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Habitat degradation alters trait-
based survival in a coral reef fish

Claire M. Moad (%2, Eric P. Fakan®%3, Rohan M. Brooker{®* & Mark I. McCormick 5>

This study investigates the effect of habitat degradation on the interrelationships between
morphological, performance, and behavioural traits and their influence on the survival of juvenile
Ambon damselfish (Pomacentrus amboinensis). The research combined laboratory measurements

with field observations on live or dead-degraded coral reef patches. Fish behavioural traits emerged

as key predictors of survival across habitats. Specifically, boldness, bite rate, and maximum distance
ventured from the patch reef were key factors. However, the relative importance of specific traits
differed between habitats. On live coral, relative lateralization was a significant predictor of survival.

In contrast, for fish on dead-degraded coral, routine swimming speed and fast-start response latency
were more important. Damselfish in dead-degraded habitats experienced significantly higher
mortality. These results indicate that habitat degradation alters the selective pressures on phenotypic
traits. This study highlights the importance of considering context-dependent trait selection when
predicting how fish communities will respond to changing habitat conditions. Additionally, our findings
provide insights for restocking and restoration interventions, suggesting that behavioural conditioning
that promotes risk-averse behaviours and predator recognition could improve the survival of reseeded
fishes, although further testing within this applied context is required.
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Understanding how morphological, performance, and behavioural traits influence survival is crucial for
predicting how populations will respond to environmental change, and how the relative importance of these
traits may shift under changing selective pressures. With habitat quality in global decline!, identifying traits
that may enhance or decrease survival under degraded conditions could inform predictions of how populations
and communities may be reshaped in response. This knowledge also has direct applications for conservation
and restoration interventions, particularly with regards to reseeding programs aimed at enhancing populations
within degraded systems®. Understanding what promotes the survival and success of reseeded organisms is
critical for the success of restoration efforts, as ill-informed restoration attempts can be costly>*. Since reseeding
usually targets life history bottlenecks, such as the transition from larva to juvenile>, it is particularly important
to understand the drivers of success at these critical periods. Therefore, identifying and/or selecting individuals
with traits suited to predicted environmental conditions could improve outcomes for both natural and managed
populations.

Theory and research shows that the interrelationships among an organism’s morphological, performance and
behavioural traits are key to their survival (e.g’~'%). Variation in these traits and interrelationships suggests that
organisms are able to adapt to suit their current environment, as long as there is underlying genetic variation
influencing these traits. However, understanding the relationship between selection and these potentially
interrelated traits is difficult. Arnold” put forward a theoretical framework called the ‘ecomorphological paradigm’
that quantifies how selection acts on suites of characters and their influence on survival and fitness using
multivariate selection theory. In this paradigm, morphology is linked to survival and fitness via performance,
which is in turn modified and made specific to context by behaviour’~*!:12, This multivariate approach can be
used to determine how different characteristics contribute to survival and can be useful regardless of whether
the focus is the whole or part of an organism’s lifecycle (e.g*'?).

The phenotypic traits that may offer a selective advantage for surviving can be grouped into three broad
categories: morphology, performance and behaviour. These traits can potentially have both independent and
interactive effects. For organisms with complex life histories, such as fishes, invertebrates and amphibians, these
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include morphological traits such as size'4, locomotory structures'®, distracting pigmentation (e.g. ocellus/false
eye spots!®1®, growth rate!’; performance traits such as turning bias (lateralization'® or escape kinematics';
and behavioural traits (e.g., bold versus shy?°). Most previous studies have used laboratory experiments to
determine the importance of individual traits to survival (e.g?!~2%). This is useful to determine which variables
may be of importance, but due to covariance of phenotypic traits it is difficult make conclusions about the role
any one factor might play in affecting the survival of an individual'®?. Arnold’ found that while the effect of
morphological variation on performance could be studied in the laboratory, measures of fitness and the effect
on survival are best studied in the field, and a combination of laboratory and field studies is required in order to
determine the relative importance of interrelated traits that influence fitness and survival’. While this combined
laboratory and field approach is attractive, it can also be logistically challenging to implement and there are few
examples of this approach that exist.

