensionality of the data for better
visualization and interpretation. The amount of variance explained by the first two
principal components (PC) is given at the axes. Codas are colored by type, as defined by
the OPTICSxi algorithm using the intermediate parameterization scheme (Figure S5.4B).

Samples sizes by type and proportion of unclassified samples (‘noise’) by coda length are

presented. Note our classification analysis was conservative and discarded a large portion
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of the samples regarded as ‘noise’ by the OPTICSxi algorithm. This creates a scenario in

which we only define new coda types when there exists many, highly similar codas.

D5.11 SUPPLEMENTARY METHODS 5.1: Acoustic recordings

Recordings of sperm whale acoustic repertoires were made when whales were
socializing or resting at the surface, and at the beginning of foraging dives [4], using a
variety of hydrophone arrays (frequency responses: 6 Hz—10 kHz, +3 dB; 1-10 kHz, +3
dB) connected to different recorders and amplifiers (details in Rendell & Whitehead
2003a). In 2013 and 2014, we switched to a custom-built 100m long towed hydrophone
array consisting of two Benthos AQ-4 elements (frequency response of 0.1-30kHz)
spaced by 3m connected via Magrec HP02 preamplifiers to a Magrec HP27ST
amplifying and conditioning box which imposed an analogue high-pass filter at 1kHz or
less, and recorded using a laptop PC running PAMGUARD software [5], sampling at
96kHz. To analyze codas, we only use the temporal patterning of their clicks; thus the
variation in the sampling or frequency responses of the recording systems used does not

impact our analysis.

D5.12 SUPPLEMENTARY METHODS 5.2: Permutation tests for differences between group

repertoires

All coda recordings on a given day from a given group represented a single

repertoire, and repertoires from different days were treated as replicates of a group’s
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repertoire [3]. To test for differences in repertoire between groups, we tested the null
hypothesis that the coda repertoire similarity between recordings of the same group on
two different days (same group, different days: SGDD) is the same as that between
recordings of different groups on different days (different groups, different days: DGDD)
[3]. We performed Mantel tests (1,000 permutations, Spearman correlation) [6] to test
correlations between matrices of multivariate similarity (see below) between sets of
codas recorded on pairs of days and a binary matrix in which SGDD=1 and DGDD=0. If
different groups have different repertoires, then we would expect greater similarity within
a group than between different groups, and so significantly positive correlation between

these matrices.

D5.13 SUPPLEMENTARY METHODS 5.3: Details on continuous similarity of coda

repertoires

To quantify the similarity between coda repertoires of groups of whales, we used
two complementary approaches: continuous and categorical. The continuous approach is
classification-free (disregards coda types) and based on the multivariate similarity of two
codas with the same number of clicks using the Euclidean distances between their inter-
click interval vectors [7]. We quantified the similarity between entire coda repertoires as
[2,7]:

nA "B b
2212 j21 brdy;
lj=li

namp (D

Sap =

where S5 is the similarity between repertoires A with n4 codas and repertoire B with ns

codas; /; and /; are the number of clicks in coda i from repertoire 4 and the number of
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clicks in coda j in repertoire B; b is the basal similarity (5=0.001) representing a very fine
comparison at the order of 1 ms (repertoire similarities are in any case generally robust to
variation in b) [7]; and dj is the Euclidean distance between the inter-click interval
vectors of codas i and j [2,7]. Codas with different numbers of clicks were assigned a

zero multivariate similarity [2,7,8].

D5.14 SUPPLEMENTARY METHODS 5.4: Details on categorical analysis of coda repertoires

With the categorical approach to analyze coda repertoires, we classified codas into
discrete types to illustrate thematic patterning differences in the repertoires among clans
of whales. We assigned categorical types based on the distribution of the absolute ICIs
using the OPTICSxi hierarchical clustering [9] in the ELKI framework [10]. We ran
OPTICSxi on the absolute inter-click intervals independently for all coda samples of
same number of clicks. Long codas (>12 clicks) were rare (0.9% of 17,045 codas
recorded, Table S5.1) and were not considered for the categorical analysis, but used only
in the continuous analysis. We then named discrete codas types based on their rhythm
and tempo—following previous nomenclature [2,11]: first number indicates number of
clicks, “R” indicates regularly spaced clicks; “I”” indicates increasing click intervals; “+”
indicates extended interval; and the last number distinguishes between two similar coda
types.

