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Determining the conditions under which populations may persist requires
accurate estimates of demographic parameters, including immigration, local
reproductive success, and mortality rates. In marine populations, empirical

Subject Areas: estimates of these parameters are rare, due at least in part to the pelagic disper-

ecology, environmental science, sal stage common to most marine organisms. Here, we evaluate population
molecular biology persistence and turnover for a population of orange clownfish, Amphiprion per-

cula, at Kimbe Island in Papua New Guinea. All fish in the population were
Keywords: sampled and genotyped on five occasions at 2-year intervals spanning eight

years. The genetic data enabled estimates of reproductive success retained in
the same population (reproductive success to self-recruitment), reproductive
success exported to other subpopulations (reproductive success to local con-
nectivity), and immigration and mortality rates of sub-adults and adults.
Approximately 50% of the recruits were assigned to parents from the Kimbe
Island population and this was stable through the sampling period. Stability
in the proportion of local and immigrant settlers is likely due to: low annual
mortality rates and stable egg production rates, and the short larval stages
and sensory capacities of reef fish larvae. Biannual mortality rates ranged
from 0.09 to 0.55 and varied significantly spatially. We used these data to para-
metrize a model that estimated the probability of the Kimbe Island population
persisting in the absence of immigration. The Kimbe Island population was
found to persist without significant immigration. Model results suggest the
island population persists because the largest of the subpopulations are main-
tained due to having low mortality and high self-recruitment rates. Our results
enable managers to appropriately target and scale actions to maximize
persistence likelihood as disturbance frequencies increase.
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1. Introduction

Understanding and identifying biotic and abiotic conditions under which wild
populations can persist over space and through time is a formidable theoretical
and practical challenge in population ecology [1,2]. Identifying the spatial scale
at which populations are influenced by these conditions allows us to define con-
servation management units and implement appropriately targeted and scaled
actions. Wild populations of many species are fragmented and function as
metapopulations, comprised of local populations linked by migration [3].
Within metapopulations, local population size is driven by four fundamental
demographic rates: recruitment and immigration, which increase the
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population size, as well as mortality and emigration, which
decrease the population size [4]. Local populations within
metapopulations can only persist when recruitment and
immigration equals or exceeds mortality and emigration
[5,6]. However, these demographic rates may equalize as
populations approach carrying capacity, a theoretical upper
limit on the population size [7,8].

Population models provide a useful way of examining
the influence of demographic parameters on population
persistence [2,9,10]. These models can be used to generate pro-
jections of how the size of a population may change under
different environmental conditions, movement patterns of
individuals within populations, and mortality rates. Demo-
graphic models may also include some level of density
dependence, although such processes are hard to estimate in
wild populations [11]. However, the reliability of demographic
models depends on the accuracy of parameters that are often
estimated indirectly due to logistical sampling constraints
[12-14]. Evaluating demographic parameters is challenging
because it is often difficult or impossible to follow a large
number of individuals in situ over a time period sufficiently
long enough to accurately estimate rates of population turn-
over [15]. This is particularly the case for organisms that are
not sessile, with complex life cycles that include dispersal,
ontogenetic movements, hibernation, or cryptic phases.

Building demographic models is especially challenging for
marine species as they often have complex life cycles that may
include a dispersive larval phase and/or a mobile adult phase.
Consequently, it is often difficult to distinguish between losses
due to emigration and losses due to mortality [16]. Many
studies have been forced to assume that emigration equals
immigration, but it is then impossible to quantify the relative
contributions of these two processes to the dynamics of local
populations within metapopulations [17,18]. This assumption
can bias models towards overestimating the contribution of
local populations to the persistence of the metapopulation.
Identifying the natal origins of larvae recruiting to marine
populations has also represented a significant challenge to
the development of accurate demographic models. Larval
recruitment to subpopulations comes from two potential
sources. Individuals may return to their natal subpopulation
(typically termed self-recruitment), or may disperse to other
subpopulations within the metapopulation (typically termed
connectivity). Both self-recruitment and connectivity may be
critical for the persistence of subpopulations, but the means
to determine their relative importance has not been available
until recently.

