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Abstract :

Climate change is redistributing marine and terrestrial species globally. Life-history traits mediate the
ability of species to cope with novel environmental conditions, and can be used to gauge the potential
redistribution of taxa facing the challenges of a changing climate. However, it is unclear whether the same
traits are important across different stages of range shifts (arrival, population increase, persistence). To
test which life-history traits most mediate the process of range extension, we used a 16-year dataset of
35 range-extending coral-reef fish species and quantified the importance of various traits on the arrival
time (earliness) and degree of persistence (prevalence and patchiness) at higher latitudes. We show that
traits predisposing species to shift their range more rapidly (large body size, broad latitudinal range, long
dispersal duration) did not drive the early stages of redistribution. Instead, we found that as diet breadth
increased, the initial arrival and establishment (prevalence and patchiness) of climate migrant species in
temperate locations occurred earlier. While the initial incursion of range-shifting species depends on traits
associated with dispersal potential, subsequent establishment hinges more on a species’ ability to exploit
novel food resources locally. These results highlight that generalist species that can best adapt to novel
food sources might be most successful in a future ocean.
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1 | INTRODUCTION

Climate change is altering the distribution of marine and terrestrial species globally, thus emerging
as a major concern for conservation planners and resource managers increasingly challenged with
uncertain future conditions (Pecl et al., 2017). The a priori expectation is that many species should
be able to track the displacement of their preferred temperature envelope to maintain optimal
physiological performance (Parmesan & Yohe, 2003; Poloczanska et al., 2013; Tingley et al.,
2009). However, the high variability in rate and direction of species’ range shifts calls for
improved mechanistic understanding of the underlying processes driving them (La Sorte & Jetz,

2012; Pinsky et al., 2013; Sunday et al., 2015).
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While climate change-related range shifts are mainly driven by environmental forcing
(Poloczanska et al., 2007), species’ life-history traits can mediate the process, offering a
mechanistic link between the ability to cope with novel environmental conditions and the potential
to redistribute (Bradshaw et al., 2014; Ehrlich, 1986). Studies of climate change-related range
shifts have consequently sought to identify the main traits that can serve as general proxies of
invasion potential and improve our ability to predict redistribution events of animals and plants in
both aquatic and terrestrial environments (Foden et al., 2013; Sunday et al., 2015). Studies of taxa
in different types of communities have identified overarching traits that can predict dynamics
across systems, and other traits that only explain responses idiosyncratically depending on the
specific environmental conditions (Angert et al., 2011). For instance, a species’ native latitudinal
range is a commonly measured trait to predict shift potential because it aligns with a species’
ability to operate under a wide range of environmental conditions (Lodge, 1993; Sunday et al.,
2015). On the other hand, other traits like body size can be context-dependent. For example, if
range extension depends more on a species’ reproductive potential and propagule pressure, larger
species should be better colonizers than smaller species (e.g., Feary et al., 2014; Roy et al., 2002).
However, if the distribution shift hinders a species’ ability to grow and reproduce swiftly, smaller,
r-selected species can demonstrate the most lability in redistribution (e.g., Perry et al., 2005).
Therefore, taking advantage of the insights that species’ traits can offer requires careful
consideration of the ecological conditions operating in each context (Sunday et al., 2015).

Climate-mediated range shifts can be broadly divided into three sequential stages: arrival,
population growth, and persistence (Bates et al., 2014; Estrada et al., 2016). Because species
experience fundamentally different challenges during each of these stages, we should a priori
expect shifts in the importance of different traits that confer success during each stage. This
implies that the ecological contexts might also vary as a function of the stage-specific importance
of alternative life-history traits (Estrada et al., 2016). For example, while a species’ ability to
disperse between suitable habitat patches is an essential component of success for the arrival stage,
dispersal capacity might not provide any advantages during the growth or persistence stages when
an individual’s ability to avoid novel predators or consume novel food items is likely to be more
important. However, most of the evidence connecting species traits to their potential for
redistribution is derived either from historical analyses of species that have effectively reached a
stage of persistence in their new habitats (e.g., McLean et al., 2018; Pinsky et al., 2013), or
modelling studies that project establishment probability (e.g., Anderson, 2013). Only by
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examining in real time which traits facilitate initial arrival of range-shifting species, and then
subsequent persistence in novel habitats, can we test these hypotheses directly (Fogarty et al.,
2017; Roy et al., 2002).

Range shifts driven by climate change are particularly rapid in marine ecosystems, where
the body temperature of ectotherms typically tracks that of the surrounding sea water, and
behavioural thermoregulation is generally not an option (Pinsky et al., 2019; Sunday et al., 2012).
Owing to climate change-induced intensification of southward ocean currents (Ridgway, 2007),
and above-average rates of warming along the south-eastern coast of Australia (Hobday & Pecl,
2014), there is ample evidence now of tropical and subtropical fish species increasingly shifting
poleward in this region (Booth et al., 2007; Figueira & Booth, 2010; Fowler et al., 2017). While
most of these species have yet to establish reproductive populations in this still-temperate region,
empirical data and projections suggest that permanent relocations will occur in the next decade
(Fowler et al., 2017), making this an ideal system to investigate relationships between life-history
traits of tropical species and their time of arrival and persistence in a temperate region.