Environmental variability and habitat are key components of the ecomorphological paradigm because many
morphological, performance and behavioural traits, along with their interrelationships are context-dependent
and vary with environmental conditions®?***. Organisms must regulate morphological, physiological,
performance and behavioural traits in order to cope with local conditions and therefore changes in ambient
environmental conditions may alter the expression these traits and as well as their interrelationships?>*!. Much
of the variability in the interrelationships between phenotypic traits is as a result of different environmental
conditions?*2. Consequently, when habitats degrade, theory suggests that the interrelationships that promote
survival may be altered.

Coral reefs are particularly vulnerable to habitat degradation through a variety of local and global scale
drivers®***, and as the coral habitat degrades the fish inhabitants are faced with new challenges. Reef
degradation may not only affect fish communities through changing resources, but also by altering predator-
prey interactions*~3. Recent studies have also shown strong links between performance capabilities of fishes
and behaviour!®*°, and a number of studies have demonstrated that degraded coral detrimentally affects key
aspects of performance that may affect survival (e.g., escape behaviour®**!. To date, there have been few attempts
for fishes to consider how multiple, interrelated traits are affected by coral degradation, possibly because of the
complexities associated with conducting multifactorial, manipulative experiments (e.g*>384243),

The present study examined the effect of habitat degradation on the interrelationships among morphological,
performance and behavioural traits and their influence on survival of the juvenile Ambon damselfish, Pomacentrus
amboinensis. Juvenile P. amboinensis were reared in two different habitat types (live or degraded coral) and
the data was collected in a two-stage experiment: firstly, morphological and performance characteristics were
measured in the laboratory for each individual; secondly, these individuals with known characteristics were
released onto patch reefs of differing quality (live and degraded coral) that matched their rearing environment,
with subsequent behaviour and survival monitored. Boosted classification trees were used to determine the key
drivers of survival and whether these differed with habitat quality. These are particularly effective analytical
tools as they can fit complex nonlinear relationships to multiple predictor variables and automatically handle
interactive effects that are common in ecomorphological relationships**~%°. Due to the hierarchical links
between morphological, performance and behavioural traits with survival’~'°, the ability to predict survival
should be strongest in higher order traits such as behaviour. Therefore, it was expected that the field behavioural
measures (boldness, bite rate, space use) will be the best predictors of survival, along with the performance
measures of escape response, given their ecological relevance to predator-prey interactions?. It was predicted
that morphological variables would be less important to survival, due to limited variability in size at this life-
stage?®*°. Understanding how different traits are affected by habitat degradation, and which are selected for under
different habitat conditions, is not only crucial for understanding how natural populations and communities will
respond to changes in habitat quality, but may also help in developing and refining effective reseeding programs
for coral reef fishes. To this end, such information may allow us to select individuals with advantageous traits for
the predicted conditions they will experience and maximize the long-term success of restoration efforts in the
face of climate change.

Materials and methods

Study site and species

The study was conducted at the Lizard Island Research Station and fringing reef on the northern Great Barrier
Reef, Australia (14°40°S, 145°28’E). The focal species, the Ambon damselfish, Pomacentrus amboinensis (Family:
Pomacentridae), is a common component of shallow reef fish communities within the GBR and Indo-Pacific.
P amboinensis is one of several coral reef fishes whose risk assessment mechanisms are now known to be
compromised by the chemistry emanating from dead-degraded coral*®*’. Like most aquatic non-mammalian
organisms, fish assess and learn about risk through the detection and use of alarm odours that are released
when the skin of a conspecific or closely related heterospecifics is damaged®*>!. Under degraded conditions, the
ability of P amboinensis to use alarm odours to assess risk®®, identify predators [through chemical associative
learning or diet cues®*>* or prime their escape behaviour® is compromised. This sensory impairment can
disrupt interactions with predators, leading to higher mortality in degraded habitats®»*°. The mechanism
underlying this apparent sensory impairment is unclear, but current evidence suggests that it is most likely due
to chemistry emanating from the dead-degraded coral that somehow modifies the activity of the chemical alarm
molecules®®’.