The development of several methods to determine the
natal origins of juveniles has provided new insights into the
spatial scale of larval dispersal (e.g. physical oceanography
[19,20], artificial tagging [10], trace-elemental fingerprinting
of fish otoliths [21] and invertebrate larval shells [22], and
molecular genetics [23,24]). For instance, parentage analysis
based on DNA genotyping provides a means to distinguish
natal origins as it allows for detection of parent—child
relationships [24]. We have used this approach to estimate
larval dispersal of orange clownfish in Kimbe Bay from
samples collected in 2005 and 2007 [24,25]. When applied
regularly to all individuals in a population, DNA fingerprint-
ing using microsatellite loci also provides a powerful tool for
measuring mortality and population turnover.

Orange clownfish (Amphiprion percula) form obligate
associations with sea anemones, where they remain for the

rest of their lives. Mortality and population turnover rates
can be quantified by tracking individuals from each subpopu-
lation through time. Previous results from such studies
showed a high self-recruitment rate (approx. 50% of recruit-
ment) for the A. percula of Kimbe Island in 2005 and 2007
[24,25] and a very low adult mortality rate (approx. 12.9%
per year, [26]) for the same species in Madang, Papua New
Guinea. Based on these findings, we hypothesized that levels
of self-recruitment may be high enough to ensure the self-per-
sistence of the A. percula population in Kimbe Island without
immigration. We test this hypothesis using parentage analysis
and DNA identification of all of the individuals in the orange
clownfish population in Kimbe Island, Papua New Guinea
over an 8-year sampling period. We used the resulting demo-
graphic data to parametrize a demographic model of Kimbe
Island subpopulations to address a specific question: can the
orange clownfish population of Kimbe Island and any of its
subpopulations persist in the absence of larval connectivity
from other locations in the region?

2. Material and methods
(a) The study system

Amphiprion percula typically lives in groups and occurs in obligate
association with sea anemones [27,28]. Groups are usually com-
posed of a dominant breeding pair and between 0 and 6 juveniles
[29]. Within each group, there is a size-based dominance hierarchy:
the female is largest, the male is second largest and the non-breeders
rank progressively lower in the hierarchy as they decrease in size. If
the single female adult (i.e. rank 1) of a group dies, then the male
(i.e. rank 2) changes sex and the largest juvenile (i.e. rank 3) from
the anemone becomes male [30,31]. Reproduction occurs year
round, and breeders hatch hundreds of eggs each lunar month
but the importance of the lunar cycle on larval settlement is
poorly understood [32,33]. Then, eggs hatch into pelagic larvae
that spend approximately two weeks in the pelagic environment
before settling on an anemone [10,24,34], which may or may not
be on the natal reef. Because adult clownfish rarely move among
anemones, persistence at the scale of a single anemone (and
hence the larger scale) is determined by whether the rate of settling
larvae can offset the mortality of juveniles and adults.

(b) Study site and field collections

The study was conducted every two years from 2005 to 2013
during April in Kimbe Island (5°12/22,56” S, 150°22'35.58" E), a
small island located in Kimbe Bay, Papua New Guinea (elec-
tronic supplementary material, figure S1). We subdivided the
island into seven geographical areas (A-G). In this study, these
geographical areas are described as subpopulations. We located
and tagged a total of 210 anemones that were present during
the five periods of sampling, all of which were occupied by
A. percula (electronic supplementary material, figure S1). All
fish at each anemone were captured by divers using hand nets
and processed in situ. Individuals were measured using calipers
(total length TL, mm), fin-clipped for genetic analysis and then
released back on the same anemone. The biggest fish in each ane-
mone was identified as the female, the second largest individual
was assumed to be the male and all other individuals were classi-
fied as juveniles. In 2005 and 2007, juveniles (non-breeders) with
TL > 35 mm were not fin-clipped but were recorded for 2007.
The small pieces of fin tissue were preserved in 95% ethanol in
0.2ml vials. The smallest non-breeders (TL < 35 mm, hereafter
referred to as ‘new-recruits’) were removed from their anemones
and the whole fish were preserved in vials with 95% ethanol.
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Resident clownfish may prevent recruitment of new individuals at
high densities [32]. Therefore, removal of the small individuals
homogenized conditions for larval settlement among all ane-
mones. All details related to capture numbers for each stage,
subpopulation and year of sampling are provided within the elec-
tronic supplementary material, table S1. DNA from a total of 3 890
collected samples (including 1067 new-recruits) were extracted
and screened at 22 polymorphic microsatellite loci (electronic
supplementary material, table S2) that satisfied Hardy—Weinberg
equilibrium and linkage disequilibrium assumptions.

