What Happened to Nemo: Population Dynamics of the Orange Clownfish,
Amphiprion percula Over an Eight-Year Time Gap on Kimbe Island, Papua
New Guinea

Thesis by
Lucy M. Fitzgerald

In Partial Fulfillment of the Requirements
For the Degree of
Master of Science in Marine Science

King Abdullah University of Science and Technology, Thuwal,
Kingdom of Saudi Arabia

© April, 2020
Lucy M. Fitzgerald
All Rights Reserved

2
EXAMINATION COMMITTEE PAGE

The thesis of Lucy M. Fitzgerald is approved by the examination committee.

Committee Chairperson: Prof. Michael Berumen
Committee Members: Prof. Francesca Benzoni, Dr. Darren Coker, Dr. Hugo
Harrison

3
ABSTRACT
Long-term studies are important for understanding the intricacies of
population dynamics over time. Self-recruitment and social hierarchy are valuable
tools to quantify the rates at which populations change. In mutualistic symbiosis,
where two species benefit from the relationship, different selective pressures and
life histories can have unintended consequences on the population dynamics of
both species. Anemonefish live in a sized-based hierarchy where individuals
queue to be part of the breeding pair (ranks 1 and 2). They have a mutualistic
association with their host anemone; the identity of the anemone can impact their
growth and fecundity. However, there is limited knowledge on the anemone
lifespan and its site persistence over time. Here, we investigate rank changes and
self-recruitment in Amphiprion percula and persistence in a common host
anemone, Stichodactyla gigantea, on the remote island of Kimbe Island in Papua
New Guinea. The populations of A. percula (n = 1,530) and their local host
anemones, S. gigantea (n = 290) and Heteractis magnifica (n = 174), were
sampled exhaustively in 2011 and 2019. Using DNA profiling, I determined the
fate of individuals between years. We found that 21% of the A. percula
population survived over the eight-year time gap compared to the 69% survival of
the associated S. gigantea population in a six-year time gap. Half of the surviving
A. percula individuals increased in rank and exhibited faster growth rates living
on S. gigantea compared to H. magnifica. Self-recruitment was high in both years,
47% in 2011 and 39% in 2019, with one individual returning to its natal anemone.
Our findings provide rare insights into one of the most charismatic symbiotic
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relationships in the marine environment such as the first documentation of
longevity in a host anemone.
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1. INTRODUCTION
1.1 Population dynamics and long-term studies
Population dynamics, the study of long and short-term changes in the
demographic and composition of populations, explore the processes by which
populations change over time (Sutherland 1996). Long-term field studies aid in
the understanding of population dynamics by providing larger datasets that can be
used to predict future population changes. What differentiates a “long-term” study
from a “short-term” study depends on the life history characteristics of the animal
in question and how easily multiple generations can be observed. Long-term
studies also experience several limiting factors such as funding, dedication, and
time.
There are three benefits to long-term research: the ability to observe
heterogeneity that drives population processes, to provide novel insights, and to
generate model systems for population biology (Reinke et al. 2019). A classic
example involves Darwin’s Galapagos finches. On the island of Daphne Major,
Peter and Rosemary Grant sampled all 13 finch species every year between 1977
and 2018 (Reinke et al. 2019). The intensive study of these finches resulted in
their classification as a model system. The morphological data from the Daphne
Major finches was used in constructing early phylogenetic trees which were later
used to assess and validate modern phylogenies made from molecular markers,
such as microsatellites (Petren et al. 1999). Another prominent example of a longterm study is that of the Soay sheep population on an isolated island in Scotland
(Reinke et al. 2019). Since humans have not inhabited the island since the 1930s,
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this isolated population of sheep is ideal for studying pedigree and phenotypic
variability; scientific work began on the island about 60 years ago. A long-term
study (Stenseth et al. 2004) examined the Soay sheep to create a model that would
examine the influences of climate and demography on population dynamics. This
study was later applied to phytoplankton populations (Barraquand et al. 2018).
While many other examples of long-term studies exist in the literature, they have
historically been limited to terrestrial organisms. Long-term studies on the
population dynamics of animals in the marine environment are only recently
becoming more common, as they require a suite of new considerations pertaining
to the very different life histories and movement patterns exhibited by marine
organisms as well as logistics at sea for surveying and re-surveying.

1.2 Self-recruitment and parentage
Understanding how and if individuals return to their source population is
important in an ecological context for managing and protecting species. These
studies often need multiple seasons across the life history of the organism to
elucidate patterns of self-recruitment. Self-recruitment is used in the context of
organisms that have two main life history phases, larval dispersal and
juvenile/adult residency (Secor 2015). In anemonefish, eggs are laid close to the
parental habitat and then larvae hatch and disperse into the environment, carried
by currents before settling on suitable habitat. This is a common phenomenon in
the marine environment, particularly with reef fish, but has also been used with
broadcast spawners and a variety of marine invertebrates. The documentation of
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self-recruitment challenged the previously accepted notion that the ocean was an
“open” system by which reef fish larvae dispersed from their natal grounds and
did not return. This changed with the work of Jones et al. (1999), who examined
the recruitment of Pomacentrus amboinensis Bleeker, 1868, on Lizard Island,
Great Barrier Reef. Jones et al. (1999) found that approximately 15-60% of
individuals self-recruited. In comparison, Amphiprion bicinctus Rüppell, 1830, in
the central Red Sea had a < 0.6% self-recruitment rate (Nanninga et al. 2015).
After Jones et al. (1999), self-recruitment was more frequently studied. For
example, in reef fish, predominantly benthic spawners (P. amboinensis (~1560%), A. polymnus (~32%), and A. percula (~60%)) were found to have high
levels of self-recruitment (Jones et al. 1999; Jones et al. 2005; Almany et al.
2007).