Live healthy and dead-degraded Pocillopora damicornis colonies were collected from the shallow, fringing
reefs around Lizard Island. Poc. damicornis is a type of bushy hard coral that is common on the reefs around
Lizard Island and the Great Barrier Reef and is a common nursery habitat for fishes®®. The dead-degraded corals
collected had similar topographic/structural complexity to the live corals but were instead covered in a variety
of algae, cyanobacteria and sessile invertebrates [see Fig. 1 in McCormick and Lénnstedt*. These coral colonies

Scientific Reports |

(2025) 15:38631 | https://doi.org/10.1038/s41598-025-22578-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.0

0.9

0.8

0.7

e Live coral

0.5

0.4

Cumulative proportion surviving

0.3 1
g‘“s 7777777777777 B Dead coral

-

0.2

0.1
0 10 20 30 40 50 60 70 80

Time (h)

Fig. 1. Kaplan-Meier survival curve of the cumulative proportion of surviving P. amboinensis over 72 h on
patches of live or dead coral (n =114,n =112). Fish were released at ~ 13:00 h.

live coral — dead-degraded coral —

were used both in the treatment tanks in the laboratory and the habitat patches used for field portion of this
study and our references to degraded coral habitat in this study refer to this habitat type.

Experimental overview

Newly metamorphosed, settlement-stage P. amboinensiswere caught overnight using light traps that were
moored in the waters off Lizard Island [small light trap design from Meekan, et al®. (see Supplementary Fig.
S1 for experiment overview). At this life-stage, the fish are naive to the reef environmental conditions and reef-
associated predators®2. Once collected from the light traps at dawn, the fish were transported back to the research
station in 60 L plastic bins, sorted by species, and held in 30 L aquaria with shelters (PVC pipe pieces) and
constant water flow (densities of approximately 30-40 individuals per tank). From these temporary holding
tanks a random selection of fish were moved into 30 L treatment tanks housing approximately 20 individuals
each. These treatment tanks were established so that they had a continuous supply of aerated seawater that had
passed through 30 L header tanks containing either live healthy coral or dead-degraded coral. There were three
replicate systems (i.e., a total of six tanks with three per seawater source). Corals and the invertebrates and algae
that live on dead-degraded corals thrive best in their natural conditions (i.e., clear, low nutrient, shallow water
with high light conditions). To maintain the laboratory treatments so that they best represent what happens in
the natural environment we changed the live and dead-degraded coral regularly. The fish were reared in these
tanks for three days and fed Artemia to satiation twice daily (morning and afternoon). This holding period
allowed the fish to recover from the stress associated with the collection process while also being exposed to the
treatments throughout. Fish used for the study were randomly selected from the tanks and not all fish were used
per tank given the space limitations of the reefs available for stocking (below).

After three days, each individual was put through an array of performance tests and photographed (for
morphology, Fig. S2) before being placed on a habitat patch located on the reef edge, where their behaviour
was assessed and survival monitored (Fig. S1). The phenotypic variables measured were: (1) body size (standard
length and body depth), (2) lateral body area, (3) relative size of the ocellus (false eye spot) - indicator of risk
history of the individual, (4) lateralization - the propensity to turn left or right (Fig. S3 for apparatus), (5) routine
swimming - measure of activity or exploratory behaviour, (6) fast-start kinematics - startle response needed to
evade predator attacks using a repeatable stimulus, (7) behaviour in the field, and (8) survival over three days in
the field (see Supplementary files for methods details). Previous research has found that each of these variables
may be the focus of selective mortality or that they may be responsive to the magnitude of risk, and thereby
are important to survival in reef fishes (Table S1). A total of 226 fish were used in this study (n |, . ., = 1141
dead-degraded coral = 1 12). Due to the number of potentially stressful tests being performed on the small juvenile fish
in succession, it was important to minimize their stress at each step of the study. Therefore, minimum habituation
periods were included before each stage of data collection to reduce any bias caused by the stress of the previous
assay. Laboratory assays were always undertaken in the same order, with the least stressful assay (lateralization)
being undertaken before more stressful assays (in order: routine swimming, fast-start kinematics, photography;
see Fig. S1). Previous physiological studies have shown that juvenile coral reef fishes can recover quickly from
stressful situations (an extreme example being exhaustion post-assessment of maximum aerobic capacity®).

