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body depth and ocellus size (P. chrysurus and P. adelus). 
Interestingly, we found that P. moluccensis that settled 
in areas of high coverage of mounding coral experienced 
increased mortality. Of the remaining substrata, analysis 
showed that instead of associating with habitat character-
istics enhancing survivorship, individuals tended not to 
associate with habitats characteristics that increased mor-
tality (e.g., Turbinaria and sand). This study highlights the 
species-specific drivers of early post-settlement mortality 
in coral reef fishes.

Keywords  Habitat-association · Habitat selection · 
Microhabitat · Post-settlement processes · Recruitment · 
Survivorship

Introduction

Settlement from the planktonic environment ends the larval 
stage for most marine fishes and establishes them into their 
juvenile habitats. Ontogenetic transitions to new habitats 
are a window of vulnerability, as newly settled juveniles 
are exposed to a wide range of predators for the first time 
(Caley et al. 1996; Holbrook and Schmitt 2003). This period 
is particularly important for coral reef fishes, where settle-
ment is followed by high levels of juvenile mortality, creat-
ing a life-history bottleneck that can shape reef populations 
and communities (Doherty et al. 2004; Almany and Webster 
2006). However, the outcomes of predator–prey interactions 
can depend on a myriad of factors including prey boldness 
and escape performance (Fuiman et al. 2010; McCormick 
et al. 2018), size and condition of larvae (Booth and Beretta 
2004; Hoey and McCormick 2004), camouflage (Mihalitsis 
et al. 2024), competition for refuge (Holbrook and Schmitt 
2002; Bonin et al. 2009), predator density (Webster 2002; 
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Holbrook and Schmitt 2003) as well as environmental fac-
tors including the availability of live coral or preferred habi-
tat (Coker et al. 2012; Majoris et al. 2018), rugosity and 
structure of coral (Beukers and Jones 1997; Fontoura et al. 
2020; Fakan et al. 2023). The relative importance of these 
factors vary among fish species, depending on their habitat 
and species associations at settlement (Webster 2002). As 
settlement rates and early post-settlement survival are con-
sidered to be primary factors regulating population struc-
tures for coral reef fishes (Jones 1990; Doherty and Fowler 
1994; Doherty et al. 2004), choices made by individuals at 
settlement can have population level consequences (Komya-
kova et al. 2019).

Coral reefs are biologically and structurally heterogene-
ous environments composed of a patchwork of microhabitats 
and habitat selection at settlement is well-established for reef 
fishes (Sale et al. 1984; Tolimieri 1995; Caley et al. 1996; 
Booth and Wellington 1998). With settlement occurring 
during the night, larval fishes primarily use audio cues to 
navigate and locate reefs (Kingsford et al. 2002) and olfac-
tory cues of both local fishes and substrate for microhabitat 
selection (Lecchini et al. 2005; Coppock et al. 2020). This 
microhabitat selection process can differ markedly among 
species. For example, in cafeteria choice experiments, settle-
ment-stage Pomacentrus moluccensis consistently selected 
to settle on live coral and habitats containing conspecifics 
(either juveniles or adults), while P. chrysurus non-selec-
tively settled onto rubble, live or dead coral and avoided 
habitats with conspecifics (Öhman et al. 1998). Furthermore, 
naturally settling pomacentrids have been shown to avoid 
experimental patches emanating olfactory cues of resident 
predators, suggesting a strong and innate olfactory recogni-
tion of predators (Vail and McCormick 2011). In natural 
settings, however, the optimal habitats may not always be 
available with settlement patterns likely representing a com-
promise between locally available resources, selection, and 
avoidance preferences.

Selecting for a specific habitat or narrow scope of habi-
tats is an ecological strategy (MacNally 1995) that provides 
these specialist species improved fitness or survivorship and 
therefore a competitive edge over more generalist species 
when using their preferred habitats (MacNally 1995; Caley 
and Munday 2003). For example, the neon goby (Elacatinus 
lori) ends their larval phase by selectively settling on the 
outer wall of sponges before recruiting into the sponge tube 
where they spend much of their adult life (D’Aloia et al. 
2011; Majoris et al. 2018). While E. lori are known to set-
tle on various sponges, they preferentially settle on yellow 
sponges (Aplysina fistularis) over brown sponges (Agelas 
conifera) and this selection preference has been shown to 
significantly increase their survivorship in their host sponge 
(Majoris et al. 2018). Conversely, habitat generalist species 
have the ability to adapt to a wide range of environmental 

