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An apparently vertically, socially transmitted foraging specialization (‘sponging’) in bottlenose dolphins
(Tursiops sp.) is observed in two adjacent gulfs within Shark Bay, Western Australia, where sponging has
possibly spread from independent innovations. We designed an individual-based model based on
empirical data, to investigate the conditions (of learning fidelity and fitness benefits for spongers) under
which sponging could be established and maintained. Simulations show that sponging is unlikely to be
established from a single innovation event but the probability increases with independent innovation
events. Once established, however, it can be maintained in the absence of fitness benefits for spongers, if
learning fidelity of daughters is virtually 100%. Smaller learning fidelities can be compensated for with
fitness benefits for spongers, but these benefits must be 5% and 10%, respectively, to compensate for
learning fidelities of 96.25% and 92%. Furthermore, we estimated the time since the emergence of
sponging by tracking the average pairwise relatedness among spongers over time and comparing it to
empirical estimates. For the eastern gulf of Shark Bay, we show that sponging might have been in place
for at least 120 years if it originated from a single innovation event. For comparison of vertical, social
transmission to other trait acquisition methods, we ran simulations in which sponging was either
a genetic trait or acquired solely by innovation. In these simulations, sponging could be maintained but
the simulation results and empirical data did not match. Hence vertical social transmission is a more
feasible mechanism to explain the spread of sponging.

© 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Socially learnt behaviours influence many domains of life in
numerous animal species (reviewed in Galef & Laland 2005):
predator avoidance (Cook & Mineka 1989); courtship behaviour
(Noad et al. 2000); migratory routes (O’Corry-Crowe et al. 1997)
and a growing body of literature describes foraging strategies that
seem to be transmitted vertically (i.e. from parent to offspring). The
diets or foraging strategies of offspring have been shown to
resemble their mother’s in sea otters, Enhydra lutris (Estes et al.
2003), orang-utans, Pongo pygmaeus wurmbii (Jaeggi et al. 2010)
and bottlenose dolphins, Tursiops sp. (Mann & Sargeant 2003;
Sargeant & Mann 2009), which indicates vertical transmission,
possibly by social learning (Galef & Laland 2005).

Mathematical modelling shows that the establishment and
maintenance of a socially transmitted trait is very unlikely if naive
individuals learn from only one cultural parent (Enquist et al. 2010).
Reasons for this conclusion are, first, that cultural drift (Koerper &
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Stickel 1980), analogous to random genetic drift, is likely to elimi-
nate new innovations and, second, that it is unrealistic to assume
that social learning is perfect (i.e. not all observers learn the
behaviour). Under these conditions, fitness benefits assigned to
bearers of socially learnt traits must be very high in order to
maintain the trait in the population (Enquist et al. 2010). Therefore,
the frequency of trait bearers in the population would be expected
to decrease over time and the trait would be lost. However, Enquist
et al.’s (2010) modelling was rather generic, and further develop-
ment would be possible, especially the addition of full stochasticity
and use of values from real populations. Individual-based stochastic
modelling would allow use of more biological details of the system.

The Sponging Behaviour

Despite the low likelihood predicted for vertically, socially
transmitted behaviours to be established and maintained, at least
one such behaviour (‘sponging’) has been established in each of the
two gulfs of Shark Bay, Western Australia (Smolker et al. 1997;
Mann et al. 2008; Bacher et al. 2010). A subset of the bottlenose
dolphin population wears conical marine sponges on their rostra
when apparently foraging along the seafloor (Smolker et al. 1997;
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Mann et al. 2008). This behaviour appears to be based on a pattern
of vertical social transmission without apparent genetic determi-
nation (Kriitzen et al. 2005; Ackermann 2008; Mann et al. 2008;
Bacher et al. 2010). Within each gulf, spongers share maternally
inherited mitochondrial DNA (mtDNA) haplotypes, with one
exception of a male sponger with a different haplotype in the
eastern gulf (Kriitzen et al. 2005; Ackermann 2008). This male
indicates that horizontal/oblique transfer or individual learning of
sponging may occur very rarely (Kriitzen et al. 2005). Sponging
haplotypes differ between the gulfs (Ackermann 2008), which
suggests that either sponging has been established from two
independent innovation events in each of the two gulfs of Shark
Bay (Ackermann 2008) or else that other horizontal transmission
has occurred. We do not know how stable the sponging behaviour
is over long time periods in either of the gulfs. Sponging was first
observed in the eastern gulf in 1984 (Smolker et al. 1992), shortly
after the long-term study of bottlenose dolphins in Shark Bay was
launched (Connor & Smolker 1985). Since then, 41 spongers have
been identified in the eastern gulf of Shark Bay (Mann et al. 2008)
and, since 2007, 40 spongers have been identified in the main study
area in the western gulf (Useless Loop, Kopps 2012). Learning of
sponging is not perfect in the eastern gulf: 91% of daughters and
25% of sons born to spongers sponge (Mann et al. 2008). Hereafter,
we refer to the probability that an offspring born to a sponger
becomes a sponger as ‘learning fidelity’. Based on the sample sizes
reported in Mann et al. (2008), the binomial 95% confidence levels
around the 91% learning fidelity for daughters are 59%—100%.
Sponging is habitat dependent and only observed in deep water
(channels > 6 m in the eastern gulf, Sargeant et al. 2007; >10 m in
the western gulf, Tyne et al. 2012) where the majority of females
sponge (Mann et al. 2008; Kopps 2012).

Because sponging appears to have been established and main-
tained once or more in Shark Bay, it appears that additional
modelling is required. The next stage in advancing our under-
standing of the establishment and maintenance of vertical social
transmission is to develop individual-based models informed by
biological data, thus providing models that are specific to a species
and context. Individual variation in both attributes and experience
results in stochastic processes, which are difficult to approach by
analytical models. Simulations are run on a time axis where indi-
viduals follow probability-based rules of reproduction, migration or
other behaviours implemented in the simulation (DeAngelis &
Mooij 2005).

