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1 | INTRODUCTION

| Giacomo Bernardi'

Abstract

The evolution of parental care opens the door for the evolution of brood parasitic
strategies that allow individuals to gain the benefits of parental care without pay-
ing the costs. Here we provide the first documentation for alloparental care in coral
reef fish and we discuss why these patterns may reflect conspecific and interspe-
cific brood parasitism. Species-specific barcodes revealed the existence of low levels
(8.5% of all offspring) of mixed interspecific broods, mostly juvenile Amblyglyphidodon
batunai and Pomacentrus smithi damselfish in Altrichthys broods. A separate analysis
of conspecific parentage based on microsatellite markers revealed that mixed parent-
age broods are common in both species, and the genetic patterns are consistent with
two different modes of conspecific brood parasitism, although further studies are
required to determine the specific mechanisms responsible for these mixed parent-
age broods. While many broods had offspring from multiple parasites, in many cases
a given brood contained only a single foreign offspring, perhaps a consequence of the
movement of lone juveniles between nests. In other cases, broods contained large
numbers of putative parasitic offspring from the same parents and we propose that
these are more likely to be cases where parasitic adults laid a large number of eggs
in the host nest than the result of movements of large numbers of offspring from a
single brood after hatching. The evidence that these genetic patterns reflect adaptive
brood parasitism, as well as possible costs and benefits of parasitism to hosts and

parasites, are discussed.
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due to the price of investing in current offspring (Trivers, 1972;

Williams, 1966). In several taxonomic groups the evolution of pa-

The independent evolution of parental care in diverse taxa attests
to the fitness benefits of providing care to offspring (Clutton-Brock,
1991; Gross, 2005; Royle, Smiseth, & Kolliker, 2012). However, pa-
rental care also comes with costs, including lost opportunities for ad-

ditional reproduction plus a reduced future survival or reproduction

rental care has been followed by the evolution of various forms of
reproductive parasitism—reproductive strategies that allow individ-
uals to gain the benefits of parental care without paying the costs.
Depending on the taxonomic group, the stage of reproduction at
which the reproductive parasitism occurs, and how the mixed broods
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arise, these forms of reproductive parasitism have been called dif-
ferent things: brood parasitism, egg dumping, brood amalgamation,
adoption, kidnapping of offspring or, most broadly, alloparental care
(Andersson, 1984; Eadie, Kehoe, & Nudds, 1988; Wisenden, 1999).

Alloparental care occurs when individuals provide parental care
for offspring other than their own biological offspring. One key dis-
tinction between brood parasitism and other forms of alloparental
care is whether the putative reproductive parasite provides subse-
quent parental care to its offspring. For example, nonparasitic forms
of alloparental care include cooperative or social breeding where
groups of parents reproduce socially or where nonbreeding helpers
assist. In contrast, brood parasites donate eggs or offspring to the
broods of others but provide no subsequent parental care—all pa-
rental care is provided by the host individuals. Two considerations
make this otherwise clear distinction between parasitism and coop-
erative forms of alloparental care somewhat murky and, as a result,
there is no universal agreement as to what falls under the label of
brood parasitism. First, mixed parentage broods sometimes result
from adoption of offspring after hatching and, in some cases, the
adoption could be driven by the parasitic offspring rather than the
adult parasite. Some consider these as examples of brood parasitism
(Eadie et al., 1988) while others might not. Second, while the term
parasitism implies a cost to hosts, providing care to other offspring
is not always costly to hosts and, in some cases, may even provide
a benefit (Andersson, 1984; Canestrari et al., 2014; Lyon & Eadie,
2008). The term brood parasitism is generally used to describe the
reproductive strategy where adults deposit their eggs or offspring
into the nests or broods of hosts, irrespective of costs to those hosts
(e.g. Andersson, 1984; Lyon & Eadie, 2004, 2008) We use this ter-
minology here and also note that it is important to understand the
mechanisms by which these forms of alloparental care occur.

Brood parasitism and related forms of alloparental care have
been documented in diverse groups, including birds (Davies, 2000;
Lyon & Eadie, 2008; Rothstein, 1990), fish (Sato, 1986), amphibi-
ans (Brown, Twomey, Morales, & Summers, 2008) and arthropods,
mostly insects (Boulton & Polis, 2002; Holldobler & Wilson, 1990).
The specific parental benefits parasites gain by having their off-
spring raised by others varies depending on taxonomic group, but
invariably involves the provisioning of some costly form of care to
offspring, such as nourishment, warmth or protection from preda-
tors (Trivers, 1972; Williams, 1966). In most cases brood parasitism is
a reproductive strategy pursued by the adult parasites, but in some
related behaviours such as adoption, the reproductive parasitism
might result from the behaviours of the adopted offspring. However,
there are also examples where the adult parasites facilitate the
adoption of their offspring: some female ducks take their ducklings
into the territories of other females that then adopt the ducklings
(Eadie & Lyon, 1998).