(c) Demographic parameters

(i) Mortality measurement (biannual)

The package GenAlex v6.5 [35] was used to compare each of the
individual genotypes from fish sampled in 2009, 2011, and 2013
(2005 and 2007 are excluded because juveniles with TL > 35 mm
were not fin-clipped in those years) to identify all unique multi-
locus genotypes [36]. The combined probability of identity (i.e.
the probability of two samples having the same multilocus gen-
otype by chance) for this set of markers in this population was
small (1.7 x 1072%). Therefore, if fin clips from different sampling
years had the same genotype, they were assumed to be from the
same individual. To account for possible genotyping errors, mis-
matches of up to two loci between genotypes were allowed in
pair-wise genotype comparisons. In this way, we were able to
measure mortality for each stage (i.e. average mortality of
females, males, and juveniles) for each of the seven subpopu-
lations of Kimbe Island for two time steps (i.e. 2009-2011 and
2011-2013). We used x*test to compare the mortality rates
observed among the seven subpopulations and between the var-
ious life stages (i.e. juvenile, male, and female stages). We then
used the Fisher-test to evaluate whether the mortality rate calcu-
lated for 2009-2011 was significantly different than the mortality
rate calculated for 2011-2013.

(ii) Reproductive success to self-recruitment and to local

connectivity, and immigration measurements (biannual)

For every sampling year (2005, 2007, 2009, 2011, and 2013) and
for each subpopulation of Kimbe Island (A-G), we used
assignment/exclusion tests to estimate an index of reproductive
success to self-recruitment, reproductive success to local connec-
tivity, and immigration. Reproductive success to self-recruitment
is calculated as the number of juveniles with parents from the
same subpopulation divided by the number of females in this
population. Reproductive success to local connectivity is calcu-
lated as the number of juveniles in a subpopulation that were
offspring of parents from another Kimbe Island subpopulation,
divided by the number of females in the focal population. Immi-
gration is defined as the number of juveniles that were not
assigned to any parent from Kimbe Island. To assign one indi-
vidual to a breeding pair, we used individual genotypes and
the platform FaMoz [37]. We then compared the percentages of
self- and local-recruits and immigrants within Kimbe Island
among all sampling years using a Kruskal-Wallis test. In this
analysis, local-recruitment is the percentage of self-recruitment,
defined by Burgess et al. [15] as the fraction of recruitment to a
site comprised of individuals born in that site and the percentage
of local connectivity. We used the Pettitt homogeneity test to
evaluate differences in the presence of connections among
subpopulations (i.e. exchange of recruits) and the number of
recruits being exchanged among (local recruits) and within
(self-recruits) subpopulations among years.

(iii) Carrying capacity
The number of female and male clownfish per anemone cannot
exceed one since anemones only host one breeding pair.

Therefore, the carrying capacity for adult males and females in n

a given subpopulation cannot exceed the number of anemones
present in that subpopulation. The number of juveniles per ane-
mone may vary between the different subpopulations. We
calculated the mean number of clownfish observed per anemone
in the seven subpopulations at four sampling periods (2007,
2009, 2011, and 2013, excluding 2005 because non-breeders
more than 35 mm were not counted and sampled). For each sub-
population, we obtained a set of four values of mean number of
clownfish per anemone and we used the highest values of mean
number of clownfish per anemone as the juvenile carrying
capacity per anemone. The juvenile carrying capacity per
subpopulation is equal to the maximum number of clownfish
observed per anemone multiplied by the total number of
anemones in that subpopulation.