Time of Emergence of Culture

Modelling not only allows examination of the maintenance of
sponging, but also estimation of the time since its establishment. It
is difficult to date innovation events. Their low frequencies mean
that, in wild populations, it is rather unlikely that innovation events
will be witnessed. However, innovation and extinction of conven-
tions (e.g. hand sniffing) have been documented in capuchin
monkeys, Cebus capucinus, where these behaviours lasted for up to
10 years (Perry et al. 2003). If innovations are not observed, they
can be tentatively dated by indirect methods. Based on archaeo-
logical dating methods on stone tools or bones with cut marks, the
emergence of hominid tool use was dated to 2.6 million years
(Semaw et al. 2003). Excavated flaked stone assemblages that
derive from chimpanzee, Pan troglodytes, nut cracking have proved
that durable records can shed light into past activity (Mercader
et al. 2002). The excavated site was dated to 3400 years, indi-
cating that tool use in chimpanzees has been transmitted for more
than 200 generations (Mercader et al. 2007).

Indirect dating is more difficult in aquatic habitats because it is
difficult to find material evidence of historical tool use. However,

modelling of pairwise genetic relatedness provides a tool for indi-
rect estimation of the emergence time of a vertically transmitted
trait. If there are no competing influences on relatedness, then
genetic relatedness among spongers is expected to decline over
time since the common sponging ancestor (Kriitzen et al. 2005).
Spongers in the eastern gulf of Shark Bay are more related than
expected by chance (Kriitzen et al. 2005). Therefore, it was sug-
gested that sponging in the eastern gulf derived from a more recent
innovation event than in the western gulf, where the spongers are
not more related than the population average (Ackermann 2008).
These relatedness estimates were based on average pairwise
relatedness based on biparentally inherited microsatellite DNA (e.g.
Queller & Goodnight 1989).

This Study

In this study, we used bottlenose dolphin field data on life
history, behaviour and genetics to build an individual-based model
of establishment and maintenance of sponging in the eastern and
western gulfs of Shark Bay (Appendix Fig. A1). This included the
examination of learning fidelity and fitness effects necessary for
establishment and maintenance of sponging, and the likely time
since establishment. By comparison with observed patterns in
Shark Bay, we also investigated the possibility of horizontal trans-
mission or multiple innovations. Based on the simulation, we
addressed the following questions. (1) Under what conditions of
vertical social transmission is sponging stable? (2) How likely is it
that sponging is established from a single innovation event? (3) Are
spongers biparentally more related than the population average?
(4) Can we estimate the time since the emergence of sponging
based on average pairwise relatedness among spongers? (5) Can
the actual number of spongers give information about the time
since the emergence of sponging? (6) How many spongers would
we expect and how genetically related would they be if sponging is
a genetic trait or only individually innovated?

METHODS
The Model

We built an individual-based model of a diploid, sexually
reproducing dolphin population in Matlab R2010a (MathWorks,
Natick, MA, U.S.A.). Simulations were run and then compared to
empirical results from the eastern and western gulfs of Shark Bay
independently. The two populations are connected by high
dispersal (number of migrants is much greater than one; Crow &
Kimura 1970; Kriitzen et al. 2004a); however, the 110 km separa-
tion between the study sites has led to low, but significant, genetic
differentiation between the gulfs (Kriitzen et al. 2004a). In Shark
Bay, male and female dolphins are philopatric, with males
extending their natal range (Tsai & Mann 2012). Therefore,
dispersal between the gulfs was not implemented in the model.

The population size was set to 600 at the start of the simulation.
In three field seasons in the western gulf (Appendix Fig. A1) we
identified almost 500 individuals, and unknown individuals have
been encountered since (Kopps 2012). However, 500 dolphins is
more than the 229 4 42 dolphins estimated based on an aerial
survey in 1994 for the study area in the western gulf of Shark Bay
(Preen et al. 1997). The same survey estimated the number of
dolphins in the study area in the eastern gulf to be 530 + 146.

Virtual dolphins had the following attributes (Appendix
Table Al): a unique individual number, sex, age class, habitat,
whether sponger or nonsponger (which could also represent any
other maternally transmitted trait), mtDNA haplotype, and geno-
types for 10 neutral, polymorphic, biparentally inherited loci. Sex
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ratio at birth and at the start of the simulation was 1:1. During the
simulation, the sex ratio was expected to fluctuate around a 1:1
ratio. The proportion of individuals in habitat 1 (deep) equalled the
proportion of individuals in habitat 0 (shallow) at the start of
simulations. In the western gulf of Shark Bay, 51% of the study site
consists of deep habitat (Tyne et al. 2012) while 32% of the study
site in the eastern gulf consists of channel habitat (Patterson &
Mann, in press). Spongers in the eastern gulf of Shark Bay were
sighted 84.1 4+ 2.8% and spongers in the western gulf 95.9% of times
in deep (channel) habitat (Mann et al. 2008; Kopps 2012). Therefore
our model assumed that habitat stayed constant over a virtual
dolphin’s life.

Simulations were run in cycles of 12-year time periods
(Appendix Fig. A2). The maximum life span of an individual in
the simulation was 36 years; thus it could be present for
a maximum of three time periods. The oldest known Shark Bay
female died at age 35 years, but life expectancies of up to 40
years would not be surprising (Mann et al. 2000). In the first
12-year period (age class 1), dolphins were immature and did not
reproduce. Females in Shark Bay usually give birth to their first
calf when they are 12 years old or older (Mann et al. 2000). Males
do not usually reproduce successfully until they are allied
(Kriitzen et al. 2004b; Kopps 2007), with alliances crystallizing
when males are around 12 years of age (Connor et al. 2000).
After sexual maturity, the number of offspring an individual
produces during a 12-year time period was assigned from
a Poisson distribution, with mature females (>12 years old)
having a mean of three calves during each 12-year period. In the
eastern gulf of Shark Bay, the distribution of the number of
offspring that a female can produce does not differ from a Pois-
son distribution (derived from Table 1 in Mann et al. 2000) and
calves are on average weaned when they are 4 years old. If a calf
dies, its mother quickly resumes cycling (Mann et al. 2000).
Reproductive success of dolphins in age classes 2 and 3 did not
differ. Each of the three 12-year age classes was given a mortality
rate (0.48, 0.28 and 0.21 for age classes 1, 2 and 3, respectively),
estimated from Stolen & Barlow (2003).