Once laboratory assays had been completed, fish were individually placed in labelled plastic bags of seawater
were stored in 60 L plastic bins (water bath) and covered with a shade cloth to minimize stress. SCUBA divers
then released the fish individually onto numbered vacant patch reefs (25 x 20 x 20 cm; one fish per patch) made
of either live or dead-degraded coral (in keeping with the habitat they were reared on) and a small cage (30 x 30 x
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30 cm cage; 12 mm square mesh) was placed over the patch to allow the fish to habituate to the new environment
without the threat of predation. Fish placed on the reefs were randomly chosen under the constraint that the
laboratory and field habitats were consistent. Since these fish seldom move between habitat patches immediately
after settlement®® we did not test for the scenario where they were on the alternative habitat type to that
experienced in the laboratory. After 40-60 min, the cages were slowly removed, and fish were assessed for their
feeding rates (strikes per minute) and space use over a 3 min period following the protocol of McCormick®!.
Performance trials (lateralization, routine swimming and fast-starts) and photographs were carried out between
08:00 and 12:00 h, and fish were placed onto patches at ~ 13:00 h, with behavioural observations made between
14:00 and 16:00 h.

Survival

Survival censuses were conducted three times a day (~ 06:30, 13:00 and 16:30) via snorkel for three days post-
placement on patches. During the census, each patch was checked for presence or absence of the focal fish. Since
fish were not tagged to minimize handling stress, the absence of a fish on the labelled patch reef was assumed to
be due to mortality. Our previous studies using tagged fish to quantified emigration on patch reef set-ups similar
to that used here have consistently found that movement is very low®!-%>. Because of this research foundation,
we believe that equating loss to mortality is a parsimonious assumption within this system. After 72 h (i.e. third
day post-placement on patches), if the individual was still alive and present on the patch, it was recorded as being
present before being removed from the patch.

Statistical analyses
All statistical analyses were completed using TIBCO® Statistica™ (Version 13.3.0).

Data screening and preliminary analysis

Descriptive statistics (mean, standard deviation, minimum and maximum, variance; Supplementary Table
S1) were computed for each variable. While regression tree analyses do not require normality, analyses often
perform better when variables are normalised*®, so a number of the variables were transformed prior to analysis
(see Table S1 for transformation details).

The lateralization variables and other field behavioural variables (boldness, bite rate, maximum distance
ventured) were slightly non-normal, however did not respond well to transformations and hence the raw data
was used in analyses. Correlations between variables were used to check for co-linearity (Table S2). There was
a strong correlation between both response speed and response latency with the distance the fish was from the
stimulus and therefore the residuals against distance to stimulus were computed for these variables to remove
the effect of variable distance. Distance to the stimulus was then dropped from analyses. Where independent
variables were similar measures of the same phenotype (e.g. speed and distance moved in both routine swimming
and fast-start variables) only speed was included as it was more ecologically relevant (i.e., how fast an individual
swims away is more ecologically relevant than how far it swims). Of the two lateralization variables measured,
only relative lateralization was used in subsequent analyses as it was more normally distributed. A principal
component analysis was undertaken on the three field behavioural variables to produce a unified variable that
represented the propensity to take risk (i.e., boldness)®. All three variables (bite rate, total distance moved and
maximum distance ventured) had high and similar loadings on the first axis (0.78, 0.88, 0.8 respectively), which
represented 68% of the variation in behaviour among fish (see Fig. S4 for a biplot). This left 11 variables that
were used in all further analyses: (1) standard length, (2) body depth, (3) ocellus/eye area, (4) lateral body
area, (5) routine swimming speed, (6) routine swimming maximum speed, (7) response speed, (8) response
maximum speed, (9) response latency, (10) relative lateralization, (11) boldness (principle component 1 on the
field behavioural variables).