conditions and resources; thus, they can thrive in diverse 
habitats (MacNally 1995). As habitat generalists, their asso-
ciations with benthic characteristics at settlement should be 
broad and less focused (Wilson et al. 2008), and the factors 
potentially affecting their survivorship are likely to be more 
varied. Clearly, for species that have strong associations 
with particular habitat at settlement, the availability of the 
required habitat will be a major determinant of their subse-
quent distribution patterns (Holbrook et al. 2000), while this 
will not necessarily be the case for less specialized species. 
Settlement into suboptimal habitats can be detrimental to 
growth and physical condition (Feary et al. 2009), yet much 
less in known about how preferences during settlement may 
affect survivorship (Booth and Beretta 1994). Therefore, a 
better understanding of the environmental factors which pro-
mote survivorship is needed as these choices may strongly 
influence future population structures.

The capacity to perceive social contexts and subsequently 
make decisions about whether to settle within an existing 
assemblage of residents is crucial for both fitness and sur-
vival. For habitat specialists, olfactory cues of conspecifics 
can presumably indicate that the habitat is fitting (Lecchini 
et al. 2005); however for generalists, these cues may suggest 
higher density and/or competition and therefore may avoid 
such cues (Coppock et al. 2016). Joining aggregations of 
conspecifics may be costly, particularly for subordinates as 
adults aggression can influence settlement sites (Ben-Tzvi 
et al. 2009) and higher densities can increasing the likeli-
hood of density-dependent mortality (Shima 2001). There-
fore, deciding to settle with or avoid conspecifics may be 
critical determinate of survivorship.

For species showing strong settlement preferences for 
particular environmental characteristics (e.g., Holbrook 
et al. 2000; Bonin 2012; Pratchett et al. 2012; Coker et al. 
2015), it is reasonable to expect that habitat selection would 
be beneficial. However, little is known about how habitat 
associations during settlement may affect the survivorship 
of reef fishes. To address this gap, we conducted an exten-
sive field survey to determine whether the biological and 
physical factors of microhabitats used at settlement promote 
survival. Firstly, we quantified a suite of environmental and 
habitat factors of microhabitats on which we observed newly 
settled damselfish individuals, including rugosity, depth, 
microhabitat composition and local fish community. We 
also measured for each fish different morphological traits 
recognized as important drivers of survival, namely stand-
ard length, body depth, and ocellus size. We then followed 
individuals through time to estimate natural mortality rates. 
This allowed us to establish whether the microhabitats on 
which fish settled were also associated with differential sur-
vivorship. We selected five common congeneric damselfish 
species that are known to vary in habitat use (Öhman et al. 
1998; Hata and Ceccarelli 2016; Pratchett et al. 2016): P. 
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adelus, P. amboinensis, P. chrysurus, P. moluccensis and 
P. wardi. We hypothesize that some species would show 
stronger associations for particular habitat characteristics 
and for this selection to provide improved survivorship, 
while other species would have weaker habitat associations, 
and that the survivorship of these habitat generalists would 
be more influenced by non-habitat related traits.

Methodology

Study species

Five common site-attached congeneric damselfish species 
(Pomacentrus, Pomacentridae) that differ in their habitat use 
were selected for the study (Pratchett et al. 2016): (1) the 
lemon damsel, P. moluccensis, is an obligate coral-dwell-
ing damselfish often found on colonies of branching coral; 
(2) the ambon damselfish, P. amboinensis, is a facultative 
coral-dwelling species associated with a variety of substrata 
including live and dead coral; (3) the obscure damselfish, 
P. adelus, often associated with dead coral and rubble and 
pavement; (4) the white-tailed damselfish, P. chrysurus, 
commonly inhabiting algal-covered rubble areas; (5) the 
ward’s damselfish, P. wardi, inhabiting the reef edge or reef 
top associated with pavement, rubble and soft coral.

Field protocol

Habitat associations at settlement and early post-settlement 
survivorship of the five species were quantified across two 
shallow sites on the leeward (i.e., western) aspect of Lizard 
Island (14.6680°S, 145.4638°E), a high continental island 
in the northern Great Barrier Reef (GBR). Each site was 
15 × 25 m, and flagging tape was attached to the substrata 
at 5 m intervals to create fifteen 5 × 5 m cells. Using these 
cells, key benthic features were mapped. Starting seven 
days prior to the new moon in October and November 
2021, which coincides with the period of peak settlement 
for reef fishes on the northern GBR (Meekan et al. 1993), 
each site was systematically searched daily (08:00–13:00) 
for any newly settled fishes of the five target species. Each 
newly settled individual was captured using a dilute clove 
oil solution and hand-nets, transferred to a small plastic 
bag where it was laterally photographed against grid paper 
(0.5 cm grid) and tagged with an individually identifiable 
fluorescent elastomer tag (Northwest Marine Industries 
Inc.) using a 27-gauge needle (see Fig S1). When found 
in groups or near previously tagged individuals, each fish 
was uniquely tagged. Elastomer tags have been shown to 
not impact growth or survivorship of newly settled poma-
centrids (Hoey and McCormick 2006). Fish were left in 
the plastic bag at the exact site of capture for 10 min (to 