The mtDNA haplotype frequencies at the start of the simulation
equalled the frequencies of the three main haplotypes observed in
Useless Loop, the main study area in the western gulf of Shark Bay.
The three main haplotypes represent 96% of haplotypes observed in
the western gulf (Kopps 2012). Five haplotypes have been described
for the main study area in the eastern gulf of Shark Bay (Kriitzen
et al. 2004a).

Females and males from age classes 2 and 3 were paired
randomly in order to reproduce. Alleles of 10 polymorphic loci were
passed on from parent to offspring by Mendelian inheritance. The
10 loci had, on average, 5.6 alleles/locus at the start of the simu-
lations. This number is similar to that found in empirical studies of
this population (Kopps 2012). However, the expected heterozy-
gosity was significantly higher in simulations than in empirical
studies (Appendix Table A2). Mutations were not implemented in
the simulation because effects of mutations are negligible for the
time frame over which the simulations were run (Ellegren 2000).

Sponging was either vertically transmitted from mother to
offspring or was acquired by innovation or by horizontal/oblique
transmission. We did not differentiate between repeated inno-
vations and horizontal learning because both mechanisms can
lead to spongers with potentially different mtDNA haplotypes.
We varied the relative frequency of these events. Other param-
eters we altered were the sponging learning fidelity of female
offspring born to spongers (range 0.875—1, in steps of 0.0125)
and potential fitness benefits in the form of producing more
offspring (range 0.975—1.2, in steps of 0.025). We considered that
three offspring per time period was a fitness of unity (i.e. the

same as the average member of the population, as described
above), leading to the following mean number of offspring (with
corresponding fitness values shown in parentheses): 2.925
(0.975), 3 (1), 3.075 (1.025), 3.15 (1.05), 3.225 (1.075), 3.3 (1.1),
3.375 (1.125), 3.45 (1.15), 3.525 (1.175) and 3.6 (1.2). The
maximum fitness benefit was 1.2 because Mann et al. (2008)
found a nonsignificant fitness advantage of 1.18.

All simulations were run for 50 12-year time periods (which
equals 600 years) and 100 independent iterations, if not otherwise
stated. Abundance and genetic measures were taken every five
time periods. For biparental relatedness, we implemented the
Queller & Goodnight (1989) pairwise relatedness estimator which
was previously used to estimate relatedness in empirical studies of
sponging (Kriitzen et al. 2005; Ackermann 2008). We implemented
a subsampling procedure to estimate average pairwise relatedness
among spongers and of the whole population, because only
a subset of the population was sampled in the empirical studies. A
third of the virtual population was randomly chosen and the
average pairwise relatedness of spongers in the subsample and the
subpopulation was calculated. The subsampling procedure was
repeated five times and the mean average relatedness among
spongers and for the whole populations was calculated and then
used in further analyses such as comparison with observed patterns
in Shark Bay.

Sponger Stability

The first question we addressed using the simulation was:
under what conditions of vertical transmission is sponging stable?
We altered fitness benefits assigned to female spongers compared
to nonsponger females, and the learning fidelity of daughters born
to spongers. We specified that sons born to spongers acquired the
sponging behaviour with a probability of 25% as in Mann et al.
(2008). We chose a proportion of 0.1 females to be spongers at
the start of the simulations (0.05 of the population) because this is
similar to the value in the eastern gulf of Shark Bay, where
a proportion of 0.11 of the adult female population use sponges
(Mann & Sargeant 2003). Even though the proportion of adult
female spongers in the western gulf is higher than 0.1 (0.37, Kopps
2012), we only ran the simulations with 0.1 female spongers
because this is a more stringent case: there is a greater probability
of loss of sponging at low frequencies, analogous to rare alleles in
population genetics (Halliburton 2004).

Various combinations of learning fidelity and fitness benefits
were chosen to investigate conditions under which sponging was
or was not maintained. To assess whether the proportion of female
spongers was constant in a population, we compared the start
proportion of 0.05 in the population (0.1 of females) with the
proportion of female spongers in the population after 50 time
periods. If 0.05 was within 2 SE across iterations of the sponger
proportion at the end of the simulation, then we concluded that
the proportion of spongers was stable. Standard errors of the
proportion of female spongers in the population (SEp) were
calculated at the end of simulations using the following formulas,
based on the standard method for combining variances (calcula-
tion of formulas is in the Appendix, based on Crow & Kimura
1970):

02 = o x s2/N* + 62 /N? + 2Cov(N, ) x —<s/N3> (1)

SEp = (a/n)" )

where GIZ, is the variance of the proportion of spongers, s is the
average number of spongers, 62 its variance and N the average
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population size, with variance 612\,. Variances were calculated from
n = 100 iterations, after 50 time periods.

Sponger Establishment

The second question we addressed was: how likely is it that
sponging is established from a single innovation event? We ran
100 iterations starting with one female sponger in a population of
600 virtual dolphins. After 50 time periods, we counted the iter-
ations in which we observed at least one sponger. We used various
parameter settings of daughter learning fidelity and female
sponger fitness benefits. Because rare multiple innovation or
horizontal/oblique transmission is possible, we repeated the
analysis described above and introduced repeated innovations/
horizontal learning with a chance to become a sponger of 0.001,
0.005 or 0.05, for females of deep habitat in each time period. We
counted the cases in which there was more than one sponger
haplotype at 50 time periods and we calculated haplotype
frequencies of spongers.