In some cases, brood parasitism involves parasitism of conspecif-
ics (conspecific brood parasitism, CBP), which by necessity is a facul-
tative strategy because there must be conspecific hosts to parasitize.
Many brood parasites lay eggs in the nests of other species (inter-
specific brood parasitism, IBP), and in many cases the parasites have

evolved to become obligate brood parasites where the entire species
is dependent on hosts of other species for successful reproduction.
Brood parasitism has been most widely documented and studied in
birds and insects, so in these two taxa we have a better understand-
ing in terms of why it occurs and how specifically brood parasites
gain from parasitism. The evolutionary relationships between the
two main forms of parasitism—conspecific and interspecific brood
parasitism—have also been studied. This evolutionary relationship is
fairly well understood in insects (interspecific parasites often evolve
from close relatives; Buschinger, 1986, 2009) but in birds the picture
is far less clear and debated (Kruger & Pauli, 2018; Lyon & Eadie,
1991; Yom-Tov & Geffen, 2006).

Brood parasitism has also been observed in fishes, where
IBP, easier to identify, has been studied more frequently (Avise,
Jones, Walker, & DeWoody, 2002; Dierkes, Taborsky, & Kohler,
1999; Taborsky, 2001). The best-known example is found in Lake
Tanganyika, where the cuckoo catfish, Synodontis multipunctatus,
is an obligate brood parasite of different species of mouth-brood-
ing Trophein cichlids (Blazek et al., 2018; Sato, 1986). IBP has been
studied in both freshwater and marine substrate spawners, includ-
ing many species of Cyprinid minnows that spawn in the nests of
other species (Baba, Nagata, & Yamagishi, 1989; Johnston, 1994) as
well as one marine species, the spinynose sculpin, Aemichthys, which
spawns in buffalo sculpin Enophrys nests (Kent, Fisher, & Marliave,
2011). In contrast, CBP in fishes has rarely been documented. In
cichlids, egg stealing and brood adoption was shown to enhance the
protection of a clutch from predators via dilution of eggs, rather than
an attempt at parasitizing parental care (Mrowka, 1987a, 1987b;
Wisenden, Keenleyside, Wisenden, & Keenleyside, 1992).

Brood parasitism has not yet been reported in coral reef fishes,
perhaps not surprisingly given their reproductive biology. Indeed,
the majority of marine fishes exhibit a bipartite life history, with
a sedentary adult stage and a dispersive pelagic larval stage (Leis,
1991). Most families (57) are broadcast spawners, where gametes
are released in the pelagic environment, thus lacking parental care
altogether. In contrast, for those families (14) that are substrate
spawners with demersal eggs, parental care is relatively common
(Barlow, 1981; Leis, 1991). Such parental care, however, is usually
restricted to the very early life stages that typically last only a few
days (egg to hatching stage), for example tending, fanning and guard-
ing eggs against predators in clownfishes (genera Amphiprion and
Premnas) (Fautin & Allen, 1997). Indeed, after hatching, offspring
become pelagic and remain in the water column for days to weeks.
Given this pattern of reproduction, coral reef fishes have few oppor-
tunities to engage in brood parasitism.

In damselfishes (Pomacentridae), a family of substrate spawn-
ers that includes ~380 species that are mostly restricted to coral
reefs, four closely related species lack a pelagic larval stage (ape-
lagic species): the widespread spiny damselfish, Acanthochromis
polyacanthus, and three species in the genus Altrichthys, a genus
restricted to the Calamian Archipelago, Philippines (Allen, 1999;
Bernardi, 2011; Bernardi, Crane, Longo, & Quiros, 2017; Bernardi,
Longo, & Quiros, 2017). These species are unique because, unlike
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most coral reef fishes, parents guard their brood for several weeks
after hatching (biparental care system), until the offspring are large
enough to escape predation (Allen, 1999; Bernardi, 2011; Bernardi,
Crane, et al., 2017; Bernardi, Longo, et al., 2017; Kavanagh, 2000;
Robertson, 1973). In the Great Barrier Reef, the cost of parental care
in Acanthochromis polyacanthus has been shown to be high (Jordan,
Herbert-Read, & Ward, 2013). Indeed, parents aggressively defend
their offspring and also partially feed them with the mucus produced
by their skin (glancing behaviour) (Jordan et al., 2013; Kavanagh,
1998; Noakes, 1979; Robertson, 1973). Parents might also transfer
important microbial symbionts to their offspring at that stage, as was
shown in Discus cichlids (genus Symphysodon) (Sylvain & Derome,
2017). Occasionally, broods suddenly increase in size (number of off-
spring), and these jumps were interpreted as potential conspecific
brood parasitism (Jordan et al., 2013; Thresher, 1985a, 1985b). Yet
no genetic analysis was performed to ascertain that brood parasit-
ism was actually present.