1.3 Social hierarchy
The establishment of social hierarchies helps animals living in groups to
distribute resources, including food, shelter, and mating privileges. Social
dominance and hierarchies are established by fighting and behavioral changes that
result in ranking animals in a group. Within a species, animals are characterized
by the ranking of the group members who vary in physical capabilities (e.g., size,
strength, coloration), and how they add value to the existence of the social group
(Koski et al. 2015). Hierarchies are typically established due to size, age, or sex.
The higher the rank of the individual, the better access they have for food
(Forrester 1991), mating (Buston 2003a), and habitat (Thompson et al. 2007).
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Social hierarchy is common across many animal kingdoms such as hyenas (East
and Hofer 2000) and wasps (Field et al. 1999). The coral-dwelling goby,
Paragobiodon xanthosomus (Bleeker, 1853), exhibits a size-based hierarchy in
which members form a queue to inherit breeding status from the dominant pair.
The subordinates cooperate in the stability of the sized-based queue by regulating
their growth and maintaining a size ratio to avoid conflict and punishment (i.e.,
eviction) (Wong et al. 2007). While many studies examine the causes of rank
change and dominance in reef fish by examining growth rates, most are done as
short-term (6 months) lab experiments (Wong et al. 2007; Wong et al. 2016; Reed
et al. 2019) or with one year in the field (Buston 2003a,b,c; Buston and Cant
2006; Rueger et al. 2018). To date, there have been no studies that examine rank
change and growth rates over a longer time period (> 1 year) and in their natural
habitat.

1.4 Anemonefish
Anemonefishes exhibit social hierarchy by forming small groups
consisting of one breeding pair, one or more non-breeding sub-adults, and several
recruits. They are protandrous sequential hermaphrodites: all individuals are born
male and change sex to become female depending on the social context (Fricke
and Fricke 1977; Moyer and Nakazono 1978; Fricke 1983). The largest individual
is the female (rank 1), and when she dies, the largest male (rank 2) uses chemical
cues to change sex and move to rank 1. Subsequently, the second largest male
(rank 3) becomes part of the breeding pair (rank 2), and the rest of the sub-adults

14
(ranks 4-6) move up accordingly based on their size (Fricke and Fricke 1977;
Buston 2003b).
The orange clownfish, Amphiprion percula (Lacepède, 1802), is one of 28
species of clownfish belonging to the subfamily Amphiprioninae within the
family Pomacentridae. Amphiprion percula has been estimated to have a
particularly long life span of 30 years (Buston and Garcia 2007). Within the
species A. percula, there is a strict size-based hierarchy in which there is a size
ratio between the dominant and the immediate subordinate (Figure 1A & B).
Similar to gobies, subordinates regulate their growth to maintain this ratio or are
otherwise killed or evicted (Buston 2003b; Buston and Cant 2006). Mortality in
populations of A. percula is primarily associated with social rank as opposed to
predation. Over a year-long field study, the mortality of the population was low
(14%) particularly for the female (< 5%) (Buston 2003a). Such a trend suggests
that individuals with higher ranks (females and males) experience lower morality
risk.
Amphiprion percula lay eggs under their anemone hosts, Stichodactyla
gigantea (Forsskål, 1775), Heteractis magnifica (Quoy & Gaimard, 1833), or
Heteractis crispa (Hemprich & Ehrenberg in Ehrenberg, 1834) (Fautin and Allen
1992), and the eggs disperse with a pelagic larval duration of 10-13 days (Almany
et al. 2007; Berumen et al. 2010). The larvae use cues such as olfactory and
nocturnal sounds to settle onto an anemone as new recruits (Arvedlund et al.
1999; Atema et al. 2002; Leis et al. 2003; Gerlach et al. 2007).

15

Figure 1: A) Schematic depicting social hierarchy in A. percula with rank 1 corresponding to the
female, rank 2 is the male, ranks 3 and 4 are sub-adults (SA), and rank 5 is a recruit. B) Schematic
depicting rank change due to female (rank 1) dying. The male (rank 2) would change sex (rank 1)
and the sub-adults and recruits would subsequently move up in rank.