OPTICS is a density-based algorithm that orders samples linearly according to
their distances apart in the multivariate space; distances are used to calculate

“reachability” between samples and then define clusters. OPTICS defines clusters based
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on the following parameters: the contrast parameter ¢ defines the threshold in reachability
distance drop, establishing the relative decrease in density between versus within clusters;
minpts defines the minimum number of samples that can be considered a cluster (details
in [9]). The key advantage of OPTICSxi relative to other clustering algorithms is the
ability to distinguish clustered samples in multivariate space (i.e. codas with low
reachability, or distance in the ordered list) from sparser, outlier samples (i.e. codas with
high reachability, located far away from dense clusters). The latter are regarded as ‘noise’
instead of being forced into a cluster, as in other clustering algorithms (e.g. k-means)
[2,7]. Therefore, the clusters defined by OPTICSxi (here, coda types) are conservative in
membership, since only coda samples with high similarity are considered and any
uncertain sample (i.e. the ‘noise’, with low similarity, between clusters) is discarded.
OPTICS density-based algorithm is more successful and accurate in identifying natural
clusters in large datasets [12], and so is superior to the k-means algorithm previously
used to define coda types [2,7,11] that attempted to classify every sample into a coda
type, among other clear limitations [7]. We emphasize that here we used coda
classification for descriptive purposes: to illustrate the thematic patterning of codas
driving clan segregation given by the continuous analysis that includes all codas.

There are no rules of thumb to define the OPTICSxi initial parameterization.
Therefore, we then ran a sensitivity analysis to find parsimonious parameter values. We
first ran the classification algorithm with two extreme conditions: with low drop in
sample density and high number of minimum points (low ¢ = 0.005, high minpts = 8%
sample size); and high drop in sample density and low minimum points (¢ = 0.050,

minpts = 2%). The two extreme conditions yielded slightly different coda type
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classifications (Figure S5.3). The former produced many coda types (larger clusters were
typically split into many small ones) and the latter produced only a few (visually discrete
clusters were not split). Therefore, for our final analyses we used intermediate values for
¢ and minpts.

For the final classification of codas, we fixed the ¢ parameter across all
independent analyses of codas of different lengths (i.e. number of clicks), but we adjusted
the minpts parameter to the corresponding sample sizes. We used ¢ = 0.025 (i.e. 2.5%
drop in sample density defined a new cluster), so considered that the differences between
coda types of different lengths are the same [3]. We adjusted minpts according to the
sample size of each coda length to be around 4% because shorter codas are usually more
numerous than longer ones. In all cases, we were very conservative and considered a
coda type only the terminal branches in the hierarchical classification discarding all

sample that was not in the core of the clusters.

D5.15 SUPPLEMENTARY METHODS 5.5: Social level definitions

Sperm whale societies contain multiple social levels [4,13]. The fundamental one
is the nearly-permanent social unit, defined as sets of individuals that live and move
together for long periods, from several months to several years [14]. Social units form
temporary groups among themselves, defining sets of animals that move together in a
coordinated manner for periods of few hours to few days [4]. These groups are formed
among social units of the same vocal clan [2], defined by sets of social units with high

similarity in their coda repertoires [2]. To delineate a social unit, long-term photo-
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identification data is therefore required (see methodological details in [14]). While this
was possible for previous years off the Galapagos [14], there were not enough data
available to reliably delineate social units across the Eastern Pacific (see [2]), neither off
Galapagos in 2013 and 2014. Therefore, our analyses focused on acoustic repertoires of
groups of sperm whales photo-identified together [2]. Social units are known to form
these briefer groupings with one another [4], thus in our analysis we may have recorded
the acoustic repertoire of more than one social unit. However, this would not affect our

analysis because social units are known to group only with other units of the same clan

[2].
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