Survival analysis

The field survival data was converted into time-to-loss data, where there were two possible events: complete (i.e.,
individual died) and censored (i.e., individual was still present at 72 h post-placement on patch and removed).
Kaplan-Meier analysis was used to construct cumulative survival plots to compare survival trajectories between
the live coral and dead-degraded coral habitat and Cox-Mantel (log rank) test was used to determine whether
these curves are significantly different.

Boosted classification trees

Boosted classification trees were used to relate the selected 11 variables to whether the fish survived on the habitat
patches for each treatment. Tree analyses can explain variation of a single response variable, either categorical
(classification trees) or numeric (regression trees), by repeatedly splitting the data into more homogenous groups
using combinations of explanatory variables®”. They are ideal for analysis of complex ecological data since they
are generally fairly flexible and robust and can handle complex nonlinear relationships with potential high-order
interactions and missing values?**>%”. Boosting is a method for improving model accuracy on the basis that it
is easier to find and average many simple models than a single highly accurate model*4*>%8, Therefore boosted
classification trees will average the relative importance of each predictor variable to response by averaging it
over multiple trees, significantly improving the accuracy of predictions****. The relative predictor importance of
each variable to survival was computed (using the sums of squares regression), giving a value from 0 to 1, with
1 being the most important, and then compared between the two treatments. Because of the rapid loss of fish
from the patch reefs, survivorship was based on whether they were present at the census 24 h post-placement
on the patch reefs. Replicates for each habitat at this time and used in the analysis were (alive/dead fish): live
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coral 70/44; dead-degraded coral 38/74. Analysis was completed using the Data Miner package from Statistica™
(Version 13.5.0.17).

Univariate analysis

Based on the variables with higher predictive importance to survival, or large differences in importance between
the two treatments, univariate analyses were conducted on key variables to further explore the nature of the
differences found by multivariate analyses. Two-factor analyses of variance (ANOVA, type III sums of squares)
were used to compare means of key predictor variables with fixed factors: Habitat (live coral, dead-degraded
coral) and Survival (survived or died at 24 h). Assumptions of ANOVA were examined using residual analyses
prior to analysis. Results of these analyses are interpreted cautiously due to the non-independent nature of the
key variables (i.e., undertaking multiple dependent tests thereby elevating Type I error rates). Effect sizes are
given as partial eta squared values (qu).

Results

Survival

Survival trajectories of P. amboinensis individuals were significantly different between those on live coral patches
compared with those placed on dead-degraded coral patches (Cox-Mantel test: C=4.93, p<0.0001). Survival
was significantly lower on the dead-degraded coral patches with only 23% of individuals surviving until the
72 h census, in comparison to those on healthy live coral patches where approximately double the percentage
of P amboinensis survived until the 72 h census (54%; Fig. 1). For both habitats, a significant proportion of
individuals were absent (i.e. died) at the 18 h census, with approximately 30% of individuals dying overnight
from the live coral, and twice as many dying on the dead-degraded coral patches (Fig. 1).

Boosted classification analysis

The relative importance of the various phenotypic variables to predicting survival of P. amboinensis differed
between the live and dead-degraded coral treatments (Fig. 2). For individuals in the live coral treatment, the
composite boldness variable and lateralisation score were the best predictors of survival (Fig. 2a). The least
important were standard length and response speed to the startle stimulus. The morphological variables, routine
and the fast-start kinematic variables were less important to predicting survival in the live coral treatment
(Fig. 2a). In contrast, for those in dead-degraded coral, routine swimming variables (average speed and max
speed) and their boldness score were most important to survival. Interestingly, the degree of lateralization,
which was so important for fish on live coral, was the least important variable for fish on dead-degraded coral.
The morphological variables (standard length, body depth, ocellus to pupil and lateral body area) were all less
important for fish that survived on dead-degraded coral (Fig. 2b).

Univariate analysis

Relative lateralization was one of the key predictors of survival for fishes on live coral patches, and univariate
analysis showed that there was a significant interactive effect between habitat and survival (ANOVA: F, ),
= 3.93, p=0.048), although the effect size is low (n_2=0.017). Fish that survived for 24 h on live coral were
significantly more lateralized than those that died from the same treatment and individuals from the dead-
degraded treatment (Fig. 3a). The mean relative lateralization of individuals in the degraded coral treatment was
similar regardless of whether they lived or died (Fig. 3a).