allow full recovery), after which they were released at the 
site of capture. All tagged fish were observed to begin 
feeding within 30 s of release. The site of capture was 
recorded on a site map, marked with a numbered tag and 
small piece of flagging tape attached to the substratum 
(see Fig S1). Morphological characteristics (i.e., standard 
length, body depth, and ocellus area) of each individual 
were subsequently measured using ImageJ from the lat-
eral photographs of each fish. Standard length and body 
depth were highly correlated (R2 = 0.83), therefore body 
depth was used in all further analysis, as it is considered 
a major morphological constraint which may restrict prey 
consumption (Mihalitsis and Bellwood 2017).

While an individual fish was recovering from the tag-
ging process, a 0.75 × 0.75 m quadrat centered on the exact 
site of capture was placed on the substratum and a photo-
graph taken from a height of ~ 1 m above the substratum. 
The photo-quadrats were analyzed using photoQuad (Try-
gonis and Sini 2012), recording the substratum under 100 
stratified random points within each quadrat. The substratum 
was categorized as pavement (smoothed reef structure), rub-
ble, sand, macroalgae, hard coral, soft coral, or other (e.g., 
clams, sponge). Macroalgae were identified to genus and 
hard and soft corals identified to genus and later grouped 
into broad growth forms (i.e., coarse branching, fine branch-
ing, mounding and soft coral) for analysis. The rugosity of 
the substratum within the quadrat was estimated as the ratio 
of a chain (link size 1.5 cm) that followed the reef contour to 
the linear distance across the centre of the quadrat (0.75 m) 
and again perpendicular to the first measure (McCormick 
1994); then, the mean of both measures were used. The time 
and water depth of each quadrat was recorded, and depth 
standardized using tide charts. To estimate baseline benthic 
composition and compare across species settlement asso-
ciation, an additional 70 control quadrats were haphazardly 
photographed, and benthic characteristics measured in the 
same manner (see Table S1). All non-cryptic fishes in the 
immediate vicinity (within a 1 m radius) of the quadrat 
were identified to species, their total length (TL) estimated 
to the nearest cm. Surveys were conducted at each quadrat 
after the tagging of the focal recruit and each survey was 
conducted only once. From these surveys, individual spe-
cies and life stages were pooled to create fish community 
variables (i.e., potential predators, conspecific juveniles and 
adults, congeneric juveniles and adults, and other territo-
rial damselfishes). The potential predator group consisted 
of the non-transient predators Pseudochromis fucus, Thal-
assoma lunare, T. hardwicke, T. nigrofasciatum, and Syno-
dus dermatogenys. Conspecific juveniles were defined as 
being ≤ 2 cm total length (TL), while adults were ≥ 3 cm TL. 
Territorial adults consisted of other noticeably aggressive 
pomacentrid species from the genera Stegastes and Dischis-
todus. Together, these physical and biological microhabitat 
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characteristics are known to correlate with distribution pat-
terns of newly settled reef fish (McCormick and Hoey 2006).

To quantify survivorship, each site was thoroughly 
searched daily (15:00–17:00) for 14 days, and the presence 
or absence of tagged fish was recorded. When an individual 
appeared to be missing, a thorough search was conducted 
across an area of ~ 2 m radius from where the fish was ini-
tially tagged. If the tagged individual was not found over 
three consecutive days, it was classified as deceased.

Statistical analyses

Settlement associations

The differences among species in their association at set-
tlement with (a) habitats characteristics or (b) fish commu-
nity characteristics were explored separately using one-way 
permutational multivariate analyses of variance (PER-
MANOVA) based on Bray-Curtis distances (n = 10,000 
permutations). Bonferroni corrected pairwise comparisons 
were conducted. Control quadrats were included with habi-
tats characteristics (a), to investigate how specialized species 
are and for which habitat characteristics. However, control 
quadrats could not be included in fish community character-
istics (b) due to the grouping of conspecific and congeneric 
species. The nature of differences found between species by 
each PERMANOVA were visually displayed using a canoni-
cal discriminant analysis (CDA) (Seber 1984). Species cen-
troids and their 95% confidence intervals were plotted along 
the first two canonical axes, with habitat variables as vectors. 
The nature and strength of their association with each spe-
cies are shown by their direction and length.