Mortality rates, and rates for reproductive success to self-
recruitment, reproductive success to local connectivity, and
immigration are exact measures from the field observations
(rather estimation) so are not presented with error bars. All
statistical analyses were performed using R v3.0.2 [38] and
significance was interpreted using a p-value of >0.05.

(d) Demographic model

The system is based on a loss-input principle using recurrence
equations [39]. The number of larvae, juveniles, males, and
females in a subpopulation at period t + h (with the time-step
resolution of the dynamic) is represented by L, Ji,,, M,
and F; ;. The dynamics of each subpopulation are described
following these four recurrence equations:

sP . )
b = {b""lvi +y b+ 0’} 2.1)
j=1
Jhen = Ji = hl(=dj — )]} + s L], (2.2)
Len — M} = Bl(=dy; — t)M] + ], (2.3)
and Fi, — F = h[—dLF + tzMi], (2.4)

where wi and w{s are the number of breeding pairs in the sub-
population i and j at time ¢ and (equation (2.1)), dj, dy;, and dj
are the mortality rates per capita of juveniles, males and females
by unit of time in subpopulation i (equations (2.2)-(2.4)).
The parameter b represents the number per unit of time of
self-recruits and breeding pairs (w!) in subpopulation i (i.e. repro-
ductive success to self-recruitment), while b’ is the number per
unit of time of juveniles produced per breeding pair in subpopu-
lation j (u){) at time t that disperse and recruit into subpopulation
i (i.e. reproductive success to local connectivity). ijl bf"w/,. is the
sum of the connectivity from the six other subpopulations (sP =
6) j to subpopulation i. The parameter ¢ denotes the constant
number per unit of time of migrants recruiting to subpopulation
i who were spawned outside of Kimbe Island. In equation (2.2),
si, corresponds to settlement rate per unit of time of larvae arriv-
ing at subpopulation i.

The number of larvae that can enter the juvenile population

on reef i is limited by the amount of free space, (n'K' — J}):

11 1
S|, = 81 % ’ (25)
where 7' is the maximal number of juveniles per anemone in
subpopulation i and K' is the number of anemones in
subpopulation i.

In equations (2.2) and (2.3), t\ measures the rate of transition
function from juveniles to males per unit of time:
K —M;

K

M = tm

(2.6)
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Table 1. Demographic parameters from empirical values of a natural population of A. percula. dij'F refers to the average biannual mortality rate per capita of |}

juveniles, and adult males and females for each subpopulation between two periods: 2009—2011 and 2011-2013 (see the electronic supplementary material,
table S3 for mortality rates for each of the two 2-year periods). n'" is the maximal average number of juveniles per anemone in the subpopulation i between
2007 and 2013 and K" is the total number of anemones in subpopulation i (equal to the maximal number of males or females per subpopulation).

parameters A B C

d| 0.296 0.270 0.269
& 0373 0.095 0.393
dt 0.397 0.190 0.382
i . 219 200 s
K 57 21 19

where (K'— M) denotes the available space for new males
(i.e. male mortality or males changing into females following
female mortality) taking into account that we cannot observe
more than one adult male per anemone.

In equations (2.3) and (2.4), tg corresponds to transition
function from males to females per unit of time:

K —F

tp =t I

(2.7)

where K’ — Fi denotes the female turnover due to available space
for females in anemones due to female mortality taking into
account that we cannot observe more than one adult female
per anemone.

(e) Hypotheses, model fitting, and simulations

Rates of mortality, self-recruitment, and local connectivity were
all assumed to be known parameters, deduced from the parent-
age analysis, which was entirely independent of the model. The
parameters s, t,,, and t¢ in equations (2.5)—(2.7) appear as adjust-
ment parameters that fit the model to the observed data
(electronic supplementary material, figure S2). Their estimated
values are obtained by minimizing the least-square criterion
measuring the distance between observed data and their values
predicted by the model [40], using the procedure outlined by
Nelder & Mead [41]. Reproductive success rates of self- and
local-recruitment, and immigration used in the demographic
model were the averages among all five sampling periods for
each subpopulation (table 1). Mortality rates used as inputs to
the demography model are the averages between 2009-2011
and 2011-2013 for each life stage of each subpopulation
(table 1). Demographic parameters are rescaled to equivalent
monthly rates to increase resolution of the model dynamics.
The model was initialized from 2007 with a monthly time step.
The population dynamics were evaluated considering three
different recruitment and immigration scenarios: (i) with all
inputs; (ii) removing immigration; and (iii) removing local-
recruitment and immigration. The numerical solution for the
demographic model was programmed into R v3.0.2 [38].