1.5. Anemones
Sea anemones are invertebrates that belong in the phylum Cnidaria
because they have nematocysts (stinging cells) which they use to capture food and
as a defense mechanism. Within the Class Anthozoa (which also includes hard
and soft corals), anemones are typically attached to a solid substrate or embedded
in sediments (Fautin and Allen 1992). Anemonefish and sea anemones have
evolved a symbiotic relationship in which the sea anemone provides protection
and habitat, and in return, the anemonefish protects the sea anemone from
predators and provides essential nutrients from their waste (e.g., nitrogen,
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phosphorous, carbon dioxide, and ammonium) and oxygen from their movement
(Porat and Chadwick-Furman 2005; Szczebak et al. 2012). In a field study, A.
bicinctus selectively recognized an “enemy” Chaetodon fasciatus Forsskål, 1775,
which feeds on the tips of one of its host anemone species Entacmaea quadricolor
(Leuckart in Rüppell & Leuckart, 1828) and chased it away (Fricke 1975).
While there are approximately 1,000 species of sea anemones distributed
throughout the world’s oceans, only ten species are known hosts to anemonefish
(Fautin and Allen 1992). Host anemones have been found to reproduce sexually
(e.g., H. crispa) or asexually (e.g., E. quadricolor) through longitudinal fission. A
cluster of the same species of anemones is called a colony and is assumed to be
clones from the asexual reproduction of a single individual e.g., H. magnifica
(Brolund et al. 2004), yet there was little genetic evidence until recently (Emms et
al. 2020). Gatins (2014) provided the first genetic evidence of asexual
reproduction in S. gigantea (Appendix A). Stichodactyla gigantea is a shallow,
sandy dwelling species of anemone found throughout the tropical Pacific and
Indian Ocean (Fautin and Allen 1992). It is associated with eight species of
anemonefish, namely A. percula, A. perideraion, A. rubrocinctus, A. clarkii, A.
akindynos, A. ocellaris, A. bicinctus, and A. melanopus (Fautin 1991; Fautin and
Allen 1992; Ollerton et al. 2007). Stichodactyla gigantea is characterized by
short, pointed tentacles that are toxic (Thangaraj and Bragadeeswaran 2012)
(Figure 2A). In contrast, H. magnifica is one of the most distinctive species of
host anemones because it is typically fully exposed and attached to a solid
substrate with a bright column with finger-like tentacles (Figure 2B). The
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geographic range of H. magnifica is global throughout all tropical oceans. It
commonly associates with 12 anemonefishes: A. ocellaris, A. percula, A.
akallopisos, A. nigripes, A. perideraion, A. leucokranos, A. melanopus, A. clarkii,
A. akindynos, A. bicinctus, A. chrysopterus, and A. chrysogaster (Fautin 1991;
Fautin and Allen 1992; Ollerton et al. 2007).

Figure 2: A) Amphiprion percula on Heteractis magnifica. B) Amphiprion percula on
Stichodactyla gigantea. Photos taken by Morgan Bennet-Smith in Kimbe Bay, PNG.

1.6 Anemone persistence
Understanding the lifespan of an organism is important for population
dynamics. In organisms that reproduce clonally (asexually), it is impossible to tell
by measurements such as growth rings or genetically between different years (de
Witte and Stöcklin 2010). Indirect methods have been used to estimate age and
longevity. Little is known about the site persistence and longevity of anemones in
which they are staying in the same area over time. Since they are capable of
asexual reproduction, it is impossible to determine by the genotype alone if it is
the same individual or a clone of the original between years. Population turnover
has been used to estimate the longevity of anemones. In the northern Red Sea, E.
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quadricolor and H. crispa have a complete population turnover rate of seven and
five years, respectively, based on a sized-based demographic model with surveys
conducted over a 14-year time gap (McVay 2015). In comparison, the corkscrew
anemone, Bartholomea annulata (Le Sueur, 1817), in the Florida Keys had a
population turnover of one-year with higher mortality in very large or small
individuals (O'Reilly 2015). A three-year study in French Polynesia by Holbrook
and Schmitt (2005), examined the survival of H. magnifica and found that
anemones with clownfish had higher survival and growth rates (three times faster
growth) than those without fish presumably due to the protection provided by the
clownfish. Additionally, there was a seasonal pattern in growth and reproduction:
rapid growth in autumn followed by asexual reproduction in winter (Holbrook
and Schmitt 2005), but the initial age of the anemone was not determined. Gatins
(2014) used microsatellite markers to examine the population structure of S.
gigantea and H. magnifica on three islands in Kimbe Bay: Tuare, Kapepa, and
Kimbe Island and found that S. gigantea reproduced asexually (Appendix A).