Survivorship

Differences in the survivorship among pomacentrid species 
were compared using a Cox’s proportional hazard regres-
sion analysis (Cox PH) and trends were displayed using a 
Kaplan–Meier plot. This semi-parametric model describes 
the relation between the event (mortality), as expressed 
by the hazard function and a set of covariates (Bradbury 
et al. 2003). The Cox PH model assumption of propotional 
hazards between species were visually explored using Sch-
oenfeld residuals and were satisfied. Next, the impact of 
morphological, environmental and local communities on 
the survivorship of each species were explored separately 
by Cox PH regressions. Initially, models were fitted using a 
maximum of six covariates, using the dredge function in the 
MuMIn package (Barton 2009) in R (version 4.3.1). Then, 
model averaging of non-significantly different weighted 
models (wi ≤ 0.95%), were used to construct the most likely 
model including significant covariates (P = 0.1). Again, the 

Cox PH model assumptions of proportional hazards for all 
significant variables within each species were explored and 
satisfied using Schoenfeld residuals. For P. adelus, ocellus 
size exhibited strong but highly variable influence on the 
model and was therefore included as a categorical predic-
tor (< or ≥ median ocellus size) in the final model. Hazard 
ratios of the variables selected from the most likely model 
were visually explored using forest plots, which display the 
mean hazard ratio (HR) and 95% confidence intervals (CI). 
HR’s above 1 indicates the covariate is positively associated 
with the probability of mortality occuring. The effect size, 
determined by 1-HR (see Bradbury et al. 2003), is denoted 
as odds ratios (OR). The OR can be interpreted as a percent-
age of their association with affecting the risk of mortality. 
For example, a HR of 0.16 is associated with reducing the 
risk of mortality by 84% (1-HR).

Results

Settlement associations

There was a significant difference in habitat associations 
among the five damselfish species at settlement (PER-
MANOVA; F5,384 = 20.45, p < 0.001), with P. moluccen-
sis being associated with more rugose microhabitats and a 
higher cover of fine-branching corals, while P. amboinensis 
was associated with deeper and sandier sites and P. chrysu-
rus being associated with a higher cover of rubble (Fig. 1a). 
In contrast, P. adelus and P. wardi exhibited more general-
ized associations with rubble, pavement and the macroalga 
Turbinaria and had a higher degree of spread of habitat use. 
Pairwise comparisons showed that all species significantly 
differed (p < 0.05) from each other and controls except, P. 
adelus and control quadrats and also P. adelus and P. wardi 
(see Table S2).

The five damselfish species also differed in their asso-
ciations with fish community composition (PERMANOVA; 
F4,315 = 7.62, P < 0.001; Fig. 1b). Pairwise comparisons 
between all 5 species showed that most species associated 
with different fish assemblages at settlement (p < 0.05); the 
only exception being P. amboinensis, that was not signifi-
cantly different to P. moluccensis or P. chrysurus (Table S3). 
Relatively low R2 values for most pairwise comparisons of 
fish community characteristics suggests overlaps in associa-
tions of fish community variables, which is likely a response 
due to the coarse classifications of fish community traits (See 
Table S3). P. adelus associated with congeneric juveniles 
and P. wardi with congeneric adults and other territorial 
adults. P. chrysurus was found to associate with conspecific 
adults and predators. Both P. moluccensis and P. amboin-
ensis tended to have a higher association with conspecific 
adults and juveniles than the other species; however, these 
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associations were generally more variable, as indicated by 
the wider spread of habitat data.

Survivorship

The survival trajectories did not differ among the five 
pomacentrid species, with 33–52% of individuals remain-
ing after 14 days post-settlement (χ2

4 = 6.87, P = 0.143; 

Fig. 2). Overall survival curves were steepest in the first 
four days, with 75.4% (P. wardi) to 58.7% (P. amboinensis) 
of individuals remaining after four days.

Influence of environmental associations on survivorship

P. moluccensis

The Cox PH regression analysis for P. moluccensis shows 
the presence and abundance of congeneric juveniles 
and the cover of mounding corals and sand significantly 
improved the fit of the model (χ2

3 = 13.48, P = 0.004; 
Figs. 3a, 4). The presence and abundance of local conge-
neric juveniles (≤ 2 cm) were related with a reduced risk 
of mortality in P. moluccensis (HR = 0.69, P = 0.008) by 
31% (i.e., 1-HR). In contrast, the cover of mounding coral 
was significantly positively associated with increased mor-
tality risk (HR = 1.03, P = 0.040). Sand tended to increase 
the mortality risk but was found to be non-significant 
(HR = 1.04, P = 0.06).