(f) Sensitivity analysis
Sensitivity analyses were used to determine which demographic
parameters most greatly influence population dynamics and per-
sistence among: mortality rate of females, males, and juveniles,
self-recruitment and local-recruitment rates, immigration, and
juvenile and adult carrying capacity. We independently varied
each parameter by 30% and plotted the resulting trajectory of
population size through time.

Further details on the demographic parameters and
sensitivity analysis (figure S2b,f) are provided in the electronic
supplementary material.

D E F G
0477 0179 0.500 0487
0.400 0.198 0286 0440
0.350 0243 0357 0552
18 203 RV 170
2 56 7 30

3. Results

(a) Population demography

(i) Mortality measurements (biannual)

In total, 1706 fins were collected and genotyped between
2009 and 2013. Genetic similarity analyses revealed that 561
individuals were observed only once, 334 individuals were
found in two successive sampling years (i.e. 2009 and 2011
or 2011 and 2013) and 159 individuals survived during the
three years of sampling. From these data, we calculated the
mortality rate between the periods 2009-2011 and 2011-
2013 (electronic supplementary material, figure S3 and table
S3). We excluded two cases of survival assignments (i.e. simi-
lar genotypes with three mismatches on 44 alleles from fins
clipped in two consecutive periods) because fins came from
females which were sampled in different subpopulations sep-
arated by more than 350 m. During the period 2009-2011, the
mortality rates differed significantly among the seven sub-
populations and for the various life stages (x*-test, p<
0.001). During the period 2011-2013, the mortality rates
among the seven subpopulations and for the various life
stages were significantly different only for males and females
()(z-test, py = 0.120, pamr < 0.001). The average mortality rate
varied among subpopulations between 0.18 and 0.49 for
juveniles, 0.09 and 0.44 for males, and 0.19 and 0.55 for
females (table 1). The mortality rates were higher in
subpopulation G than in the other subpopulations
(dg >dp >dc >dg >dp > dg). However, when all life
stages and subpopulations were aggregated, differences in
mortality rates between 2009-2011 and 2011-2013 were not
significantly different (Fisher’s test, p =0.703). Further,
when the development stage and subpopulations were con-
sidered separately, differences among mortality rates
between the two periods were only significant for males
and females from subpopulation A (Fisher’s test, p < 0.001).

(ii) Recruitment measurements (biannual)

Parentage analysis was used to establish the natal origin of all
A. percula offspring spawned by females in the seven Kimbe
Island subpopulations. The analysis quantified self-recruitment
(fraction of recruitment to a subpopulation comprised of
new-recruits born in that subpopulation), local connectivity
(fraction of recruitment to a subpopulation comprised of new-
recruits born in other Kimbe Island subpopulations), and
immigration from other reefs outside Kimbe Island from
2005-2013 (figure 1). From a total of 1 067 new-recruits collected
over five sampling events, less than half were immigrants (489

LLELSLOT 28T § 20S Y 20id  biobuiysigndfiaposjedorqdsi



SR=9%
LC=32%
1=59%
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LC=58%
1=32%
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1=47%

SR=12%

15
LC=27%
1=61%

1=36%

Figure 1. Self-recruitment (SR, blue arrows), local connectivity (LC, grey arrows), and immigration (I, black arrows) calculated on the natural Amphiprion percula
populations from parentage analysis from 2005 to 2013 in Kimbe Island, Papua New Guinea. Subpopulations are indicated with letters A—G. The numbers
correspond to new-recruits and the arrows show the sources of these inputs (i.e. self-recruitment, local connectivity, or immigration).