Relatedness and Time since Emergence

The third question we addressed was: are spongers biparentally
more related than the population average? We ran simulations
starting with one female sponger and analysed the average pair-
wise relatedness (Rqc, Queller & Goodnight 1989) among spongers
of 100 iterations in which spongers were present after 50 time
periods. Various combinations of learning fidelity and fitness
benefits were chosen. Additionally, we ran one simulation for 100
time periods. We only ran one simulation for 100 time periods
because the rejection of iterations in which no spongers remained,
and the way in which the calculation of pairwise relatedness was
implemented, made this an extremely slow procedure computa-
tionally. However, this does not contradict our conclusion that
sponging can persist.

The fourth question we addressed was: can we estimate the
time since the emergence of sponging based on average pairwise
relatedness among spongers? To estimate how long sponging has
been present in each gulf of Shark Bay, we compared the simu-
lation results over time to the average pairwise relatedness re-
ported in empirical studies (Kriitzen et al. 2005; Ackermann
2008). The time since the emergence of sponging in a gulf was
defined as the first time period in which the average pairwise
relatedness among spongers reported in empirical studies was
within 2 SE of the average pairwise relatedness among spongers in
the simulation.

Number of Spongers

While running simulations, we noticed that the actual number
of spongers observed in Shark Bay was rarely equalled in simula-
tions. In the eastern gulf of Shark Bay, 41 spongers have been
documented (Mann et al. 2008; another publication says 54,
Patterson & Mann 2011) while in the western gulf 54 spongers have
been documented (Tyne et al. 2012). However, Tyne et al. (2012)
used a different sponger definition to that used in the eastern
gulf. For comparisons between gulfs we used the definition out-
lined in Mann et al. (2008) and counted 40 spongers in the western
gulf (Kopps 2012). The fifth question we addressed was whether
the actual number of spongers can give information about the time
since the emergence of sponging. We tracked the maximum
number of spongers over all iterations over time and determined
the probability of observing at least 40 spongers in the population.
The probability was estimated by counting the iterations with 40 or
more spongers (males and females).

Alternative Acquisition Mechanisms

It has been established that despite its vertical transmission
sponging does not fit any simple genetic inheritance mechanism
(Kriitzen et al. 2005; Bacher et al. 2010). Nevertheless, we ran
simulations in which sponging was genetically transmitted or only
individually innovated. We investigated how the proportion of
spongers in the population and the number of spongers changed
over time and what influence these alternative acquisitions of
sponging have upon the genetic relatedness among spongers.

In scenarios in which sponging was a genetic trait, sponging was
modelled as an additive single-locus trait expressed only in
females, and only in certain environmental conditions. In other
words, if a female lived in deep habitat and was homozygous for the
‘sponging allele’, then she was a sponger. If she was heterozygous
with one copy of the sponging allele she had a 50% chance of being
a sponger. Without any copies of the sponging allele, dolphins were
never spongers. Females living in shallow habitat, and males in any
habitat, were never spongers. We only considered cases in which
the sponging locus was unlinked to the loci used to assess genetic
relatedness. Simulations started with a single sponger: a female
from the deep habitat that was homozygous for the sponging allele.
No other sponging alleles were present in the population at the
start of the simulation. Because the number of sponging alleles
built up slowly over time we set an initial burn-in period of 200
time periods before recording data. The population size was reset to
600 at 200 time periods. We only analysed runs in which at least
one sponger was present between time periods 200 and 250.
Simulations were run with three different values of fitness benefits
for female spongers (i.e. 1, 1.075, 1.15) after a burn-in period with
fitness benefits of 1.15. Running this scenario for 250 time periods
did not take longer than running the vertical transmission scenario
for 100 time periods because the sponging allele can also be
transmitted by males and therefore it is more persistent than
a uniparentally transmitted trait.

In simulations in which sponging was only individually inno-
vated, dolphins of deep water habitat had the chance to innovate
sponging in every time period with innovation rates of 0.025 or
0.05. We added 5%, 10% and 15% fitness benefits for female
spongers. We have not simulated horizontal transmission because
this would require too many assumptions (e.g. from whom naive
individuals learn) which is outside the scope of this paper.

RESULTS
Sponger Stability

The simulations show that an initial proportion of 0.05 female
spongers in the population does not change significantly, under
certain conditions of learning fidelity of daughters born to
spongers, and fitness benefits for spongers compared to non-
spongers (Fig. 1). For example, if the learning fidelity equals 1, there
cannot be any fitness costs for spongers otherwise sponging will
disappear. With lower learning fidelity, progressively higher fitness
benefits are required for stability of the behaviour in the pop-
ulation. We refer to simulation conditions in which the female
sponger proportion in the population increased above the initial
0.05 as ‘favourable conditions’ and conditions in which the female
sponger proportion decreased below 0.05 as ‘unfavourable
conditions’.

Sponger Establishment

A vertically transmitted, sex-biased trait is unlikely to spread
from a single innovation (Fig. 2a). Chances of establishment
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Figure 1. Stability of female sponger frequency under different conditions of learning
fidelity of daughters and fitness benefits for spongers. Every square represents one run
of a simulation with 100 iterations (leading to 43 runs with different combinations of
learning fidelity and fitness benefits with 11 different values of learning fidelity from
0.875 to 1, and 11 different values of fitness benefits from 0.975 to 1.2). The coordinates
of the centres of the squares show the input parameters for learning fidelity and for
sponger fitness benefits compared to nonsponger females. White squares: sponger
frequency increases (‘favourable conditions’); black squares: sponger frequency
decreases (‘unfavourable conditions’).

increased with greater fitness benefits for trait bearers and with
increased learning fidelity; however, the proportion of iterations in
which sponging was retained after 50 time periods never rose
above 15%, when starting from a single sponger.