P. amboinensis

The addition of rugosity, congeneric adults and Turbinaria 
coverage significantly improved the final model (χ2

3 = 12.57, 
P = 0.005) for P. amboinensis (Figs. 3b, 4). Higher rugosity 
significantly reduced risk of mortality by 85% (HR = 0.15, 
P = 0.010). The abundance of local congeneric adults and 
Turbinaria were both associated with increasing the prob-
ability of mortality by 24 and 27%, respectively (HR = 1.24, 
P = 0.010; HR = 1.27, P = 0.040).
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P. adelus

Rugosity, territorial adults and ocellus size (< median) 
significantly improve the survivorship model (χ2

3 = 14.64, 
P = 0.002) for P. adelus (Figs. 3c, 4). Rugosity was nega-
tively associated with mortality (HR = 0.16, P = 0.016) and 
improved the model fit by 84%. Having an ocellus smaller 
than the median (0.025 mm2) significantly increased the 
risk of mortality (HR = 2.19, P = 0.029) by 119% compared 
to individuals with an ocellus greater than median (Fig. 4). 

Territorial adults tended to increase the mortality risk but 
was found to be non-significant (HR = 1.43, P = 0.15).

P. chrysurus

Only body depth and predator abundance improved the 
survival model for P. chrysurus (χ2

2 = 13.26, P = 0.0013; 
Fig. 3d). Having a shallower body depth was found to sig-
nificantly increase mortality risk (HR = 0.0013, P = 0.003) 
by 99%. Increases in the abundance of local predators tended 

Fig. 3   Forest plots of time-dependent Cox proportional hazard 
regression analysis for Pomacentrus moluccensis, P. amboinensis, P. 
adelus, P. chrysurus (a-d). Each cube in the forest plot represents the 
hazard ratio surrounded by its 95% confidence interval and hazard 

ratios above 1 indicate that the covariate is positively associated with 
the probability of mortality occuring. Effect size calculated as 1-HR, 
is denoted (OR). Note: none of the variables considered was related 
to the survivorship of Pomacentrus wardi 
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to increase mortality for P. chrysurus; however, this was 
found to be non-significant (HR = 1.16, P = 0.076) (Fig. 4).

P. wardi

For P. wardi, no variables were found to significantly 
improve the survival model. The relative importance 

of the measured variable’s ability to explain the time-
dependent mortality rate of P. wardi was considerably 
lower than the other Pomacentrus species examined. The 
relative importance of the best predictor (congeneric 
adults) was ~ 40%, less than half of other species’ best 
predictors (See Supplementary Fig. S2).
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Discussion

Overview

Identifying the drivers of survival following settlement is 
critical to understand and predict population structures for 
coral reef fishes (Booth and Beretta 1994, 2021; Doherty and 
Fowler 1994). Here, we provide a detailed assessment the fac-
tors that affect early post-settlement survival of five congeneric 
coral reef damselfishes. Our study confirms that the drivers of 
mortality in juvenile coral reef fishes are species specific and 
include a range of habitat, fish community and morphologi-
cal characteristics. Contrary to expectation, we found only a 
weak relationship between the habitat associations at settle-
ment and the factors that influenced subsequent survival. For 
example, P. moluccensis associated with areas of increased 
rugosity and cover of fine branching coral at settlement, P. 
amboinensis associated with deeper sites with higher cover 
of sand, and P. chrysurus associated with areas of higher rub-
ble cover, yet none of these characteristics was important in 
predicting the survivorship in the respective species over the 
following 14 days. Interestingly, most of the habitat character-
istics which were identified as important for survivorship were 
characteristics which showed a negative association at settle-
ment. For example, relative to other species P. amboinensis 
had a negative association with the macroalga Turbinaria at 
settlement and those individuals which settled into areas with 
higher cover of Turbinaria had increased mortality. Similarly, 
P. moluccensis had a negative association with sand at settle-
ment, and increasing levels of sand tended to increase mor-
tality, albeit non-significantly. The one exception was that P. 
moluccensis associated with mounding corals at settlement, 
which was found to increase their risk of mortality over the 
next 14 days.