In this study, we focused on the two most abundant species of
Altrichthys in the Calamian Archipelago, Philippines, A. azurelineatus
and A. curatus (Allen, 1999; Bernardi, Crane, et al., 2017; Bernardi,
Longo, et al., 2017). Nests are laid deep inside the base of corals,
where they cannot be observed directly. Both parents guard the nest
and the resulting offspring after hatching. The nest is only guarded
by the two parents, and we did not observe any additional satellite
adults. Here, we report the occurrence of mixed parentage broods
that we propose probably represent both IBP and CBP in Altrichthys.
In a previous study in the Calamian Archipelago, where we observed
391 nests of Al. azurelineatus and A. curatus (Bernardi, Crane, et
al., 2017; Bernardi, Longo, et al., 2017), we noticed that some off-
spring looked different from most individuals, raising the question of
whether brood parasitism was occurring. We now use a genotyping
approach to investigate whether brood parasitism actually occurs in
either of these two species.

There are two important considerations for studies that use ge-
netic evidence alone to ascertain brood parasitism: (a) errors that
come from false assignment or incorrectly sampling broods and (b)
even with correct assignment and family sampling, correctly inter-
preting the biological mechanism that generated the observed ge-
netic patterns. For the first issue, both false family assignment and
inadvertent sampling of multiple broods would lead to genetic infor-
mation that falsely indicates broods that are composed of offspring
from more than one set of parents, a pattern consistent with brood
parasitism.

The second issue concerns how to correctly interpret the biolog-
ical mechanism that produces the genetic pattern of broods of mixed
parentage. Above we discussed the two basic forms of alloparental
care associated with mixed parentage broods: here we are concerned
with the subset where a mixed parentage brood is tended by only
one set of parents. Wisenden (1999) provides an excellent overview
of the mechanisms that can lead to these types of mixed parentage
clutches and broods in fishes, while Eadie et al. (1988) and Lyon and
Eadie (2008) outline these mechanisms for birds. Five mechanisms
can produce broods of offspring of genetic mixed parentage tended
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by only a subset of parents with offspring in the brood and, depend-
ing on the definition of brood parasitism used, only the first or two of
these are examples of brood parasitism. (a) Brood parasitism by adult
brood parasites: a female (or a pair) lays eggs in the nest of another
female (or pair in biparental species). (b) Post-hatching adoption: the
offspring of one female (or pair) get themselves adopted, either by
themselves or with assistance from their parents; such adoptions
could be either parasitism or the result of accidental brood mixing.
Nonaccidental adoption has been suggested to be a post-hatch form
of brood parasitism since many of the same benefits of parasitism
through egg-laying could apply (Eadie et al., 1988), but this terminol-
ogy has not been adopted universally. (c) Nest competition or take-
over: two females (or mated pairs) compete for the same nest site,
both lay eggs in the nest but eventually only one female (or pair)
tends the nest (Semel & Sherman, 2001; Wisenden, 1999) or in other
cases one pair takes over an occupied nest and usurps the original
owner (Robertson, 1998). (d) Nesting errors: females lay eggs in an-
other's nests but the behaviour is not adaptive. This last scenario
was long evoked for birds, but it is currently widely accepted that
laying eggs in the nest of others is deliberate and adaptive in most
cases (Lyon & Eadie, 2008). (e) Egg stealing and offspring kidnapping:
adults steal eggs or offspring (McKaye & McKaye, 1977; Rohwer,
1978; Wisenden, 1999), behaviours that can have several benefits
for the thief and that probably do not benefit the pilfered offspring.
This discussion should make it clear that different biological mech-
anisms can lead to identical genetic signatures of mixed parentage
broods and hence that genetic information alone cannot resolve the
underlying behavioural mechanisms. Detailed behavioural observa-
tions are needed to fully distinguish among these five mechanisms,
but such data are often difficult to obtain. Where such behavioural
data are not possible, caution is required when interpreting genetic
patterns.

With these theoretical expectations and potential caveats for
genetic approaches in mind, we sampled broods of Altrichthys to de-
termine if there was evidence for broods of mixed parentage, includ-
ing mixed parentage within and across species. We then consider the
possible mechanisms that could account for observed mixed parent-
age broods and conclude that both IBP and CBP occur in these two

reef fishes.

2 | MATERIALS AND METHODS

2.1 | Sampling

We used clove oil solution and hand nets to sample broods while
scuba diving, trying to collect all offspring in a brood (yet it is possible
that occasionally a few individuals in a brood were not sampled). Care
was taken to avoid sampling individuals from neighbouring broods,
thus avoiding the possibility of sampling adjacent broods by mistake.
A previous study showed that, on average, the distance between any
Altrichthys nests was 3.9 m, and the distance between nests of the
same species was on average 5.1 m (Bernardi, Crane, et al., 2017;
Bernardi, Longo, et al., 2017), with a minimum distance between nests
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of 0.8 m. Sampled nests for this study were always at least 3 m from
each other and no additional nests were within 3 m of the sampled
nests. Predation levels are very high on coral reefs (Cortesi et al., 2015;
Feeney et al., 2019), and the Calamian Archipelago is no exception.
Anecdotal evidence showed us that when guarding parents were re-
moved, offspring in a brood would be consumed by predators (mainly
serranids, Cephalopholis microprion, and wrasses, Halichoeres leucurus,
Oxycheilinus celebicus) in a matter of seconds (Bernardi, Crane, et al.,
2017; Bernardi, Longo, et al., 2017). It is difficult to exclude the pos-
sibility that some offspring may hide deep in the coral to avoid preda-
tion, although this was not observed. For logistical reasons (avoiding
damaging corals where adults hide), presumed parents (pair of adults
associated with the brood) were not sampled. Because nests are deep
within the coral substrate, we also did not sample eggs to avoid dam-
aging the habitat. We collected 21 Altrichthys azurelineatus broods
comprising 414 individuals and 19 A. curatus broods comprising 305
individuals from 10 localities in the Calamian Archipelago, Philippines
(Figure 1, Table 1; Table S1).