1.7 Kimbe Bay, Papua New Guinea
Kimbe Bay, Papua New Guinea (5.17°S 150.5°E) is located in the
Bismarck Sea on the north coast of New Britain Island. Since 1993, The Nature
Conservancy and the local government have put in efforts to raise awareness of
marine conservation and to establish a resilient network of MPAs based on
biophysical and socio-economic characteristics (Green et al. 2009). Kimbe Island
has been designated an area of interest based on its coral reef abundance and
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biodiversity. Geographically, it is in the west region of Kimbe Bay which has
been known to be more susceptible to bleaching than the east region of the Bay
(Green et al. 2009).
Kimbe Bay is a unique place to study larval recruitment due to the high
levels of self-recruitment and long-term monitoring of this area. Connectivity and
self-recruitment between sites have been studied, notably comparing A. percula, a
benthic spawner and Chaetodon vagabundus Linnaeus, 1758, a pelagic spawner
(Almany et al. 2007; Berumen et al. 2012; Almany et al. 2017). Maternal marking
stable isotopes of adult A. percula and C. vagabundus from Kimbe Island
revealed that 60% of juveniles return to within 0.3 km2 from where they were
spawned (Almany et al. 2007). Over a two-year period, A. percula mean dispersal
distance was 15 km and 10 km for 2009 and 2011, respectively, with 90%
settlement within 31-43 km, which is a significantly lower dispersal distance than
with C. vagabundus (43-64 km) (Almany et al. 2017). On Kimbe Island, there
was an almost complete population turnover of A. percula in ten years (20032013), with ~1% of the population surviving from beginning to the end of the
study and 18% population turnover in eight years (2005-2013) (Salles et al. 2015).
Parentage assigned ~34% of the population to parent pairs from Kimbe (Salles et
al. 2016a). It was found that the habitat of the breeder, including anemone species
and geographic location, contributed the most to the lifetime reproductive success
of A. percula. There were low contributions from genetic and maternal factors,
which suggests strong habitat and weak genetic effects on lifetime reproductive
success (Salles et al. 2020). Adults living on both species of anemone, S. gigantea
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and H. magnifica, had similar longevity, but females inhabiting H. magnifica
were larger and produced more eggs. However, local reproductive success was
higher for clownfish living in S. gigantea, especially those living on the eastern
side of the island (Salles et al. 2016a). In another region of Papua New Guinea,
Buston et al. (2007) found that clownfish groups (i.e., the individuals within a
single anemone) are not composed of close relatives. The same appears to be true
in Kimbe Bay, despite the high levels of self-recruitment observed there; these
studies define “self-recruitment” as a return of a settler to its natal island, but
direct recruitment into the natal anemone is rare. Many studies from Kimbe Bay
focus on the clownfish populations, yet little is known about their host anemone
persistence over time.

1.8 Aim of the study
The aim of this study is to examine the survivorship in the orange
clownfish, A. percula, population on Kimbe Island by examining (1) rank changes
and growth rates, (2) self-recruitment and parentage, (3) and persistence of one of
the host anemone species (i.e., S. gigantea). Over the eight-year time gap (2011
and 2019), it is predicted that the population of A. percula consists of more than
~1% of the original population but will have changed in both rank and size. The
S. gigantea population in 2019 is predicted to contain either the same individuals
from 2013 or the clones of those individuals.
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2. METHODS
2.1 Sample collection
In 2011 on Kimbe Island (5°12’13.54”S, 150°22’32.69”E), all S. gigantea
(n = 123) and H. magnifica (n = 104) with at least one individual A. percula
present were tagged with a cattle tag number and a small sub-surface float; we
recorded the depth (0 – 15 m), species, and location with a surface held-GPS unit
(Figure 3A). A single tentacle was later sampled from each S. gigantea when resurveyed in 2013 (n = 116). In April 2019, all anemones (n = 225) H. magnifica
(n = 51) and S. gigantea (n = 174) with A. percula were re-sampled with the same
procedure as in 2011 and 2013. Samples were collected on SCUBA by four teams
of three to four people. For the purpose of spatial analysis, the habitat around the
island is divided into six lagoon areas (A-F) (Figure 3B), following the spatial
designations used in prior publications from Kimbe Island (e.g., Almany et al.
2007; Salles et al. 2015). All A. percula in 2011 (n = 858) and 2019 (n = 716)
were caught with hand nets, occasionally anesthetized with a dilute solution of
clove oil, and measured to the nearest mm (total length, TL). A tissue sample was
taken from the caudal fin, and individuals that were ≥ 25 mm TL were released
onto their anemone. Individuals < 25 mm TL were collected whole due to the
difficulty of non-lethally subsampling tissue from such small individuals and
because the earbones (otoliths) from these youngest recruits are frequently used
for other analyses (e.g., Berumen et al. 2010; Salles et al. 2016a). Rank was
assigned based on the total length and gender derived from the rank of the
individuals within an anemone. Rank 1 was the largest individual and considered
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the female; rank 2 was the second largest and considered to be the male. Any
additional individuals were sequentially assigned rank 3, 4, 5, etc. based on total
length (i.e., largest to smallest). Individuals < 25 mm were classified as “recruits”.
The fin clips, recruits, and anemone tissue were preserved in 96% ethanol and
transported to King Abdullah University of Science and Technology (KAUST),
Saudi Arabia.
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Figure 3: Maps of Kimbe Island, each point represents an anemone tagged in the years 2011, 2013 and 2019. A) Anemone species are designated by color and by
shape for the year. B) Lagoon areas are colored by region: A is green, B is purple, C is yellow, D is pink, E is peach, and F is aquamarine. Maps made by Ute
Langner, base image courtesy of Hugo Harrison.
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2.2 DNA extraction and PCRs
Anemonefish
Genomic DNA for A. percula fin clips was extracted using MachereyNagel 96 tissue kits following the manufacturer’s instructions. PCR protocol
followed Almany et al. (2017). Using the Qiagen Multiplex PCR kit, annealing
temperatures were 58°C (Mix B) or 59°C (Mix A, C, D) depending on the
multiplex mix. The total PCR volume was 9 µL which corresponded to 4.5 µL of
Multiplex Mix, 3.6 µL water, 0.45 µL primer mix, and 0.5 µL of genomic DNA
(50-150 ng/µL). Forward primers were labeled with fluorescent tags (6-FAM,
PET, NED, VIC) and placed into four multiplex mixes (A, B, C, D) (Table 1).
The thermal cycle started with a denaturing step of 95°C for 15 min, followed by
25 cycles [at 94°C for 30 s,] annealing at either 58°C or 59°C for 90 s and a final
elongation step of 10 min at 70°C. Each plate had 1 row of samples checked on
the QIAXCEL to confirm there was a product. PCR products were then diluted
with 130 µL of MiliQ water for fragment analysis in the KAUST Bioscience Core
Labs. Fragment analysis was conducted on an ABI 3730x1 genetic analyzer
(Applied Biosystems).
Anemones
Genomic DNA for anemone tissue of S. gigantea and H. magnifica were
extracted using QIAGEN DNeasy blood and tissue kits following manufacturer’s
instructions. PCR protocol followed Gatins et al. (2018) and Emms et al. (2020).
Using QIAGEN Multiplex PCR kit, annealing temperatures were 57°C to 60°C
depending on the multiplex mix. The total PCR volume was 10 µL which
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corresponded to 5 µL of Multiplex Mix, 3.3 µL water, 1 µL primer mix, and 0.7
µL of genomic DNA (50-150 ng/ µL). Forward primers were labeled with
fluorescent tags (6-FAM, PET, NED, VIC) and placed into three multiplex mixes
for each species (1H, 2H, 3H, 1S, 2S, 3S) (Table 2). The thermal cycle started
with a denaturing step of 95°C for 15 min, followed by 25 cycles at 94°C for 30 s,
annealing at either 57°C – 60°C for 90 s and an extension at 72°C for 60 s with a
final extension at 60°C for 30 min. PCR products were diluted with 130 µL of
MiliQ water and submitted to the KAUST Bioscience Core Labs. Fragment
analysis was conducted on an ABI 3730x1 genetic analyzer (Applied
Biosystems). Heteractis magnifica samples were able to be extracted but not
amplified, and therefore, were discarded from further analysis.
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Table 1: Summary of the 22 microsatellite markers amplified in this study for A. percula.
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Table 2: Summary of the 11 microsatellite markers amplified in this study for A) H. magnifica and
10 for B) S. gigantea.