A chance of repeated innovation/horizontal learning of 0.001
per time period for females of deep habitat increased the proba-
bility of finding spongers after 50 time periods (Fig. 2b). However,
in this scenario, the mitochondrial DNA variation did not match the
observed patterns in empirical studies. Starting from the haplotype
frequencies observed in Useless Loop (Kopps 2012), by the end of
the simulation more than one sponging haplotype co-occurred in

10% of iterations (under the following conditions: fitness ben-
efits = 1, learning fidelity = 1). Increasing the rate of repeated
innovations/horizontal transmission to 0.005 and 0.05 led to 42%
and 93% of iterations with more than one co-occurring sponging
mtDNA haplotype, respectively, at the end of simulations. In Fig. 3,
we plotted the proportion of the most common haplotype within
simulated spongers. In the eastern gulf of Shark Bay, 93.8% of
spongers share the same mtDNA haplotype whereas in the western
gulf 100% of spongers share the same mtDNA haplotype
(Ackermann 2008). In simulations, a single sponger haplotype
percentage of 93.8% or higher was observed in 91, 59 and 15% of
iterations with increasing occurrence of repeated innovation/
horizontal transmission (0.001, 0.005, 0.05, respectively).

Relatedness among Spongers

When starting with only one sponger, on average, pairwise
relatedness among spongers decreased with increasing time and
levelled off at approximately Rqog=0.04 after 35 time periods
without decreasing to the population average
(Rpop = —0.0047 £ 0.0003; Fig. 4a). The average pairwise related-
ness decreased independently of learning fidelity and fitness
benefits for spongers (Fig. 4a, Appendix Fig. A3). The proportion of
female spongers in the population did not reach 0.05 and was still
increasing at 50 time periods even in runs with ‘unfavourable
conditions’ under which female sponger frequency is expected to
decrease (Figs 1, 4c, Appendix Fig. A3). In this context it is worth
noting that only iterations in which at least one sponger was
present were included in these analyses.

We ran one simulation for 100 time periods (i.e. 1200 years,
Appendix Fig. A5). The average proportion of female spongers in
the simulation just reached the proportion of female spongers in
the population observed in the eastern gulf at 95 time periods.
The average pairwise relatedness among spongers was higher
than the population average during the entire simulation (i.e.
+1SE of the average population relatedness never overlapped
+1SE of the average sponger relatedness). However, towards 100
time periods, the gap between the two ranges (£1SE) decreased
to only 0.007.

Adding repeated innovations/horizontal transmission into the
model (frequency: 0.001 and 0.005) did not change the observation
that relatedness among spongers levelled off at approximately
Rqc = 0.04 after 35 time periods (Fig. 5). A frequency of repeated
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Figure 2. Sponger establishment. Percentage of iterations with proportion of spongers above zero at 50 time periods (a) starting from one sponger and (b) starting from one
sponger with a frequency of repeated innovations/horizontal learning of 0.001/time period for females of deep habitat. Every square represents one run of a simulation with 100
iterations. Coordinates of the centres of the squares show the input parameters: learning fidelity and sponger fitness benefits compared to other females. Numbers in the squares
are the number of iterations (of a total of 100 iterations) in which spongers were present after 50 time periods.
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innovations/horizontal learning of 0.05 led to an average pairwise
relatedness among spongers which levelled off at approximately
Rqc = 0.01, as well as to a greatly increased proportion of spongers
after 50 time periods. The observed proportion of female spongers
in the eastern gulf was reached after 25 time periods. The observed
proportion of female spongers in the western gulf was not reached

after 50 time periods.
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On the assumption that no other factors change the relatedness of
spongers relative to the general population’s relatedness, we can
estimate time of the emergence of sponging, by comparing the
average pairwise relatedness among spongers in simulations, with
the empirical data reported for the western (Rspongers = —0.0213,
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Figure 4. (a) Average pairwise relatedness among spongers (average Rqg), (b) the maximum number of spongers, (c) the proportion of female spongers within the population and
(d) the probability (%) of observing at least 40 spongers in a population over time. Simulations started with a single sponger (N = 100 iterations in which at least one sponger was
present in each time period). The horizontal line in (a) represents the population average relatedness. Error bars represent 4-1SE. Dashed lines indicate an example of a simulation
with ‘favourable conditions’ (learning fidelity 1, fitness benefits 1) and solid lines indicate an example of a simulation with ‘unfavourable conditions’ (learning fidelity 1, fitness

benefits 0.975).
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Rpopulation = —0.0241)  and  eastern gulf of Shark Bay
(Rspongers = 0.0680, Rpopulation = —0.0049; Ackermann 2008). If all
spongers are descendants of a single innovator, the relatedness
observed in the eastern gulf of Shark Bay is within 2 SE of the simu-
lated average pairwise relatedness among spongers after 10—15 time
periods (Fig. 4a). This equals a time span of 120—180 years. If we
consider repeated innovations or horizontal learning of the sponging
behaviour (frequency 0.001, 0.005 and 0.05), then there is no change
to the estimate of the time since emergence of sponging (Fig. 5a).
The empirical average pairwise relatedness among spongers
in the western gulf of Shark Bay was always below the average
pairwise relatedness among spongers (£2SE) in the simulation
with or without repeated innovation/horizontal transmission.

Number of Spongers

A second approach to estimating the time since the emer-
gence of sponging is to track the actual number of spongers
through time. At the end of all simulations in which sponging
was vertically, socially transmitted and which started with
a single sponger and ran for 50 time periods, the average actual
number of spongers (and the proportion of spongers in the
population) did not reach the observed numbers reported in
field studies. The first time we observed 40 spongers in at least
one iteration was between 15 and 30 time periods (180—360
years; Fig. 4b, Appendix Fig. A4). However, this is the time
until the maximum number of spongers observed reached 40
and other iterations showed fewer spongers. The probability of
observing 40 spongers after 15—30 time periods did not exceed
5% and was still below 30% after 50 time periods (Fig. 4d,
Appendix Fig. A4).