A previous study showed that some nests (7% of the observed
nests) are composed of fry from different size classes (Bernardi,

Crane, et al., 2017). For this study, we measured the size of sampled
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FIGURE 1 Sampling locations of Altrichthys broods (see also
Table S1). Samples were collected on the islands of Uson (USO),
Sangat (SAN) and Culion (CUL), in the Calamian Archipelago,
Palawan, Philippines

individuals to the nearest millimetre and ranked them in three size
classes: 1 (<7 mm), 2 (7-13 mm) and 3 (>13 mm). Within each cohort,
there was very little variability in size between individuals (coeffi-

cient of variation was 0.546).

2.2 | Genotyping

Since we collected very small offspring, we first used a genetic bar-
code to identify each individual at the species level. Four primers
were used together to amplify a 655-bp fragment of the mitochon-
drial COl gene: FishF1,5-TCAACCAACCACAAAGACATTGGCAC-3';
FishF2, 5'-TCGACTAATCATAAAGATATCGGCAC-3'; FishR1, 5'-TAG
ACTTCTGGGTGGCCAAAGAATCA-3'; and FishR2, 5-ACTTCAGG
GTGACCGAAGAATCAGAA-3' (Ward, Zemlak, Innes, Last, & Hebert,
2005). Each polymerase chain reaction (PCR) of 25 ul contained 10-
100 ng DNA template (0.5-2 pl), 100 nm each of the four primers,
200 mm each dNTP, 2.5 mm MgCl,, 50 mm KCl, 10 mm Tris-HCI pH
8.3 at 25°C and 1 unit of Taq polymerase. The reaction was ampli-
fied using the following programme: one cycle at 95°C for 2 min; 35
cycles at 94°C for 30 s, 54°C for 30 s and 72°C for 1 min; one cycle
at 72°C for 10 min. The PCR products were visualized on 1% aga-
rose gels. Each unexpected individual (from a different species than
the majority of individuals within a brood) and a random selection
of expected fish were sequenced with a combination of FishF1 and
FishF2 primers. To positively identify the individual offspring, we
also collected adults from several species of Amblyglyphidodon and
Pomacentrus to match identifiable adults with sequences obtained
from the offspring. Barcode sequences were also compared with
BOLD (Barcode of Life) sequences to further confirm identification
(Ratnasingham & Hebert, 2007).

2.3 | Microsatellites

To identify instances of conspecific brood parasitism, we genotyped
each Altrichthys individual (previously identified by the barcoding ap-
proach described above) using microsatellites. Microsatellite primers
originally described for the closely related Acanthochromis polya-
canthus were used to genotype Altrichthys individuals (Miller-Sims,
Delaney, Atema, Kingsford, & Gerlach, 2005). Specifically, we used
loci AC42, AC37, AC45, POM3 and POM15 following protocols de-
scribed in the literature (Miller-Sims et al., 2005). PCRs were carried
out with an ROX500 size standard. Peaks were called and binned
with the microsatellite plugin of ceneious version 8.1 (Kearse et al.,
2012).

2.4 | Parentage analyses

To assign relationships among individuals of a given brood, we used the
software coLony (Wang, 2004), a likelihood-based program that pro-
vides the most likely family configuration. Most default (zero option)
parameters were used. We also used the following options: Mating sys-
tem |—female polygamy, male polygamy (results remained unchanged
when changing the setting to monogamy); Mating system [l—with



TARIEL €7 AL 5
o MOLECULAR ECOLOGY MAVVAR EYJ—
TABLE 1 Altrichthys brood parasite counts

Clutch Locality n Number of families Number of parasites Number of extra sp spID Offspring size