A)

B)
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2.3 Genotyping
Anemonefish
Alleles of A. percula samples were manually scored in GeneMapper
(v4.0). Alleles were binned in R using the package MsatAllele (Alberto 2009).
Due to the purchase of new primers for all “perc” loci, we observed a discrepancy
in allele size between 2011 and 2019. The allele size of all “perc” loci (perc02,
perc06, perc07, perc16, perc17, perc21, perc38, perc41, and perc42) from 2019
were offset by -5.5-3.7 base pairs to align with 2011 allele sizes. The genotypes of
20 loci (120, 44, 70, 79, CF11, CF27, CF3, CF36, CF39, CF9, CF42, perc02,
perc06, perc07, perc16, perc17, perc21, perc38, perc41, and perc42) were
analyzed in the R package AlleleMatch (Galpern et al. 2012) to determine the
maximum number of mismatches that should be considered to accurately identify
clones. The mismatch number eight was used to determine the total number of
clones between 2011 (n = 821) and 2019 (n = 709) datasets. Growth rates (n
=117) were calculated by taking the difference in the TL of individuals who were
present in both 2011 and 2019 and dividing by the number of years. An ANOVA
and Tukey test were performed on R (1.2.5033) to determine growth rate patterns
within and between ranks. A two-way ANOVA and Tukey test were also used to
examine whether the growth rate depends on the anemone host species.
Anemones
Alleles of S. gigantea were manually scored in Geneious (v 11.1.2). Loci
were binned in R using the package MsatAllele (Alberto 2009). Since 2013 and
2019, “Sgig” markers (Sgig23, Sgig25, Sgig40, Sgig45, Sgig49, Sgig54, Sgig59,
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Sgig61, and Sgig74) did not match, it was presumed that there were new primers
ordered between the years and that they were off by a few base pairs. Bins in
2019 were manipulated by -3.6-1 base pairs to match the 2013 samples.
Genotypes of 9 loci (Sgig23, Sgig25, Sgig40, Sgig45, Sgig49, Sgig54, Sgig59,
Sgig61, and Sgig74) were analyzed using the package AlleleMatch (Galpern et al.
2012) to determine the maximum number of mismatches that should be
considered for clones to occur. The mismatch number of five was used in
determining the total number of clones between 2011 (n = 116) and 2019 (n
=174) datasets.