If we consider repeated innovations/horizontal transmission at
low frequencies (i.e. 0.001, 0.005; Fig. 5), the time span until we

observed at least 40 spongers and its probability did not change
compared to simulations without repeated innovations/horizontal
transmission. Repeated innovations/horizontal transmission of
0.05 did not decrease the time until at least 40 spongers were
observed but increased the probability of observing 40 spongers at
50 time periods to 79% (Fig. 5).

Alternative Acquisition Mechanisms

In scenarios in which sponging was a genetic trait, the
proportion of spongers increased if there were fitness benefits
for spongers but seemed to be stable if fitness did not differ
between spongers and nonspongers (Fig. 6). Average pairwise
relatedness among spongers seemed to be stable around the
population average independent of fitness benefits (Fig. 6a).

In simulations in which sponging was only individually inno-
vated, the proportion of spongers was stable, fluctuating around
more than half the set innovation rate because sponging could
only be innovated in deep habitat (Fig. 7). The average pairwise
relatedness among spongers was never different from the pop-
ulation average (Fig. 7a). The distribution of mtDNA haplotypes
within spongers did not differ compared to the distribution in the
population (data not shown).

DISCUSSION

Enquist et al. (2010) showed that conditions for stable vertical
transmission from a single cultural parent exist, but are so
restrictive as to be very unlikely. However, in this study, we used
a different modelling approach to show that there are conditions
that allow stable vertical social transmission from a single
cultural parent, and that these conditions are representative of
a natural population in which vertical transmission is supported
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by genetic data. Our stochastic model did not always match all
aspects of the natural population, such as relatedness levels.
However, our modelling shows that once a vertically, uniparen-
tally transmitted trait is established, it can be stable within
a population under certain conditions of fitness benefits and
learning fidelity. Furthermore, this is the first study that dates
innovation of a vertically transmitted trait by using pairwise
relatedness.

Sponger Stability and Establishment

We have shown that the empirical ranges of learning fidelity
(0.91 with 95% confidence levels of 0.59—1 for daughters) and
fitness benefits (nonsignificant average fitness benefits of 1.18,
Mann et al. 2008) overlap with the range of fitness benefits
(0.975—1.2) and learning fidelity values (range 0.875—1) that
allow stable persistence of sponging in our model. In the absence
of fitness benefits, it appears that sponging is a stable vertically
transmitted foraging strategy only if virtually all daughters of
spongers adopt the behaviour (Fig. 1). In the eastern gulf of Shark
Bay, calving success does not differ significantly between
sponging and nonsponging females, and the observed learning
fidelity is 0.91 for daughters (Mann et al. 2008) and its 95%
confidence levels are 0.59—1. In our simulation, these conditions
would lead to decreasing sponger abundance in the eastern gulf.
If this is the case, the question remains why at least 41 dolphins
sponge at present (Mann et al. 2008). It is possible that fitness
benefits for spongers might not be detectable but still be present
because the statistical power to measure fitness benefits is
possibly low considering the slow life history of bottlenose
dolphins. In the light of the confidence limits for learning fidelity
of 59%—100%, it seems feasible that sponging could be a stable
vertically transmitted trait, if both learning fidelity and fitness
benefits were underestimated in the field. If both male and
female offspring learnt sponging, the conditions under which
sponging is stable would not be changed because the behaviour is
transmitted only by the mother.

The establishment of sponging is unlikely if it spreads from
a single innovation event. Cultural drift is a strong force counter-
acting the establishment of new sponging matrilines, even in the
presence of fitness benefits and repeated innovation/horizontal
transmission. In simulation scenarios in which repeated innova-
tion/horizontal transmission occurred, some retention of sponging
was observed. This finding is in agreement with Enquist et al.
(2010)’s more deterministic modelling. As would be expected, the
frequency of multiple co-occurring haplotypes in spongers
increased with increasing frequency of repeated innovation/hori-
zontal transmission.

The predicted co-occurrence of multiple sponger haplotypes is
consistent with findings of empirical studies to a certain degree.
Multiple sponging haplotypes have been observed: haplotypes of
spongers differ between the eastern and western gulf of Shark Bay,
and also within the eastern gulf there are two haplotypes for
spongers (Ackermann 2008). Within spongers of the eastern gulf,
the two haplotypes had frequencies of 94% and 6%, respectively
(Ackermann 2008). In simulations with frequencies of repeated
innovations/horizontal transmission of 0.001, 0.005 and 0.05,
however, one of the haplotypes reached 94% or higher in 91, 59 and
15% of iterations, respectively. This suggests that repeated innova-
tions/horizontal transmission occur at the most at low frequencies,
probably lower than 0.005. However, our results suggest that some
low frequency of repeated innovation is vital for the stability of the
sponging behaviour because it is unlikely that sponging persists
from a single innovation event, in agreement with Enquist et al.
(2010).

Time since Emergence of Sponging

Based on pairwise relatedness, we dated the emergence of
sponging to 120—180 years ago for the eastern gulf of Shark Bay
(Fig. 4a). However, the average pairwise relatedness among
spongers levelled off after 25—35 time periods (300—420 years),
at approximately Rqc =0.04, and still did not differ from the
empirical value observed in the eastern gulf of Shark Bay by
more than 2 SE at 50 time periods in some simulations.
Furthermore, after 50 time periods (600 years), the observed
proportion of 0.05 female spongers in the population had not
been reached. Therefore, 120—180 years is a minimum estimate
of how long sponging has been practised in the eastern gulf.

In the western gulf of Shark Bay, the average pairwise relatedness
of spongers does not differ from the average pairwise relatedness of
the population (Ackermann 2008). This observation is not consistent
with simulation results. In simulations with and without repeated
innovations/horizontal transmission, average pairwise relatedness
among spongers levelled off above the simulated population average.