new-recruit immigrants, 45.8%); 222 (20.9%) were self-recruits
and 356 (33.3%) were local recruits). The percentages of self-
recruits, local-recruits, and immigrants among sampling years
did not vary significantly among years (Kruskal-Wallis test,
p = 0.877). Further, levels of self-recruitment and local connec-
tivity among subpopulations were all consistent among the
five sample years. Differences in the presence of connections
among subpopulations (i.e. exchange of recruits) and the
number of recruits being exchanged among (local recruits) and
within (self-recruits) subpopulations were not significantly
different among years (Pettitt homogeneity test, p = 0.702).

The average reproductive success to self-recruitment varied
among subpopulations between 0.06 and 0.45 juveniles per
female (electronic supplementary material, table S4). The
reproductive success to self-recruitment was higher in subpopu-
lation A than in the other subpopulations (by > bg >
bg > bc > bp > bg). The average number of juveniles per
female in subpopulation A represented approximately 40% of
the total input coming from Kimbe Island.

Further details on the mortality and reproductive success
results are provided in the electronic supplementary material.

(b) Modelling population dynamics

The demographic parameters calculated from the field data
and used in the model included the reproductive success to
self-recruitment, reproductive success to local connectivity,
mortality, and the carrying capacity. The carrying capacity
is the average number of juveniles per anemone for juveniles

and is the number of anemones (K) for adult males and
females. Although the number of juveniles per anemone
was as high as five (electronic supplementary material,
figure S4), the average number of juveniles per anemone
varied between 1.14 and 2.19 among subpopulations
(table 1). The optimum parameter values for fitting our
demographic model to the observed data were s, =0.196
(larval settlement), t,, =0.310 (transition from juvenile to
male), t; = 1.950 (transition from male to female).

We found that all subpopulations and the Kimbe Island
population were stable and persisted when all connections
were maintained (self-recruitment, local-recruitment, and
immigration, figure 2 black points). The subpopulations
A-E and G and the integrated Kimbe Island population
were also stable and persisted when immigration was
removed (figure 2, grey points). The number of juveniles in
subpopulation F was null after 5 years (figure 2, grey
points). When immigration was removed, the presence of
both a male and female on each anemone were maintained,
but the number of recruits/juveniles was halved meaning
the available habitat was no longer saturated. The global
Kimbe Island population was also stable and persisted if all
local connections and immigration were removed, though
the habitat became less saturated through a 25% decline in
females. In this scenario, only subpopulations A, B, and E
persisted (figure 2, blue points), albeit with reductions in
juvenile densities of approximately 50% (A and E) and 75%
(B). The juvenile stage in subpopulations C, D, F, and G
disappeared after approximately five years. Mortality rates
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Figure 2. Demographic model projections of numbers of juvenile Amphiprion percula within each of the subpopulations (A—G) and the whole population of Kimbe
Island (subpopulations A—G combined) for three different recruitment and immigration scenarios. The model was initialized with data of total juvenile captures
during 2007 (set as time[year] = 0). The model temporal resolution is one month and the results are plotted here every six months for 50 years. Self-recruitment
and local connectivity refer to reproductive success to self-recruitment and reproductive success to local connectivity, respectively, in the demographic model.

for these subpopulations were all higher than for A, B, and E
and thus C, D, F, and G were more dependent on local con-
nectivity and immigration. Subpopulations C, D, F, and G
were smaller than A, B, and E, which is why the overall
Kimbe Island population persisted when only subpopu-
lations A, B, and E persisted. The decline in subpopulations
C, D, F, and G started with a reduction in the number of
juveniles followed by a decrease in the number of males
and then total loss due to the absence of females (electronic
supplementary material, figure S5).