2.4 Parentage analysis
I used COLONY (v2.0.6.5) (Jones and Wang 2010) to identify parentoffspring pairs of A. percula in 2011 and 2019 separately. The analysis in
COLONY identifies family groups in a sample and has been identified as one of
the most accurate forms of parentage analysis in wild populations (Harrison et al.
2013). The following settings were used in each analysis: “female and male
monogamy,” “without inbreeding, without clone,” “dioecious, diploid,” “medium
run length,” “full-likelihood-pair-likelihood combined (FPLS),” and “likelihood
precision-medium”. Males (n = 196 in 2011, n = 199 in 2019), females (n = 219
in 2011, n = 218 in 2019) and recruits (n=177 in 2011, n = 161 in 2019) were
manually uploaded and compared by year 2011 and 2019, respectively.
Additionally, the 2019 recruits (n=161) were matched to 2011 parents. Self-
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recruitment was determined by matching the recruits from their settled anemone
to their parental anemone.
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3. RESULTS
3.1 Rank change in A. percula
Using the genotype of individuals sampled in 2011 and 2019, we
confirmed 137 individuals that survived the eight-year time gap. These
individuals represent 21% (137 of 644) of the overall adult population sampled in
2011. Of the 137 individuals, 75 individuals survived alongside two or three
individuals within their social group, with some individuals changing social rank.
Of these, we identified 12 breeding pairs that remained together. The other 60
individuals were sole individuals, of which 38 changed social rank in their host
anemone.
Individuals that changed rank in an anemone’s social hierarchy grew three
times faster than those who stayed in the same rank. Of the 137 individuals that
were still present in the population, we identified eight sub-adults (SA), 16 males
(M), and 33 females (F) that survived from 2011 to 2019 and did not change in
social rank. Most individuals grew in size by approximately 1.36 ± 0.991
mm/year. In contrast, 60 individuals changed rank, of which 29 males changed
sex to become female, 19 sub-adults became male, and 12 sub-adults became
female (Figure 4A). There was one individual that did not grow and seven
individuals that had smaller TL measurements in 2019 compared to 2011. The
maximum change was -3.8 mm (-0.475 mm/year), but this could also be due to
human error in measuring the fish between years. Individuals that changed social
rank grew 2.00 ± 0.810 mm/year which is 2.86 times more than the average
growth rates 0.699 ± 0.675 mm/year of individuals that did not change rank.
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Furthermore, individuals grew significantly more if they were associated with S.
gigantea compared to H. magnifica. The average growth rate for living on S.
gigantea was 1.80 ± 1.04 mm/year which is 1.70 times faster than on H.
magnifica 1.06 ± 0.858 mm/year (Figure 4B).

A)
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B)

Figure 4: A) Amphiprion percula rank change by growth rate. The sample size (n) and rank
change noted (female (F), male (M), and sub-adult (SA)). The coloration signifies the rank
change: anemonefish that changed rank (SA to M, M to F, and SA to F) are in blue and
anemonefish that stayed the same rank (SA to SA, M to M, and F to F) are in green. B)
Amphiprion percula rank change by growth rate plotted by anemone species, Heteractis magnifica
(purple) and Stichodactyla gigantea (teal). Rank change is noted by rank abbreviations (female
(F), male (M), and sub-adult (SA)). Black dots = outliers. Asterisk signifies there is a significant
difference between A (Heteractis) and B (Stichodactyla).
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3.2 Self-recruitment and parentage analysis
In 2011, there were 177 A. percula recruits found on Kimbe Island. Of
those, 83 (47%) recruits returned to Kimbe Island, and 20% returned to their
parental lagoon (Table 3). Out of the 83 self-recruiting individuals, 59% (n = 49)
settled on S. gigantea. Of those 49 individuals, 67% (n = 33) had S. gigantea as
their natal anemone species and 33% (n = 16) had H. magnifica as their natal
anemone species. Of the individuals that settled on H. magnifica (n = 31), 65% (n
= 20) also had H. magnifica as their natal anemone.
In comparison, there were 161 recruits found in 2019, and 63 (39%)
recruited back to Kimbe Island, and 24% recruited back to their parental lagoon
(Table 4). Out of the 63 individuals, 83% (n = 52) settled on S. gigantea. Only
25% (n =13) of those individuals that settled on S. gigantea had H. magnifica as
their natal anemone species. Of those that settled on H. magnifica (n = 11), 55%
(n = 6) had H. magnifica as their natal anemone. In one case, a recruit settled back
on its natal anemone, H. magnifica. Overall, in both years, lagoon A had the
highest number of recruits and self-recruitment to their parental lagoon (Figure 5).
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Figure 5: Map of all A. percula host anemones (2011 and 2019 H. magnifica and S. gigantea) on
Kimbe Island. Colored points indicate the location of each anemone and are color-coded by
lagoon (A-F). Percentages indicating the proportion of settling A. percula that were identified as
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self-recruiters to Kimbe Island. Lagoon A (green points) had the highest levels of self-recruitment
on Kimbe Island. Map made by Ute Langner, base image courtesy of Hugo Harrison.