It is possible that we overestimated the time since emergence of
sponging in the eastern gulf. It is known that the average pairwise
relatedness of a group decreases with increasing group size (Lukas
et al. 2005). Comparing iterations at the same points in time, we
observed a weak negative correlation between average pairwise
relatedness of spongers and the number of spongers present.
However, the correlation was not present under certain conditions
(Appendix Table A3). In simulations, the observed absolute number
of spongers reported from the eastern and western gulf of Shark
Bay was rarely reached. Estimates of time since emergence of
sponging based on maximum number of spongers show that it is
unlikely (chance 5%) to observe 40 spongers between time points
10 and 15 (120—180 years) and therefore it is unlikely that the time
since emergence of sponging was overestimated based on pairwise
relatedness. The first time point at which 40 spongers were
observed in a single iteration was between 15 and 30 time periods
(180—360 years). Thus the minimum estimate of the emergence of
sponging combining both methods, pairwise relatedness and the
maximum number of spongers, is 180 years for the eastern gulf of
Shark Bay. This estimate equals about 8.5 generations based on the
bottlenose dolphin generation time reported in Taylor et al. (2007).
For the western gulf of Shark Bay, we can only estimate the emer-
gence of sponging based on the actual number of spongers. The
estimate would be, as in the eastern gulf, 15—30 time periods.

Under the assumptions that cultural drift leads to the
extinction of the majority of vertically transmitted innovations
and that sponging has been innovated more than once, it is likely
that sponging has been innovated more times than have been
recorded and then lost again. The two estimates of 180 years
since emergence of sponging in the eastern gulf of Shark Bay,
one based on pairwise relatedness and one based on the actual
number of spongers, describe the minimum time sponging has
been transmitted continuously, potentially including low
frequencies of repeated innovations/horizontal transmission. It
is possible that dolphins had used sponges before, but these
skills were lost because of stochastic processes.

Alternative Acquisition Mechanisms

Like vertical transmission, alternative acquisition methods such as
repeated innovation/horizontal transmission or genetic inheritance
can lead to persistent traits in a population. Potentially, these
mechanisms are more stable than vertical transmission. Modelling
individual innovation and genetic inheritance revealed that in these
scenarios the empirical values of the proportion of female spongers
from the eastern gulf of Shark Bay can be replicated (assuming that an
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innovation rate of 0.1 leads to a proportion of female spongers around
0.05). However, relatedness among spongers and the distribution of
mtDNA haplotypes does not differ from the population average.
These results do not match observation from field studies and
corroborate the hypothesis that sponging is vertically transmitted in
the vast majority of cases (Kriitzen et al. 2005; Ackermann 2008).
There were two mismatches between field studies and our
simulations emanating from a single sponger and without repeated
innovation or genetic transmission. The first mismatch is that the
average proportion of female spongers in the population did not
reached the empirical proportion reported in field studies. The
second mismatch is that the empirical value of the average pairwise
relatedness among spongers from the western gulf of Shark Bay
was never within 2 SE of simulated data. Simulations with repeated
innovation show that repeated innovation leads to a higher
proportion of spongers in the population and to a lower average
pairwise relatedness among spongers (although still higher than
the population average, Fig. 5) compared to simulations without
repeated innovations (Fig. 4). However, as discussed above, in
simulations with repeated innovation, the distribution of mtDNA
haplotypes among spongers does not match the field observation
that most spongers share an mtDNA haplotype within gulfs. Both
the proportion of female spongers and the average pairwise relat-
edness in the western gulf could potentially be replicated by
a scenario that includes population substructure. For example,
dolphins with certain mtDNA haplotypes might be predestined to
live in particular habitats (e.g. dolphins with haplotype E live in
deep water). In this scenario, repeated innovation rates could be
higher than the values we tested and yet spongers would still share
mtDNA haplotypes because haplotypes within habitats are more
homogeneous. Indeed, in the western gulf of Shark Bay we find
segregation between habitat and haplotypes (Kopps 2012).
Dolphins may have learnt other behaviours than sponging from
their mothers and thereby became specialized to the habitat.

Assessment of Our Model

Our individual-based model is realistic in many ways, but
simplified in others. It is based on observed sponger frequencies and
estimated (sub)population sizes, it simulates overlapping genera-
tions and takes into account variability in female (and male)
reproductive success. However, to obtain results from runs that were
not inordinately long, we had to simplify the model in some regards.
For instance, the number of genetic markers, the number of alleles
and allele frequencies differed between the empirical study and the
simulation we present here (Appendix Table A2). However, the
average population pairwise relatedness in the empirical and
simulation studies were both just below zero (eastern gulf —0.0049,
western gulf —0.0241, Ackermann 2008; simulation: mean 4 2
SE = —0.0047 4 0.0003), which indicates that the chosen markers
are close to the theoretical population average of zero. The results of
the individual-based model were stable over various conditions of
learning fidelity and fitness benefits to spongers, thereby strength-
ening the conclusions of this study. Although only relatively narrow
ranges of values for learning fidelity and fitness benefits are shown,
other trials (data not shown) make it clear that lower values do not
lead to stability, while higher values are either impossible (i.e.
fidelity > 1) or unrealistic (fitness advantage > 1.2).

In the future, certain improvements could be made to the model.
We did not include the possibility that sponging could be frequency
dependent. For example, sponges grow slowly and if there are many
spongers it could be difficult to find appropriate sponges. This would
mean that sponging was beneficial in certain circumstances but not
others, so that fitness benefits for spongers would not be constant
over time and therefore the maximum number of spongers would

be lower. However, we would not expect the implementation of
frequency dependence to change the conditions in which sponging
is stable because in our simulations, the proportion of spongers does
not reach the proportion observed in field studies when frequency-
dependent mechanisms are ignored and under scenarios with very
high fitness benefits. In our simulations, population size tended to
increase with increasing number of time periods. A more accurate
set of mortality rates and different mortality rates for males and
females could possibly keep the population size constant over time.
However, under conditions in which fitness benefits are absolute
(‘hard selection’, Wallace 1968), the population size would be ex-
pected to increase. If resources restrict the population size in Shark
Bay, and sponging leads to the exploitation of a new niche (Patterson
& Mann 2011), sponging could lower within-population foraging
competition, which could lead to an increase in population size.