A sensitivity analysis was conducted to determine which
parameters most influence subpopulation dynamics. The sen-
sitivity analysis revealed that for subpopulations C, D, and F
the time of extinction stayed the same irrespective of whether
the other demographic parameters are modified by 30% (elec-
tronic supplementary material, figure S6a and b). For these
three subpopulations, self-recruitment, local-recruitment,
and immigration were equally important. Considering the
entire population of females in Kimbe Island, the mortality
rate of females and the carrying capacity were the most influ-
ential demographic parameters driving persistence
(electronic supplementary material, figure S6a and b). The
sensitivity analysis demonstrates the robustness of our main
finding: the orange clownfish population from Kimbe
Island can persist without immigration. In fact, we observed
the persistence of the orange clownfish population even after
increasing or decreasing by 30% the different demographic
parameters.

4. Discussion

We followed an entire population of a coral reef fish through
eight years to quantify demographic parameters used in
assessments of population dynamics. Our results indicate
that the overall Kimbe Island population of clownfish was

stable with consistent patterns of self-recruitment and larval
immigration, and model results suggest that the population
can persist without immigration from other sources. Model
results also suggest several smaller lagoonal subpopulations
within Kimbe Island were also stable and likely to persist if
only populated from self-recruitment. The high level of
demographic stability demonstrated at a small spatial scale
is a novel and unexpected result for a marine population
that includes a dispersive larval stage. The conclusion that
the population can be sustained through self-recruitment is
likely to be robust for two primary reasons. Firstly, our demo-
graphic model was based on genetic identification of every
individual and their progeny over an 8-year period. The pri-
mary input variables to the model were therefore based
directly on sampling of all individuals in the population
and parent-offspring relationships, rather than use of indir-
ect methods as is the case in other studies [12,42-44].
Further, the study was long enough to see a near-complete
population turnover, with only 18% of adults persisting
over the 8-year sampling period. Secondly, mortality, self-
recruitment and connectivity patterns were stable over the
8-year sampling period, suggesting that the demographic
importance of self-recruitment was not a transitory
phenomenon. Although larval connectivity is not necessary
for the persistence of relatively undisturbed populations, it
is likely to be of great demographic significance via a
rescue effect [45] should extrinsic disturbances extirpate a
subpopulation.

The power of longitudinal genetic monitoring of each
individual was that we can distinguish between death and
emigration to generate an accurate estimate of mortality.
Our data indicated that a small number of adult individuals
moved short distances during the study period from their
anemone to another anemone within the same lagoon
(approx. 2%), which meant we could adjust mortality rates
accordingly and calculate the true mortality rate. We
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calculated average biannual mortality rates of 31-36% for
juveniles, and adult males and females with a global mor-
tality rate that was constant across two 2-year periods.
There was no significant difference between the mortality
rate of adults (either sex) and juveniles, though most juveniles
sampled were large and positioned first in the queue for
access to reproduction in the colony hierarchy (juveniles
named as ‘rank 3’ by Buston [26,32] represent approximately
83% of total juveniles sampled). Buston [26,32] used visual
censuses to estimate mortality for the same species in another
part of Papua New Guinea (Madang), and also concluded that
adults (named by the authors ‘rank 1 and 2’ to refer to female
and male, respectively) and juveniles (named ‘rank 3’) had
similar mortality [26]. However, the mortality rate we found
was higher (approx. 16.5% versus approx. 12.9%) than
Buston [26,32] observed following conversion of our bi-
annual and his monthly mortality rates to annual rates. Also,
differences among subpopulations were as great as approxi-
mately 25%, all of which speaks to the value of longitudinal
genetic monitoring of each individual and to the importance
of local-scale differences in the environment (abiotic and/or
biotic) for survival.

Differences among subpopulations in mortality rates
probably reflect a rapid turnover as a result of intense compe-
tition for reproductive status on anemones (related to the
number of fish in the queue within an anemone), which are
clearly a limiting resource. Only the dominant pair of clown-
fish breeds and non-breeding subordinates queue for
breeding positions. The highest-ranking individuals are the
most likely to inherit breeding positions so competition for
rank may be intense, which results in high stress for some
juveniles and competition for food resources within ane-
mones [26,30]. The extent to which competition for rank
plays out probably varies among subpopulations resulting
in more rapid turnover where competition is most intense,
which might be the case for our subpopulations C, D, and
G, where mortality rates are highest.