Due to the importance of the composite boldness score to survival in both live and dead-degraded coral, the
variables that made up the PCA score were examined in more detail. Of these three variables, only maximum
distance ventured (Fig. 3b) had a significant interaction between factors (F, ), = 4.27, p=0.04, np2:0.019).
Fish that survived on live coral remained closer to their patch reef with a mean maximum distance ventured of
1.62 cm, compared to those that died from the same habitat, which ventured more than 3.5 times further from
their patch (5.27 cm). All fish on dead-degraded coral patches ventured further from shelter than those of live
coral patches, regardless of whether they survived the first 24 h (survived, 4.26 cm; died, 6.00 cm) (Fig. 3b).

The other field behavioural variables (bite rate and total distance moved) were significantly affected by
treatment and/or survival. Lower mean bite rates were observed for fishes that ended up surviving in both
habitats (F1 22y =6.13,p=0.014,n 2=0.027) and there was also a significant habitat effect (F1 222 =9:998,p=0.002,
1.2=0.043). Surviving fish on the dead-degraded coral patches had a lower mean bite rate than surviving fish on
the live coral patches, while there were similar mean bite rates observed for fish that died irrespective of habitat
(Fig. 3¢). The total distance moved within 3 min differed depending on whether fish lived or died (F 1222 = 1568,
p<0.0001, n 2-0.07; Fig. 3d), and there was a trend for a difference in activity between habitats (F1,222 =3.37,
p=0.07,1 2=0.015). The other variables of average and maximum routine swimming speed mirrored the trends
shown in the other behavioural variables, but with more variance (Fig. 3e, f).

Discussion

This is the first study to explore whether the variables that influence survival of coral reef fishes at the crucial
early life history stage following settlement differ when their coral habitat dies and degrades. As predicted, there
was a significant decrease in survival of P. amboinensis on the degraded coral patch reefs in comparison to
live coral. Interestingly, there were differences in the variables that related to fish survival within the first 24 h
between live and dead-degraded coral, but there was also consistency in the importance of variables associated
with the propensity to take risk. In keeping with Arnold’s” ecomorphological paradigm®® it was the behavioural
traits assessed in the field that were consistently important in determining survival, regardless of habitat.
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Fig. 2. Relative importance of interrelated morphological, performance and behavioural traits to survival of
P. amboinensis within the first 24 h for (a) live coral and (b) dead-degraded coral habitats. Bar colours: white -
morphology; light grey — behaviour; grey - fast-start response; black - routine swimming and lateralization.