A. azurelineatus

1 uso1 16 6 5 0,0,16
2 23 7 13 1 ACU 1,0,23
8 24 8 8 0,0,24
4 69 4 32 0,0,69
5 uso2 16 3 8 8 ABA 16,5,3
6 Uso4 12 1 0 2+1 PSM +ABA  0,0,15
7 47 2 1 47,0,0
8 UsoOé 11 2 2 0,11,0
9 32 3 2 5 ABA 0,37,0
10 Uso7 1 0 0,5,0
11 1 0 0,0,6
12 16 2 1 1 ABA 0,0,16
13 31 8 13 0,31,0
14 CuL1 2 1 0,6,0
15 8 1 0 0,0,8
16 15 3 2 0,0,15
17 23 3 8 0,23,0
18 LUS2 4 1 0 0,0,4
19 SAN2 11 3 5 11,0,0
20 30 2 6 30,0,0
21 usos8 8 1 0 2 ABA N/A
Total 414 54 102 20
Average 19.7 2.6 4.8 1.0
A. curates

uso1 13 2 1 0,13,0
2 18 1 0 18,0,0
8 22 4 4 0,0,22
4 uso4 2 1 2 ABA 0,23
5 5 5 0,8,0
6 10 1 0 0,0,10
7 15 7 7 0,0,15
8 cuL1 21 1 0 21,0,0
9 23 2 11 0,0,23
10 LUS1 16 1 0 0,16,0
11 18 2 2 0,18,0
12 usos 3 2 0,0,7
13 2 4 0,0,8
14 12 3 4 0,12,0
15 19 2 1 0,19,0
16 20 2 6 20,0,0
17 21 3 2 0,0,21
18 25 6 6 0,25,0
19 26 3 5 AAZ 4,26,0
Total 305 52 61
Average 16.1 2.7 3.2 0.3

Note: Columns correspond to: clutch identification number, sampling locality (see Figure 1 for abbreviation), number of individuals in the clutch, num-
ber of identified families in the clutch, number of parasitic individuals, number of extraspecific individuals, and their identity. Extraspecific individu-
als were: AAZ, Altrichthys azurelineatus; ABA, Amblygliphidodon batunai; ACU, Altrichthys curatus; PSM, Pomacentrus smithi. Sizes of offspring, when
available, are shown in three classes, given as 1 (<7 mm), 2 (7-13 mm) and 3 (>13 mm). Numbers of offspring belonging to each size class 1, 2 and 3 are
given in that order.
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inbreeding, without clone; Species—dioecious, diploid; Length of run—
medium; Analysis method—Full-likelihood; Likelihood precision—me-
dium; Run specifications—Update allele frequency, no; Sibship scaling,
yes, Number of runs, 2; Sibship prior—weak prior. These parameters
are commonly used in the literature because they generally provide
robust results (Reisser, Beldade, & Bernardi, 2009). coLony identified
families of full sibs (no half-sibships were detected). For this study, we
assumed that the largest group of siblings in each nest was the host
brood, and all other offspring not included in that group of siblings

were considered parasitic.

3 | RESULTS

3.1 | Species identifications/barcoding

Based on COI barcodes, we genotyped a total of 719 individuals be-
longing to 40 different broods (21 Altichthys azurelineatus, and 19

Altrichthys curatus

9 10 11 12 13 14 15 16 17 18 19

A. curatus broods). All individuals were identified as damselfishes
including 398 A. azurelineatus, 300 A. curatus, 19 Amblyglyphidodon

batunai and two Pomacentrus smithi (Table 1).

3.2 | Interspecific mixed parentage broods

Interspecific parentage was found in eight of 40 broods (20%), but
only corresponded to 26 of 719 individuals (3.5%) (Table S1). There
was no statistical difference in the frequency of these mixed broods
between A. azurelinatus and A. curatus broods (six of 21 broods were
mixed in A. azurelineatus, two of 19 broods were mixed in A. cu-
ratus, ;(2 test, p = .15). We did not find a correlation between the
size of the brood and the presence of interspecific offspring (df = 1,
F-ratio = 1.35, p = .29). All of the foreign offspring were damself-
ishes and the majority of them were Amblyglyphidodon batunai (19 of
26). Adult Amblyglyphidodon batunai are common in the area where
broods were sampled, but their density was not estimated. Two
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foreign offspring were identified as Pomacentrus smithi, and adults
of that species are also very common. Finally, one A. curatus was
present in an A. azurelineatus brood and four A. azurelineatus were

found in an A. curatus brood (Table 1).

3.3 | Conspecific mixed parentage broods

Conspecific mixed broods were found in 30 out of 40 broods
(75%), corresponding to 163 out of 719 individuals (22.7%) (Table 1,
Figure 2). There was no statistical difference in the frequency of
mixed broods between Al. azurelinatus and A. curatus broods (15
of 21 broods were mixed in A. azurelineatus, 15 of 19 broods were
mixed in A. curatus, ;(2 test, p = .58). Unlike the situation with inter-
specific mixed broods, brood size was correlated with the presence
of foreign conspecific offspring (df = 1, F-ratio = 38.69, p < .001). A
large number of singletons (a single foreign individual from given
alloparents) were found (41 individuals). On the other hand, mixed
broods containing groups of siblings from the same alloparents, from
two to 27 individuals, accounted for the remaining 124 foreign off-
spring. We did not find any half-sibs in our data set, meaning that
there was no evidence of conspecific spawn sneaking behaviour.

All raw data that support the findings of this study are provided
in the Supporting Information.