Our hypothesis that survivorship in generalist species would 
be broadly impacted by a range of habitat, fish communities 
and morphological characteristics was generally supported. 
Survivorship models for P. adelus selected three variables with 
each belonging to a habitat characteristic, fish community fea-
ture or morphological trait. While no variables were found to 
significantly improve the survival model for P. wardi, the six 
most important traits included three habitat characteristics, two 
fish community traits and one morphological (See Fig S2), 
broadly supporting that survivorship would be impacted by 
various traits. The lack of determination and clarity in this 
model may indicate that survival for this generalist species 
was particularly context dependent.

Habitat associations and their implications 
on survivorship

Coral reefs are heterogeneous environments composed of 
various microhabitat characteristics that may determine 

which species can thrive in that microhabitat. The current 
study illustrates clear differences in settlement associations 
among the five pomacentrid species examined, with three 
species (P. moluccensis, P. amboinensis, and P. chrysurus) 
associating for particular habitat characteristics, while P. 
adelus and P. wardi were more variable in their habitat asso-
ciations (i.e., generalists). Our results of habitat associations 
align with previous works suggesting that P. moluccensis 
is associated with various types of hard coral at settlement 
(Ticzon et al. 2012; Pratchett et al. 2016) and P. chrysurus 
are predominantly found on rubble habitat (Low 1971). In 
contrast, P. amboinensis is considered a facultative coral 
specialist (Pratchett et al. 2012); however, its association 
with various types of hard coral were similar to the average 
coverage of the corals found in the control quadrats (see 
Table S1), suggesting little to no association with hard cor-
als. While P. amboinensis was observed to associate with 
live coral, our data suggest that settling at the base of the 
reef in areas with higher cover of sand may be the primary 
habitat consideration for this species. Consistent with this 
hypothesis, Ticzon et  al. (2012) found that juvenile P. 
amboinensis predominately associated with sand, using it 
more than any other species they investigated.

As mortality is a strong selective pressure on recently 
settled reef fish, it is expected that selection for a particular 
microhabitat would confer some fitness advantage (Tolim-
ieri 1995; Majoris et al. 2018). However, our results do not 
necessarily support this hypothesis, as most analyses did not 
identify the habitat characteristics chosen at settlement as 
important drivers of mortality. High rugosity or relatively 
high cover of fine branching coral were positively associated 
with settlement of P. moluccensis, however, neither were 
identified as important predictors of survivorship. In an ear-
lier study using experimental mesocosms, the survivorship 
of P. moluccensis has been shown to increase when shelter-
ing in coral with more rugosity (Beukers and Jones 1997). It 
may be that the relationship between rugosity and survival 
follows a logistic-like curve, such that having a certain level 
of rugosity provides a benefit, but beyond a specific thresh-
old, this benefit reaches a plateau. In the current study, P. 
moluccensis may already be selecting for rugosity beyond 
the point of receiving a benefit, while P. amboinensis and P. 
adelus appear to be settling in the middle of their curve, such 
that those with above average rugosity benefited while those 
with below average rugosity suffer increased mortality. Con-
versely, P. chrysurus selectively settled in relatively lower 
rugosity microhabitats which was found not to relate to their 
survivorship, suggesting the importance of rugosity or level 
required is likely species specific, depending on the species 
ecological needs. As in some cases, increased rugosity may 
not always benefit prey (Rilov et al. 2007; Fakan et al. 2023).

Though the overall rugosity was not important for P. 
moluccensis, it may be that the finer structural components 
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of coral are important. For example, we found that the 
cover of mounding corals in the immediate vicinity of 
newly settled P. moluccensis was positively related to the 
probability of mortality. The lack of holes and reduced 
sheltering capacity of mounding coral (Aston et al. 2022) 
likely increases the exposure of small-bodied and newly 
settled fish to predation (Almany 2004). These areas with 
high cover of mounding corals did not necessarily translate 
to areas of lower rugosity, and may be related to the scale 
and nature of the rugosity provided (e.g., fine-scale struc-
ture within the branches of branching corals versus the 
vertical relief provided by mounding corals). While these 
likely underestimated the true rugosity, our results suggest 
that the finer scale refuge is important for survival. Con-
sistent with this conclusion, Hixon and Beets (1993) found 
that Chromis cyanea had improved early post-settlement 
survival on experimental reef patches with small holes 
compared to large holes or no holes.