The results confirmed that P. amboinensis survival was affected by habitat degradation, with individuals in
the dead-degraded coral treatment experiencing 77% mortality in their first 72 h on the reef, in comparison to
54% mortality for those on live coral. Similar results have been obtained for P. amboinensisin earlier studies.
Lonnstedt, et al*®. observed 75% increase in mortality for individuals on dead-degraded coral patches in
comparison to those released onto live coral patches. Similarly, McCormick®! found survival rates were three
times higher for P amboinensis on live coral than those on degraded or thermally bleached coral. All juvenile
reef fish experience high levels of early post-settlement mortality due to predation when they first settle on the
reef, forming a population bottleneck®””. Mortality rate then declines as the fish gain experience on the reef and
learn risk®>71:72, therefore the initial mortality experienced by a cohort plays a key role in shaping populations.
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Fig. 3. Univariate analysis of key phenotypic variables of juvenile Ambon damselfish (Pomacentrus
amboinensis) compared between habitat type (live or dead-degraded coral) and survival at 24 h post-placement
on patch reefs (died = grey; survived = white). The variables compared: (a) relative lateralisation score, (b)
maximum distance ventured (Max DV, cm), (¢) bite rate (bites/3min), (d) total distance moved (cm), (e)
routine swimming speed (m/s) and (f) maximum routine swimming speed (m/s). Mean + standard error
displayed (Il live coral, died 44,n live coral, survived — 70,n dead-degraded coral, died =74n dead-degraded coral, survived = 38)
Behavioural traits involving activity and the willingness to take risk were important in predicting survival
chances in both habitats. Regardless of whether fish were on live or dead-degraded coral, individuals that were
more active and travelled furthest from shelter had a higher probability of dying within the first day on the
reef. Theory suggests that conservative and risk-adverse behaviours that minimize the risk of predation may be
favoured by selection at this early life stage®"’? and consequently these traits are useful predictors of survival.
How far an individual ventured from the patch (maximum distance ventured) was particularly important in
predicting survival of fish on live, healthy coral patches, where surviving individuals remained significantly
closer to their patch than those that died or those on dead-degraded coral patches. McCormick®! also found
that P amboinensis on live coral patches remained closer to their patch, while individuals on bleached or dead-
degraded coral patches tended to sit higher in the water column and venture further from their patch, increasing
their susceptibility to predation. Our finding of the key importance of behavioural attributes supports the
ecomorphological paradigm that predicts that behavioural traits have the strongest effect on survival and fitness
at this life stage, by acting as a filter between lower order variables (morphology, performance) and survival’=>.
Relative lateralization was identified as an important variable in predicting fish survival on live coral, but
was one of the least important variables for fish on dead-degraded coral patches. Surviving individuals on live
coral patches were more lateralized than any other group, with mean relative lateralization scores four times
that of their counterparts that died from the same treatment. Being highly lateralized can be advantageous to
survival as it may increase neural capacity allowing individuals to perform more than one task at a time’>’%. In
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the case of escape behaviour, being highly lateralized in one direction or another means that an individual may
be quicker to react to a predator approaching on that side, or be able to escape from predators more quickly by
not having to think about which direction to turn!®7>7¢, Individuals that survived on the live coral patches had a
higher mean lateralization score and the high relative importance of this trait in this habitat type suggests it was
advantageous in their ability to escape from predators. Lateralization is also closely associated with background
risk, with fish in high-risk environments (e.g. increased predators) more highly lateralized than individuals in
low risk environments, suggesting that in high-risk environments higher behavioural lateralization may provide
a selective advantage to survival’>’”78, Since habitat degradation is known to detrimentally affect risk assessment
in many species through its effect on the utility of alarm cues (e.g*>*’), it is possible that the dead-degraded coral
environment is interfering with an individual’s ability to detect high risk conditions and in so doing is negating
selection on this trait.

Routine swimming speed was an important predictor of survival for P amboinensis in both the live and
dead-degraded coral treatments, however univariate analysis showed no differences in mean routine swimming
speed with treatment or survivorship. Routine swimming, as a measure of general activity, has been previously
associated with survival in reef fishes as it is related to their foraging and exploratory behaviour”>®. It can
also alter an individual’s risk of encountering predators; if an individual moves around a lot it may be more
conspicuous to predators®*’. Interestingly, an experimental study that allowed fish to associate with dead-
degraded or live coral for 6 weeks found that routine swimming can be affected by degraded habitats, with P
amboinensis individuals reared in the seawater that had passed over dead-degraded coral moving 13% more than
those reared in healthy, live coral®. The authors argued that this increased activity may contribute to increased
mortality for fishes on degraded reefs®!. The difference in time-scales between these studies (3 days versus 6
weeks) may explain why no significant effect of habitat degradation on routine swimming was observed in the
current study, as longer periods of exposure to the degraded coral may promote a greater effect on this trait.
The absence of any statistical difference between the two habitat types, suggests that while routine swimming
is a useful predictor of survival, it is likely to be working in combination with variables like boldness in a more
general risk exposure framework.