Table 3: Self-recruitment of recruits < 25 mm (n = 83) in 2011 on Kimbe Island. Red numbers
indicate the number of individuals that recruited back to their natal lagoon area, and the total
number of individuals in each lagoon are present in the bottom row for each lagoon.

Table 4: Self-recruitment of recruits < 25 mm (n = 63) in 2019 on Kimbe Island. Red numbers
indicate the number of individuals that recruited back to their natal lagoon area, and the total
number of individuals in each lagoon are present in the bottom row for each lagoon.
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3.3 Anemone persistence
There were 80 individuals (69%) of the S. gigantea population from 2013
that were still present in 2019 (Figure 6). The majority (84%) of these individuals
were in ≤ 1 m of water. On the eastern side of the island (lagoons A-C), 43% of
the anemones survived almost exclusively in lagoon A. In comparison, lagoon D
(n = 19), lagoon E (n = 22), and lagoon F (n = 5) were more evenly distributed in
survival numbers on the western side of the island. Fifteen of the 80 individuals
(19%) were genetically identical in 2013 and matched 2011 anemone tags which
had clownfish that were present in 2011 and 2019, but the 2013 A. percula data
were not examined in this study. Of those 15 anemones, 36% (n = 5) were from
lagoon A, 29% (n = 4) were from lagoon E, and 43% (n = 6) were from lagoon D
and all individuals were in ≤ 1 m of water.
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Figure 6: Map of anemones (S. gigantea) that were genotypically identical between 2013 and 2019
by lagoon area. Lagoon A (green) had the highest numbers of survivors on Kimbe Island. Map
made by Ute Langner, base image courtesy of Hugo Harrison.
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4. DISCUSSION
This study found that there were changes in growth and rank, as well as
high levels of self-recruitment in populations of A. percula between the years of
2011 and 2019. Additionally, some S. gigantea individuals that were
genotypically identical in 2013 and 2019, suggesting that either the individual had
survived for six years, or it had cloned itself and the clones persisted. Growth
rates were three times higher for anemonefish when changing rank compared to
when their rank remained stagnant, and none went down in rank. The sample size
of rank changes corresponded to the expected likelihood of survival. Females had
the highest survival out of those who stayed the same rank, persisting at the top of
the social hierarchy. Sub-adults that remained sub-adult had the smallest sample
size, potentially indicating that this position is dynamic; either individuals in this
rank move up or are killed by eviction and or predation. Similarly, sub-adults that
became female were the smallest sample size when changing rank, likely because
they are moving up 2 or more ranks (from rank 3 to rank 1). This is likely not a
standard growth rate, but an opportunistic growth rate that occurs when a female
or male dies since A. percula have been known to regulate or suppress their
growth to decrease the likelihood of being evicted (Buston 2003b). In laboratory
settings, juvenile A. percula increase their growth rates to outgrow a similarlysized competitor and increase their ranking (Reed et al. 2019). Examining withingroup conflicts using A. percula juveniles (< 30 mm) revealed that conflict
intensity was greater when individuals were closer in size. The loser grew less
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than the winner and regulated its growth rate to maintain a specific size ratio to
the winner (Wong et al. 2016).
We found that A. percula living on S. gigantea grew twice as fast than
those on H. magnifica. This could be due to the location since most of the S.
gigantea individuals were in a sheltered shallow habitat close to shore, compared
to H. magnifica which were further offshore and tended to be in deeper water. It
was unexpected that there were faster growth rates because Salles et al. (2016a)
found that females were, on average, 10% larger on H. magnifica and juveniles
that settled on H. magnifica had a faster growth rate examining the same
population on Kimbe Island from 2003-2013. Additionally, water flow, food, and
location on the island could also impact growth rates or the fact that our study had
only two collection years (n = 1,530) compared to five collection years (n =
4,829) examined by Salles and colleagues. Since our study examined wild
populations, it would be difficult to determine which factors contributed to faster
growth rates without additional environmental data. Interestingly, while species of
anemone may impact anemonefish growth, the personality of anemonefish
impacts anemone growth. A laboratory study examining E. quadricolor and A.
percula found that the shyer the fish, the faster the anemone grew (Schmiege et al.
2017). Presumably, shy fish spend more time in the anemone and therefore
provide more nutrients with its waste and oxygen by its movements. Additionally,
this is likely to occur in wild populations in places where there are high levels of
predation.
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Self-recruitment can vary among years and studies due to physical
variables such as site isolation, coastal complexity, and flow variability which can
change in location, intensity, and time (Sponaugle et al. 2002). It has been
suggested in Almany et al. (2017) that mesoscale eddies may have an impact on
self-recruitment between years on Kimbe Island. Due to the unpredictable nature
of these eddies, it is impossible to quantify their role in self-recruitment. Selfrecruitment was similar to previous studies of Kimbe Island, ~56% over ten years
(Salles et al. 2015). Planes et al. (2009) found self-recruitment on Kimbe Island to
be 42% for the years 2004 and 2005. Additionally, they found 41% of recruits
settled back to their natal lagoon in 2004 and 33% to their natal lagoon in 2005,
which is higher than values observed in 2011 (20%) or 2019 (24%). Interestingly,