3.4 | Sizeranges

We measured the sizes of individuals in broods and placed them in
three size classes (Table 1). For A. azurelineatus, out of 20 broods,
four were in class 1, six in class 2 and 10 in class 3. For A. curatus,
out of 19 broods, three, eight, and eight were in size classes 1, 2 and
3, respectively. Broods containing different size classes of offspring
were found in two out of five interspecific mixed broods and two out
of two IBP broods for A. azurelineatus and A. curatus, respectively.
In contrast, none of the other broods, including those affected by
conspecific brood parasitism, contained more than one size class
(Table 1). In addition, we did not find evidence of a relationship be-

tween size of the brood and incidence of mixed parentage broods.

4 | DISCUSSION

Neither adoption nor brood parasitism has been previously de-
scribed in coral reef fishes. Due to the peculiarities of coral reef fish
life history (lack of parental care), very few species are susceptible to
brood parasitism in the first place, yet, as we suggest, brood parasit-
ism is indeed present in apelagic species. Here we show evidence
of patterns that are consistent with both interspecific adoption and
conspecific brood adoption and parasitism in Altrichthys.

4.1 | Evidence for interspecific brood adoption

The frequency of interspecific mixed brood was low; it involved
only 3.5% of individuals and in all cases the foreign offspring were

MoLECULAR EcoLOGY IS TR SV

damselfishes. However, we must distinguish two types of potential
interspecific alloparental care that are very different. The most com-
mon type of mixed broods involved non-Altrichthys damselfishes,
namely Amblyglyphidodon batunai and Pomacentrus smithi. These
two species guard demersal eggs (a trait shared by all damselfishes),
which turn into pelagic larvae after hatching. Larvae remain in the
water column for 12-20 days in Amblyglyphidodon and 14-23 days in
Pomacentrus (Wellington & Victor, 1989). Therefore, at recruitment
time, larvae join Altrichthys broods, probably to gain protection pro-
vided by Altrichthys parents. We propose that these mixed broods
are cases of adoption after hatching. We did not specifically quantify
the aggressive behaviour of the parents, but when we could distin-
guish Altrichthys offspring from other species, we could see directed
aggression towards the foreign offspring. While Altrichthys parents
tend to be aggressive towards any potential threat to the brood,
non-Altrichthys larvae generally benefit from this protection, even
if sometimes being themselves targeted. Other species of damself-
ishes are very common on the studied reefs, in particular the very
abundant Chrysiptera springeri and Pomacentrus stigma (the latter
very closely resembles Altrichthys), although neither was found to
have their offspring adopted by Altrichthys.

The relatively small number of these interspecific foreign off-
spring in host broods might suggest this form of alloparental care
is so rare as to be unimportant to the adopted offspring, but our
observations suggest otherwise. We did not follow the fate of spe-
cific broods over time, but we witnessed a massive recruitment
event of Pomacentrus smithi that resulted in very large numbers of
new settlers on the reef. In the course of few days, most settlers
disappeared, presumably due to natural predation, which is consis-
tent with the massive mortality incurred by coral reef fishes with a
pelagic larval stage (Almany & Webster, 2006; Goatley & Bellwood,
2016). The remaining few visible ones were invariably seen in associ-
ation with Altrichthys broods (two of them being identified in this ge-
netic study), supporting the idea that an association with Altrichthys
broods may increase survivorship for parasitic damselfishes.
Moreover, although the total number of adoptees was small in terms
of the fraction of total offspring in host broods, the fact that the
only Pomacentrus recruits were seen in association with host broods
indicates that adoption might be important for Pomacentrus smithi
in the region of overlap with Altrichthys. Interspecific brood associ-
ations can range from parasitic, commensal to mutualistic relation-
ships (Canestrari et al., 2014; Johnston, 1994; McKaye, 1985). The
fact that the Altrichthys hosts in our study were often aggressive to
the adopted offspring suggests that these adoptees might be costly
to the hosts, and hence a form of reproductive parasitism by the for-
eign offspring, but experimentally assessing the costs to hosts would
be required to understand the nature of the relationship.

Our observations suggest that predation may be the key fac-
tor driving interspecific adoption in Amblyglyphidodon batunai and
Pomacentrus smithi. Predation is known to be a potent factor fa-
vouring interspecific interactions in fish generally (Hay et al., 2004)
and evidence suggests that the benefits of protective associations
may be strongest for smaller, younger age classes because these are
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particularly vulnerable to predation (Feeney et al., 2019). Predation
is similarly thought to be the main factor in most of the previously
studied cases of interspecific mixed clutches and broods in fish,
most of which occur in freshwater systems (Baba et al., 1989; Goff,
1984; Johnston, 1994; McKaye, 1985). However, predation was also
thought to be a key factor in the one previous example of mixed
interspecific clutches in a marine fish (Kent et al., 2011).