Fast-start response latency was a moderately important trait for predicting survival of P. amboinensis in both
live and dead-degraded habitats. Latency is often associated with survival as it plays a key role in determining
the outcome of predator-prey interactions, with respect to feeding success of the predator or escape and survival
of the prey®2. A recent field study found response latency to be the best predictor of survival for another juvenile
damselfish, P. chrysurus'®. In the current study, there was no difference in latency between habitat types when
compared using univariate analysis. This was in keeping with laboratory studies that tested the effects of habitat
degradation on the fast-start performance under risk®. These studies found that latency was not affected by
habitat degradation for three species of juvenile damselfish with different associations with live coral®, or by the
level of structural complexity of the environment®*. The finding of a consistent importance of response latency
in both healthy and degraded habitats emphasises the importance of the behavioural component to the fast start
response, as latency has been couched as the behavioural trade-off of risk versus energetic cost®.

Despite being some of the most studied covariates in previous survival studies, the current study found that
morphological variables were some of the least important predictors of survival. Many previous studies have
shown that post-settlement mortality in reef fish is size selective and that predators will preferentially feed upon
smaller (e.g®>%7-8%) or larger prey®”*". However, in the current study there was a low coefficient of variance for
body size (~ 5%) suggesting low phenotypic variance in these traits. This is commonplace for many fish species
within a particular settlement pulse?®%°. As a result of lower variance, there is reduced chance for selection to act
upon particular traits, resulting in the low relative importance of morphological variables in general to survival
at this life stage. While the size range incorporated in the present study was ecologically relevant to natural
settlement, there is a general finding of a fundamental and cumulative importance of size advantages®"*2. For
reef fishes at this transitional life stage a less than 10% difference in length can drastically improve the probability
of surviving the early intense mortality pressure®*. This suggests that future studies that focus on optimizing the
characteristics of reseeded propagules should test the efficacy of other traits against an enhanced size range, as
size is always easy to bolster by simply holding offspring for a short period.

This was one of the first studies to look at the effect of interrelationships between morphological, performance
and behavioural traits in a coral reef fish on survival in the field in the context of habitat degradation. In both
habitat types (live and dead-degraded coral), survival of P. amboinensis was best predicted by behavioural
characteristics and that selection favoured a shy, more conservative phenotype (i.e. reduced bite rate and boldness,
which did not swim as far from patches). There are two mechanisms by which behaviour influences survival:
firstly, it determines how an organism uses space and that may influence its vulnerability to predators (e.g?>%);
and second, it modifies the relationships between morphological and performance variables by making them
specific to context per the ecomorphological paradigm’-®. However, there were also major differences in the
relative importance of specific variables to survival of P. amboinensis in live coral versus degraded coral patches.
This suggests that different selective pressures that favour different traits are operating in healthy coral habitats
as opposed to degraded habitats. Interestingly, many of the traits that were affected by habitat degradation in
this study, have also been associated with how individuals perceive risk, which is known to be affected for P
amboinensis in degraded habitats (e.g*>>>8%), and therefore this may be a driving mechanism behind which
traits are important to survival. Understanding which traits are selected for under different habitat conditions
will enable better predictions of how habitat degradation may affect and shape future reef fish communities.

In addition, given the increasing interest in the potential of reseeding coral reef fishes as a stock management
and restoration intervention, understanding the behavioural, morphological, and performance traits that
mediate survival under different habitat conditions and contexts may assist in the development and refinement
these methods®. Based on the findings of this study, we recommend that restoration programs incorporating
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reseeding prioritise behavioural training to promote risk-averse behaviours before release. To date, behavioural
conditioning has not been trialled in reseeding programs on coral reefs. Recent research has shown that
chemical cues from degraded coral can hinder the development of neophobia in settling damselfish®> while
odours from dead-degraded coral and certain algae can impair alarm cue recognition, a critical component
of predator learning®”-”. Training fish to recognize local predators has been shown to significantly improve
survival in damselfish®? and salmonids®®, and this learning can extend to multiple predator species through
generalisation®®®’. The initial survival advantage conferred by predator training may allow fish to later rely
on direct experience®®, publicly available information®, or dietary cues® to refine their risk assessments.
Additionally, as holding fish prior to release naturally increases body size, it may provide an added survival
advantage through behavioural covariates linked to size®®. Future research may therefore benefit from assessing
the relative efficacy of behavioural training versus size amplification in reseeding efforts to optimise survival
outcomes.

Data availability
Data are available at Figshare; doi: 10.6084/m9.figshare.29176481.
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