The habitat preferences of coral reef fish vary, and due 
to the high heterogeneity of reefs, some individuals inevi-
tably settle in suboptimal habitats. Our data reveal that 
when assessing the relative influence of microhabitat char-
acteristics on survival, insights from negatively associ-
ated habitat characteristics outweigh those from associated 
habitat characteristics. As fish traverse their home ranges, 
they are likely to use these suboptimal habitats. Thus, it is 
essential to consider all habitat characteristics surround-
ing their settlement site at a scale relevant to their home 
ranges. While data on the home ranges and space use of 
coral reef fishes, especially recently recruited juveniles, 
are limited, some studies suggest that adult P. moluccensis 
have home ranges of < 2m2 (Streit et al. 2021), with juve-
niles expected to have even smaller ranges (Welsh et al. 
2013). Anecdotal evidence by Booth and Beretta (1994) 
reports observing nine uniquely recognizable recruits 
which were never found more than 30 cm away from their 
initial location during a 30-day census period. This sug-
gesting that home ranges of recruits may be relatively 
small and comparable to the quadrats used in the current 
study. Although when examining habitat use, previous 
studies have primarily focused on single point substratum 
assessments (e.g., McCormick and Hoey 2004; Wilson 
et al. 2008; Bonin 2012; Pratchett et al. 2012) for explor-
ing habitat selection and habitat selectivity measures (see 
Manly et al. 2002). However, these methods may miss 
broader habitat characteristics that influence fitness traits. 
For instance, P. amboinensis showed negative associations 
with the macroalga Turbinaria, significantly impacting 
survivorship, while P. moluccensis displayed a negative 
association with sand, which tended to increase their 
risk of mortality. Therefore, assessing the relative abun-
dance of microhabitat characteristics and home ranges the 
fish interact with, rather than focusing solely on single 

substratum types, may lead to a more comprehensive 
understanding of the environmental factors influencing 
various fitness traits.

Habitat associations during the early life stage of coral 
reef fish may offer fitness benefits beyond their impact on 
early post-settlement survival. In the current study, spe-
cies that associated with particular habitat characteristics 
received no survival benefits from such characteristics. How-
ever, they likely derive benefits in terms of faster growth 
from increased access to their preferred food sources. For 
instance, P. moluccensis is commonly found residing in cor-
als high above the reef framework, positioning them close 
to plankton, which constitutes their primary diet (Pratchett 
et al. 2001). Similarly, unconsolidated substrata (e.g., sand 
and rubble) can foster higher densities of invertebrates (Wen 
et al. 2013), which serve as a vital nutrient source for P. 
amboinensis (Debenay et al. 2011). Additionally, P. chrysu-
rus is known to defend rubble-dominated territories, offering 
them access to the turf matrix that forms a significant part 
of their diet (Low 1971). The increased availability of these 
food resources may enhance growth rates and potentially 
reduce predation risk, thereby contributing to overall fitness 
improvement.

Fish associations and their implications on survivorship

Grouping with conspecifics is an important trait to predict 
fitness outcomes in reef fishes (Booth 1995; McCormick 
and Meekan 2007). The current study highlights that species 
associations with characteristics of the fish community at 
settlement were indeed important, even though its impor-
tance was weaker than their associations with habitat char-
acteristics. Our results show that P. adelus, P. chrysurus and 
P. wardi tended to settle in areas with higher abundances of 
congeneric species, while both P. amboinensis and P. moluc-
censis tended to settle in areas with higher abundances of 
conspecifics. These results align with previous works detail-
ing grouping behaviors in both P. amboinensis and P. moluc-
censis (Öhman et al. 1998).

The formation of groups may be an ecological trade-off 
between survival and growth or may be due to preferen-
tial settlement. Grouping can have fitness impacts and is 
known to enhance survivorship in recently settled reef fishes 
in some circumstances (Booth 1995; McCormick and Mee-
kan 2007). Conversely, grouping can negatively impact the 
growth rates for recently settled reef fish (Jones 1990; Booth 
1995). For example, Booth (1995) showed that the time to 
reach maturity increased with group size, suggesting that 
living in smaller groups or living solitarily would allow an 
individual to more swiftly enter into the adult population. 
In the current study, various associations with fish com-
munities were found to impact the survivorship of each 
species. Congeneric adults significantly increased the risk 
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of mortality in recently settled P. amboinensis. Also, the 
abundance of adult territorial damselfishes (i.e., Stegastes 
and Dischistodus) similarly reduced the survivorship of P. 
adelus, another territorial or farming damselfish. Although 
newly settled farming damselfish are unlikely to be directly 
competing for the same resources, adult damselfish may see 
them as future competitors. Alternatively, settling near other 
damselfish species has been shown to enhance early post-
settlement survival (McCormick and Hoey 2004) and may 
be an attempt to reduce conspecific group size, which can 
reduce growth rates (Booth 1995). Interestingly, we found a 
positive relationship between congeneric juveniles and the 
survivorship of P. moluccensis. The additional prey items 
nearby may be reducing the predation pressure on P. moluc-
censis causing increased survivorship (Ferrari et al. 2020). 
Additionally, as densities increase, the optimal habitats will 
become saturated forcing newer recruits to suboptimal habi-
tats. Our data suggest that early mortality rates are impacted 
by resident populations and probably in a density-dependent 
manner.