Protection from predation has also been suggested as an import-
ant factor in some forms of avian brood parasitism, mostly notably in
the adoption that occurs in waterfowl species with precocial young
that do not require food from the parents and for which protection
from predators seems particularly important (Canestrari et al., 2014;
Eadie et al., 1988; Eadie & Lyon, 1998). In these species, broods with
mixed young can occur either by females laying eggs in the nests
of other females or by adoption of offspring after hatching, which
is sometimes facilitated by mothers that desert their offspring near
females who will then adopt the offspring (Eadie et al., 1988). There
has been debate over whether this adoption is parasitic because host
females could benefit through dilution of predation risk to their own
offspring (Andersson, 1984; Eadie et al., 1988) In an experimental
study of adoption in waterfowl, host females were very aggressive
to ducklings that differed in size from their own offspring, some-
times even infanticidal, suggesting that adoption might not benefit
the host (Eadie & Lyon, 1998).

The other type of interspecific mixed brood was even less
common and involved Altrichthys individuals. We only found one
A. curatus individual in an A. azurelineatus brood and four A. azure-
lineatus in an A. curatus brood. The presence of the single A. cura-
tus parasitic individual may correspond to an individual swimming
from one brood to another interspecific brood. The paucity of these
observations, however, may indicate a strong cue and aggressivity
towards congeneric offspring. Alternatively, the observed rarity of
adoption between Altrichthys species would be expected if conspe-
cific parental care is superior to heterospecific care—if so, offspring
should strongly prefer parasitizing their own species as hosts. The
issue then is not lack of foreign offspring in Altrichthys generally, but
the relative distribution of interspecific vs. conspecific adoptions.
Adoption and parasitism is common but it mostly occurs as CBP
rather than IBP.

4.2 | Conspecific brood adoption and parasitism
(CBP)

Conspecific adoption and brood parasitism was found to be rampant
in Altrichthys, comprising over 20% of individuals. However, as with
interspecific mixed broods, two patterns emerged that probably rep-
resent different forms of parasitism or adoption. In 41 broods, a sin-
gle foreign individual was involved in the parasitism. In other broods,
the parasitism involved groups of individuals, invariably siblings. A
simple interpretation of this pattern is that, similarly to the interspe-
cific examples described above, broods that involve single (or few)
foreign individuals arise after hatching by the offspring swimming
from one nest to another. In fact, we have occasionally observed

groups of a few individuals swimming together and being chased by
some parents protecting their own brood. This is easy to identify in
the field when the intruders have distinctly different sizes than the
brood. It is less clear for us (and potentially for the parents) to iden-
tify intruders when their size is similar to the parents' own brood.

An alternative situation occurs when a large group of individuals
is involved in the parasitic event, for example A. azurelineatus brood
1,and A. curatus brood 3 (Figure 2). In those cases, broods are mainly
composed of two genetic families of offspring that have similar sizes
(brood 1:37, 27 individuals; brood 3:12, 11 individuals). Given the
very high predation pressure on juvenile fishes, while very unlikely,
it is not possible to entirely exclude that a group of offspring moved
to another brood after hatching. However, a more plausible expla-
nation is that a second pair of adults spawned in the nest and would
have thus directly parasitized the parents. This is because the mor-
tality of offspring swimming away from shelters and parental protec-
tion is likely to be extremely high; with such mortality, the possibility
that large numbers of siblings successfully swim to a new nest site is
remote. Importantly, regardless of the mechanism, mixed parentage
broods are frequent and probably arise from both adoption of off-
spring and brood parasitism by parents. The large frequency of con-
specific mixed broods is also consistent with the observation that
there is a significant relationship between mixed broods and brood
size, since adoption and parasitism directly contribute to brood size.
In avian studies, this same relationship between clutch size and para-
sitism has been observed and has been used as a method for detect-
ing brood parasitism (Eadie, Smith, Zadworny, Kiihnlein, & Cheng,
2010).

As with many genetic studies of parasitism, we have been able
to detect the occurrence of brood parasitism (mixed clutches) and
post-hatching adoption, but we currently lack the ecological and de-
mographic information required to understand why this behaviour
occurs and how the parasites benefit (Andersson, 1984; Lyon &
Eadie, 2008; Wisenden, 1999). Parental care improves the survival
of the offspring but it can also result in costs to parents (Trivers,
1972). In Acanthochromis, there is a direct cost of producing mucus to
feed and potentially transfer microbiomes to the offspring, as well as
a chance of the adult being preyed upon while aggressively defend-
ing the brood (Jordan et al., 2013). In an experimental setting at the
Great Barrier Reef (Jordan et al., 2013), broods were manipulated to
estimate parental cost and aggression towards potential intruders.
After removing Acanthochromis offspring from a brood, mixed brood
(host and parasites) as well as original broods were returned to the
parents. The parents then showed more aggression towards para-
sites than their own brood, chasing the parasites far enough from
the nest to be vulnerable to predation. In the Calamian Archipelago,
we observed almost instant predation on offspring by several fish
species (e.g. Cephalopholis microprion, Halichoeres leucurus and
Oxycheilinus celebicus) when parents were removed (Bernardi, Crane,
et al., 2017; Bernardi, Longo, et al., 2017). While we did not observe
mucous feeding in offspring, we did observe parents chasing indi-
viduals from the brood away from the nests; these “offspring” could
potentially represent parasites. Apparently, this chasing behaviour is
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not fully efficient, since a relatively large proportion of the broods
were found with adopted offspring.