We combined innovation and horizontal transmission as a single
mechanism of acquiring sponging nonvertically. In future simula-
tions, repeated innovations and horizontal learning could be ana-
lysed separately. If the proportion of time a naive individual spends
with a sponger (e.g. half-weight index, HWI, Cairns & Schwager 1987)
correlates with the probability of acquiring a skill horizontally,
horizontal transmission could be simulated based on HWI. In Shark
Bay dolphins, HWI correlates with, and could thus be approximated
by, maternal and pairwise relatedness and home range overlap (Frére
et al. 2010), sex and age class (Smolker et al. 1992).

Conclusions

Cultural driftis a strong force controlling the fate of an innovation.
However, once a vertically transmitted trait such as sponging has
been established it can be maintained under certain conditions of
fitness advantages and learning fidelities. Individual-based models
are a useful tool to investigate processes influenced by stochastics.
Simulating relatedness among spongers over time revealed that if
sponging spread from a single innovation event in the eastern gulf of
Shark Bay, it might have been present for at least 120—180 years. The
probability of observing the number of spongers reported from field
studies is below 5% after 180 years of sponging. This indicates that 180
years is likely to be an underestimate of the time since emergence of
sponging. The results of the individual-based model were robust to
a variation of conditions of learning fidelity and fitness benefits,
although both had to be at the high end of their realistic ranges for
sponging to be stable. Nevertheless, the mismatch of the average
pairwise relatedness in the western gulf of Shark Bay shows that the
model may require further sophistication, as described above.
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Appendix

Calculations for standard errors of the proportion of female
spongers (formulas 1 and 2 in Methods) followed standard
methods (Crow & Kimura 1970). P is the proportion of female
spongers in the population, s is the number of female spongers and
N the population size. GIZ, is the variance of the proportion of
spongers and n is the number of iterations.

P =s/N (A1)

0% =0f, x (0P/ON)?+02 x (0P/ds)>+2Cov(N, s)

(A2)
x (9P/dN) x (dP/ds)
(8P/oN) = s x (0P/0N) x (1/N) = (s/—Nz) = —(s/N2>
(A3)
(9P/oN)? = s%/N* (A4)
(0P/0s) = (1/N) x (ds/ds) = 1/N (A5)
(9P/8s)> = 1/N? (A6)

o2 = (SZ/N4) X O+ <1/N2> x 62 +2CoV(N,s) x <75/N3) (A7)

)0.5

SEp = (o%/n (A8)
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Figure A1. Map of Shark Bay. Location of Shark Bay in Australia (inset) and the main study sites in the eastern (MM) and western (UL) gulf of Shark Bay.
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Figure A2. Flowchart of simulation. Input parameters included number of spongers, frequency of repeated innovation/horizontal transmission, learning fidelity, fitness benefits for
spongers and the number of time periods for which the simulation was run. An example of an input matrix is shown in Appendix Table A1. After the asterisk the flowchart includes

parents and offspring.
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started with a single sponger (N = 100 iterations in which at least one sponger was present in each time period). Dashed lines indicate simulations with ‘favourable conditions’ and
solid lines indicate simulations with ‘unfavourable conditions’.
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Figure A7. Correlation between the number of spongers and the average pairwise
relatedness among spongers. Each dot represents one iteration at 50 time periods from
a simulation that started with one sponger and did not include repeated innovations/
horizontal transmission. The line represents the nonsignificant (R* = 0.024, P = 0.177)
trend line. Conditions of simulations: learning fidelity 1, fitness benefits 1, frequency of
repeated innovations/horizontal learning 0 (corresponds to run 1 in Appendix
Table A3). Under these conditions and based on the trend line, the expected average
pairwise relatedness of 40 (number observed in the western gulf) spongers is
Rqc = 0.017.

Table A2
Information on microsatellite loci used in the simulation and empirical studies

Simulation Eastern gulf Western gulf
of Shark Bay* of Shark Bay*
No. of loci 10 27 27
No. of alleles 5.6+0.03 6.6+0.71 5.44+0.56
He 0.738+0.027 0.597+0.035 0.602+0.034

No. of alleles: mean number of alleles +1 SE; He: mean expected heterozygosity +1
SE.
* Kopps 2012.

Table A3
Correlation between number of spongers and the average pairwise relatedness
among spongers

Run Learning Fitness Repeated N;i R? P
fidelity benefits  innovations/horizontal
learning

1 1 1 0 78 0024 0.177
2 0.95 1.075 0 82 0.033 0.103
3 0.9 1.15 0 83 0.008 0.083
4 1 0.975 0 72 0070 0.025*
5 0.95 1.05 0 80 0.079 0.012*
6 0.9 1.125 0 86 0.100 0.003*
7 1 1 0.001 79 0.104 0.004*

Ni: number of iterations with relatedness estimates (subsampling led to iterations
without relatedness estimates because some subsamples contained fewer than two
spongers, so that the calculation of pairwise relatedness was not possible). R%:
correlation coefficient. The correlation of run 1 is visualized in Fig. A7.

+ indicates significant correlations.

Table A1
An example of a matrix representing three individuals of a virtual dolphin population
ID Age Sex Habitat Sponger mtDNA Locus 1 Locus 2
Allele1 Allele2 Allelel Allele2
527 3 1 1 1 217 219 155 159
535 2 0 0 0 217 221 157 161
543 1 1 0 0 221 223 159 161

Every row represents one individual. ID: unique numbers representing individuals. Age: numbers represent age class (1: 0—12 years; 2: 13—24 years; 3: 25—36 years). Sex:
0 female, 1 male. Habitat: 0 shallow, 1 deep. Sponger: 0 no, 1 yes. mtDNA: numbers represent haplotypes. Only two of 10 neutral, biparentally inherited loci are shown.
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