in 2011 60% of recruits settled on S. gigantea compared to 83% in 2019, despite
the suggestion of Planes et al. (2009) that the host anemone of parents had little
effects on the recruitment patterns. The one recruit that settled in its natal
anemone, H. magnifica, in 2019, was an anomaly. There are hundreds of
anemones that provide ample opportunity to settle on the natal island without
going into its natal anemone. Looking at the philopatry, incest was uncommon
despite the high levels of self-recruitment to Kimbe Island and to the natal
lagoons. Only one case of a brother and sister and one case of grandson and
grandmother was observed (Salles et al. 2016b). Amphiprion percula rarely stray
from their anemone and are extremely attached to their habitat.
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Similar to Salles et al. (2016a), this study found that the majority of selfrecruiters and anemones persist on the eastern side of the island, particularly in
lagoon A. This spatial pattern could be due to water flow, depth, or wind
direction. Lagoons A and E have the highest abundance of anemones, which
therefore corresponds to the highest number of clownfish and self-recruitment
rates (Salles et al. 2015). However, it is important to note that these lagoon sectors
are purely arbitrary regions set up to divide sampling efforts, and do not
necessarily correspond to any oceanographic or bathymetric patterns.
Our study found a population turnover of 21% in A. percula over an eightyear time gap (2011 to 2019) on Kimbe Island and a 69% population turnover in
S. gigantea over a six-year time gap (2013 to 2019). Since there were more
anemone genotypes that survived than clownfish, this suggests that the anemone
host, S. gigantea, has a longer life-span compared to its clownfish companions but
in order to confirm this, the 2013 clownfish data would need to be analyzed. Over
an eight-year time gap, 2005 to 2013, Salles et al. (2015) found an 18%
population turnover in adult A. percula. Stichodactyla gigantea has a longer
measured life-span compared to modeled values of E. quadricolor (seven years),
H. crispa (five years), and B. annulata (one year) (McVay 2015; O'Reilly 2015).
A major bleaching event occurred in Kimbe Bay from March to May 2017 and
visibly affected anemones (Rueger et al. 2018), although in April 2019, there
were no signs of bleaching (pers. obs.). The bleaching event may have impacted
the 2017 or 2018 anemone and clownfish populations but did not affect the
overall population turnover despite the west area of Kimbe Bay (where Kimbe
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Island is located) being more susceptible to bleaching. However, in Bootless Bay,
PNG, a bleaching event in 2008 was found to have detrimental effects on both
host anemones and anemonefishes due to habitat degradation. Anemones reduced
in size as well as egg production in A. polymnus, but surprisingly, there were no
effects on post-settlement mortality (Saenz-Agudelo et al. 2011). Overall, our
study provides novel insights that can contribute to the growing body of work
done in the Kimbe Bay MPA. With long-term studies examining population
dynamics, population turnover, longevity, and self-recruitment, this can help aid
in the long-term conservation efforts on Kimbe Island.
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5. CONCLUSIONS
This study provides the first evidence of long-term social hierarchy (rank
changes and growth rates) in a wild population of reef fish. Anemone hosts or
anemone host location potentially had an impact on the growth rates and
settlement of both adults and recruits. Stichodactyla gigantea persistence was
high (69%) in the six-year time gap compared to 21% in A. percula over eightyears. This is also the first preliminary evidence of anemones being tracked
individually over a time gap. For future studies, it would be interesting to examine
the persistence and longevity of the other clonal host anemone, H. magnifica to
determine if this species is longer-lived than S. gigantea and more resilient to
bleaching events. Additionally, it would be interesting to look for movement
between anemonefish and anemones in a six-year time gap. It is predicted that the
clownfish would not willingly move between anemone individuals unless the
habitat vanished completely. Coker et al. (2012) described similar results in which
site-attached reef fish were unlikely to move between habitats despite bleaching
due to the structural support the bleached coral still provided. Understanding the
survivorship of self-recruits and intricacies of the social hierarchy is important for
better management of the Kimbe Island MPA as well as contributing to the longterm study of Kimbe Bay. Since there are high levels of self-recruitment, Kimbe
Island can be a relatively small MPA and still expect local replenishment.
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7. APPENDICES
Appendix A: There is some debate about the presence of the anemone species
Stichodactyla gigantea, Stichodactyla haddoni, and Stichodactyla mertensii in the
literature pertaining to Kimbe Island. While it is possible that all species could be
present, the confusion as it relates to the clownfish work probably arises from
updated naming by the individual authors through time. For example, Gatins
(2014) found the first genetic evidence of asexual reproduction in S. gigantea
based on her samples from Kimbe. More recently, Emms et al. (2020) found the
first genetic evidence of asexual reproduction in S. mertensii with samples present
from Kimbe as well. Stichodactyla haddoni was the assumed host in earlier years
(early 2000s) (Planes et al. 2009; Berumen et al. 2012) but was then switched to
S. gigantea later (Dixson et al. 2014; Salles et al. 2016a; Salles et al. 2016b;
Chausson et al. 2018; Salles et al. 2020). Since Gatins’ work is the only study that
specifically focused specifically on anemones, I chose to call this species S.
gigantea in line with her work.