For marine populations, recruitment is often a highly sto-
chastic process with great inter-annual variation [46,47]. In
our study, longitudinal genetic monitoring of each individual
allowed us to distinguish between individuals that were off-
spring of parents from Kimbe Island subpopulations and
those that were spawned by adults on other reefs (i.e. located
more than 10 km from Kimbe Island). We found that local
connectivity and self-recruitment combined to provide
approximately 50% of recruits each year during the five
sampling periods. Importantly, the stability we see through
time is a result of several settlement events because new-
recruits sampled are between 10 and 281 days old (Salles
0.C., 2015) and we are therefore integrating a number of
settlement events through the year. Stability in the proportion
of local and immigrant settlers over time is likely due to a
combination of biological and physical factors. Population
numbers are fairly consistent through time with low annual
mortality rates (approx. 15%), suggesting that egg production
rates were also likely to be relatively stable when averaged
over the year in question. Also, the duration of the larval
stage for this species is relatively short (10-12 days on aver-
age [34]) and therefore capacity for dispersal will be
significantly less than for species with longer pelagic larval
durations. Larval behaviour may also play a role in stabiliz-
ing self- and local-recruitment over time. Coral reef fish
larvae are now known to have well-developed sensory

systems and reef sounds [48-50] and olfactory cues [51-53]

may be used as means to locate and orient towards home
to a suitable habitat [54,55]. For instance, Dixson et al. [56]
provided evidence that A. percula use olfactory cues to
locate their natal reefs, providing a mechanism for the
relatively high and consistent levels of self-recruitment
documented for Kimbe Island.

Results obtained from our demographic model showed
that the three subpopulations with the lowest mortality
rates (A, B, and E) are capable of persisting without immigra-
tion. Two of these subpopulations (A and E) also have the
largest anemone abundance and correspondingly have the
highest number of clownfish and the highest self-recruitment
rates. Yet, the female reproductive success for self-recruit-
ment was quite different between subpopulations A and E
despite their numbers differing by only 2%. The biannual
production of self-recruiting juveniles per females from sub-
population A was more than twice that documented for E
(approx. 0.38 versus approx. 0.16), perhaps due to local
water movement, ability of larvae to sense the shallower
anemones here, or a combination of these.

Two different demographic strategies can ensure the persist-
ence of subpopulations in the absence of immigration. The first
strategy relies upon high self-recruitment to compensate for high
mortality (subpopulation A). The second is the inverse; female
mortality rates may be low so self-recruitment rates can be low
as well (subpopulations B and E). In contrast to A, B, and E, sub-
populations C, D, F, and G disappeared quickly without
immigration. Subpopulation F consisted of only seven inhabited
anemones in total. For the three other subpopulations (C, D, and
G) persistence was not assured once isolated due to higher
mortality rates and lower self-recruitment rates in comparison
to subpopulations A, B, and E. The persistence of the island
population as a whole was driven by the low mortality rates
of females and the high self-recruitment rates characteristic of
the largest subpopulations at Kimbe Island (i.e. A, B, and E).

In conclusion, longitudinal genetic monitoring of each indi-
vidual within a population is a powerful approach for
understanding the local drivers of population persistence. It
can provide accurate measurements of demographic rates that
often cannot be reliably estimated by traditional approaches.
Our use of longitudinal genetic monitoring is why we are con-
fident it is possible for the Kimbe Island population to persist
without immigration; i.e. that our primary result is robust.
While we cannot be absolutely certain as to whether the
Kimbe Island clownfish population will persist without immi-
gration, all of the evidence presented suggests it is possible. We
were also able to reliably determine the demographic par-
ameters driving local-scale spatial variation in persistence
likelihood, which, with further work, could be used to examine
how and whether local adaptation develops and manifests. The
approach outlined here will also be of help to managers in
developing appropriately targeted and scaled actions that
maximize persistence likelihood in this era of climate change
and increasing disturbance frequencies. For example, our
results indicate that protecting Kimbe Island may be sufficient
to preserve the local A. percula population over time even
without immigration from surrounding populations.
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