When CBP is frequent, as for Altrichthys, the amount of para-
sitism should not be so great as to jeopardize the integrity of the
system. Another possibility is that the entire population size of ei-
ther species of Altrichthys is relatively small (the entire range of the
species is restricted to the Calamian Archipelago; Bernardi, Crane, et
al., 2017). This may mean that individuals are related, thus allowing
for some altruism to be present due to genetic relatedness. Kin-se-
lected aspects of brood parasitism have been suggested for some
avian conspecific parasites as well (Andersson, 1984; Lyon & Eadie,
2008). As mentioned above, in general, free larvae cannot swim long
distances over reefs without incurring high levels of mortality. The
distance between nests that we observed, ~5 m, may be structured

by the dynamics of parasitism.

5 | CONCLUSIONS

Our results are consistent with interspecific adoption and both
CBP and adoption in two species of Altrichthys. A previous study on
Acanthochromis polyacanthus suggests that CBP is probably present
in that species as well. Indeed, on the Great Barrier Reef, a study
aimed at estimating dispersal of Acanthochromis polyacanthus be-
tween reefs used an ecological approach by genotyping broods
(Miller-Sims, Gerlach, Kingsford, & Atema, 2008). That study found
that broods (groups of siblings) remain together from birth to being
fully independent and beyond. In that study, 30 broods were geno-
typed, and one incongruent brood was discarded from the analysis.
That discarded brood was the largest one, with 43 individuals, and
included over 50% of individuals originating from different parents
(Miller-Sims et al., 2008). We think that this brood presents strong
evidence for mixed broods in Acanthochromis. If this were the case,
broods of mixed parentage would be present in all three tested spe-
cies of apelagic fishes, Acanthochromis polyacanthus, Altrichthys az-
urelineatus and Altrichthys curatus.

Our study adds to the list of taxonomic groups that show
some form of brood parasitism or adoption and, as such, increases
our ability to understand which aspects of brood parasitism and
adoption are general, and which are specific to particular sets of
taxa. In fishes, interspecific mixed parentage broods appear to be
much more common that conspecific mixed broods. It is unclear
whether this pattern reflects the actual distribution of parasit-
ism types because interspecific cases are considerably easier to
detect because they are often apparent based on morphological
differences between hosts and parasites whereas genetic meth-
ods or very careful demographic studies are required to detect
conspecific cases. This same pattern and problem was observed
for brood parasitism in birds—three decades ago the occurrence
of IBP was accurately known (100 species) and was thought to be
the dominant form of parasitism because few examples of CPB
were known (Andersson, 1984; Lyon & Eadie, 2008). The advent
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of modern genetic parentage methods over the intervening years
has revealed that CBP is actually more common than previously
imagined, having now been documented in some 230 species (Lyon
& Eadie, 2008). Studies are now needed to determine whether this
same trajectory will also apply to fish, or whether the CBP we have
discovered is unusual.

Brood parasitism and adoption allows individuals to gain the ben-
efits of parental care without paying the cost of care, but the nature
of the relationship between host and donor should depend of the
type of parental care. Some forms of care, like food for offspring, are
“depreciable” (Altmann, Wagner, & Lenington, 1977) in that the same
unit of care cannot be spread among several offspring. Given this,
family size is likely to be limited by the parental care and, accord-
ingly, raising the offspring of others can impose high fitness costs to
the hosts by reducing the number of host offspring produced. Other
forms of parental care, such as protecting offspring from preda-
tors, are much more likely to be able to be shared among offspring;
parasitism of this form of parental care may be less costly to hosts
and, in some cases, could even benefit hosts where there is safety
in offspring numbers (Andersson, 1984; Johnston, 1994). In birds,
the type of brood parasitism is closely linked to the form of parental
care—all but one of the 100 species of obligate interspecific brood
parasites have altricial offspring that require large amounts of food
(Davies, 2000; Lyon & Eadie, 1991). In these species, costs to hosts
are often high and these costs have fuelled coevolutionary arms
races between defensive traits in the hosts and traits in the para-
sites to thwart the host defences (Davies, 2000; Feeney, Welbergen,
& Langmore, 2014; Rothstein, 1990). Although some forms of avian
intraspecific brood parasitism also parasitize depreciable forms of
care like food, intraspecific brood parasitism is particularly wide-
spread in species with precocial offspring that feed themselves and
for which protection from predation is a key aspect of parental care
(Andersson, 1984; Davies, 2000; Lyon & Eadie, 2008). The forms of
interspecific brood associations widely reported in fishes (Johnston,
1994; McKaye & McKaye, 1977; Wisenden, 1999), and that we show
here for both interspecific and intraspecific mixed broods in coral
reef fish, probably share more in common with the brood parasitism

seen in precocial birds.
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