Although predators are known to be important regulators 
of coral reef fish communities (Webster 2002; Feeney et al. 
2012; Chivers et al. 2019), the abundance of local preda-
tors (Pseudochromis, Thalassoma and Synodus) was only 
associated with the survival rates of one of the five species, 
P. chrysurus (albeit non-significantly). This suggests that 
the mortality rates are not related to the predator densities 
recorded using visual surveys at the scale of the current 
study (Connell 1996). This could be a result of local preda-
tors maintaining a larger home range than 1 m perimeter 
surrounding the quadrat, resulting in underestimates of local 
predator and their activity from abundance. Additionally, a 
primary source of the mortality may be related to transient 
predators and/or cryptic predators (Hoey and McCormick 
2004; Mihalitsis et al. 2022) that may not be adequately 
quantified using visual surveys of specific sites. Also, due 
to the timing of the surveys (08:00–13:00), crepuscular or 
nocturnal fishes which may represent important predators 
may have been similarly underrepresented. While various 
components of the fish community impacted the survivor-
ship of the studied species based on the species, it is clear 
that local communities do influence the survivorship at this 
life stage.

Morphological implications on survivorship

While habitat and fish communities were found to be impor-
tant predictors of survival, morphological traits of individu-
als were found to be particularly informative. Although only 
two morphological variables (ocellus size and body depth) 
were used in the final survival analysis (of the total of 18 
variables), these variables scored in the top 6 variables for 
relative importance for survival in three of the five species 

(Fig. S2), and for two of the five species they were the best 
predictors of survivorship. Interestingly, the morphological 
traits tended to be more important for species which are 
known territorial algae farmers (Hata and Ceccarelli 2016). 
Our data suggest that in microhabitats with more aggressive 
residents, either size or dominance marking of larger ocellus 
may are providing survival benefits.

Although ocelli are hypothesized to confer some survival 
benefit (McPhail 1977), few studies have explicitly dem-
onstrated such benefits. We found the relative ocellus size 
to be the primary predictor of survival in P. adelus. The 
responsiveness of relative ocellus size to predator cues found 
in a recent study (McCormick et al. 2019), also emphasizes 
their likely importance to survival. Interestingly, the ocellus 
was not found to be important predictors of survival in P. 
amboinensis or P. chrysurus. Indeed, while ocelli can pro-
vide certain advantages to some species in terms of predator 
deterrence and prey confusion, they may not be universally 
favored in all environments. Planktivores (e.g., P. moluc-
censis), for instance, are rarely found to possess ocelli (Hem-
ingson et al. 2021), indicating that the benefits of ocelli in 
reducing predation risk may not apply universally across all 
ecological niches. Thus, ocelli may not serve as a broad and 
universally effective strategy for countering predation risks 
in all species and environments.

Body depth was also found to be a strong predictor in 
survival for P. chrysurus. Body depth is an important mor-
phological trait which can enhance prey’s escape responses 
(Domenici et al. 2008) and restrict predation by gape-limited 
predators (Mihalitsis and Bellwood 2017). Together, our 
results support the long standing belief that bigger is better 
for coral reef fishes recruits (Vigliola and Meekan 2002), as 
larger individuals of P. chrysurus had higher survival rates. 
In contrast to its importance, we only found size to predict 
survivorship of one species. This disparity may stem from 
the influence of local predators on P. chrysurus (although 
non-significant), which are smaller than transient predators 
and, consequently, more limited by gape size.

In summary, our study revealed contrasting habitat selec-
tion behaviors among different fish species during settle-
ment, with some displaying specific preferences for certain 
microhabitat characteristics, while others exhibited a more 
generalized approach. Furthermore, we identified several 
environmental and morphological traits associated with 
the survival of recently settled fishes. Intriguingly, species 
that associated with particular microhabitats showed higher 
survival rates when they were not associated with specific 
habitat characteristics. While we initially anticipated that 
microhabitat characteristics promoting settlement would also 
enhance survival, the predictive power of such associations 
was generally weak within the scope of our investigation. 
Nonetheless, selecting specific habitat characteristics during 
settlement may yield longer-term fitness benefits, such as 
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improved growth and faster maturation. This study under-
scores the diverse ways in which various habitat character-
istics can influence populations.
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