We used a 16-year survey dataset to test general hypotheses derived from trait-based studies
that have compared range-shifting and non-shifting species. Our analysis magnifies previous
analyses (Booth et al., 2007; Feary et al., 2014) that identified traits separating vagrant from non-
vagrant tropical-reef fishes in south-eastern Australia. Most notably, these studies suggested that
(1) latitudinal distribution range, (2) pelagic larval duration, and (3) species’ maximum body size
favour arrival (Booth et al., 2007; Feary et al., 2014). While these traits relate directly to a species’
ability to expand its distributional limits, it is uncertain whether these same traits play a role in the
arrival and persistence stages of range-shifting species. Because a species’ dietary characteristics
can also contribute to their invasion potential (Kingsbury et al., 2019; Sunday et al., 2015), we
tested the hypotheses that trophic level and diet breadth — both previously hypothesized proxies
for ecological generalism (Lodge, 1993; Rooney et al., 2008; Sunday et al., 2015) — drive earlier
arrival (i.e., earliness) and higher persistence (i.e., higher prevalence and lower patchiness) across

these range-shifting species.

2 | MATERIALS AND METHODS
2.1 | Fish occurrence
We used time series of occurrence data for coral-reef fishes (i.e., presence/absence) in south-

eastern Australia collected at two temperate sites located beyond the target species’ historical

This article is protected by copyright. All rights reserved



poleward range edges: Cabbage Tree Bay, Sydney (33° 48’ 00” S, 151° 17° 50” E), and Bar
Beach, Merimbula (36° 53 45” S, 149° 55’ 26” E) (Booth et al., 2007). Both sites are
characterized by shallow (< 5 m depth) rocky reefs featuring patches of kelp, sessile filter feeders,
and bare rock.

Surveys were done by snorkel, using the roaming underwater visual-census method (Beck et
al., 2014), covering areas of ~ 240 m? at each site. The surveys were done at least monthly
between 2003 and 2018 (Booth et al., 2007; Fowler et al., 2017), and more regularly during the
austral summer and early autumn (January-April). We worked with the first two trimesters of the
year because the East Australia Current is strongest during this period, and consequently, the
recruitment of tropical fishes to this temperate region is highest. Few individuals survive the
winter through to the third trimester (Booth et al., 2007; Fowler et al., 2017). We grouped these
data by year to calculate establishment metrics and examine the influence of life-history traits.

Our analyses assumed that the detection probability was similar among species, as strong
deviations from this expectation could bias the results. We tested this assumption by comparing
the detection probability of species that were present using the R package unmarked (Fiske &
Chandler, 2011). We worked with species positively identified at both sites and for each year,
because both factors can affect the occurrence of these vagrant fishes. While this constraint meant
that only a subset of all the species could be considered in this analysis, our estimates suggest that
the detection probabilities were similar among species (overlapping 95% confidence intervals; Fig.

S1).

2.2 | Establishment metrics

We determined earliness, prevalence, and patchiness for each species and site using the
occurrence time series. We defined earliness as: (1 + NY, — y;)NY, 1, where y is the first year
of detection (ordinal value), and NY, is the total number of survey years (i.e., 16). Prevalence is:
NY4/NY,, where NY is the number of years with positive detection. We calculated patchiness as:
YNY,uNGINY, ™!, where NY, is the number of years of no-detection (i.e., gap widths), and NG
the number of non-detection gaps across the period of the study. All three metrics were thus
expressed as proportions, with high values of earliness indicating early detection of the species
during the study period, and low and high values of prevalence and patchiness reflecting high

persistence. We emphasize that these indices represent different phenomena: prevalence indicates
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the overall occupancy of a site, whereas patchiness describes the temporal heterogeneity of that
occupancy. The overall invasive potential of range-shifting species can be described by these three
responses. The a priori expectation is that they are correlated in a manner consistent with
invasiveness potential — i.e., earliness and persistence are high for highly invasive species.
However, departures from this expectation are also conceivable given high stochasticity associated
with larval dispersal (Siegel et al., 2008). To illustrate these possible scenarios, consider four
hypothetical species exhibiting high, low, and two intermediate levels of invasion potential,
respectively (Fig. S2). With high earliness and persistence (i.e., high prevalence, low patchiness),
species 1 and 2 align along the plots’ diagonal, whereas intermediate invasiveness, due to changes

in prevalence and patchiness, manifests as departures from this line.

2.3 | Models of establishment metrics

Species traits

We tested the effects of maximum body size (i.e., maximum total length, in cm), geographical
extent (i.e., latitudinal range, in degrees latitude), pelagic larval duration (i.e., mean PLD, in days),
trophic level, and diet breadth on the three establishment metrics.

For body size and geographical extent, we used data from FishBase (Froese & Pauly, 2019),
complemented with information from Feary et al. (2014). We note that geographical extent can be
confounded with the historical distribution of species; however, a correlation between these
species’ latitudinal ranges and their southern distribution limit suggested otherwise (r = 0.31, P =
0.08). Pelagic larval duration, also used by Feary et al. (2014), was provided by one of the authors
of the aforementioned study (O.J. Luiz pers. comm.). We calculated trophic level using data
describing food items for each target species and their prey obtained from FishBase (Froese &
Pauly, 2019), following Borstein, Fordyce, O’Meara, Wainwright, and McGee (2016). We used
the R package rfishbase to access the raw diet data (FishBase, Food II category), which
included 17 possible diet items encompassing algae, detritus, benthic and pelagic invertebrates,
and fishes (Table S2). The diet of fishes can vary across their life stages; however, we treated the
information available in FishBase as representative of each species. We chose this because (1) in
most instances, the life stages are not indicated in FishBase, and because (2) the relative diet
breath of adults and juveniles of each species are positively correlated. For every species in our
list, we estimated the percent contribution of prey items by 100 random permutations of the

ranking of prey items, using the R package dietr (Borstein, 2019). We used the estimated
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contribution of the prey items and their trophic levels to calculate the trophic level of our target
species (Borstein et al., 2016). We calculated (scaled; ordinated) diet breadths using an ordination
approach that estimates the proportion of multivariate space occupied by the food items of each
target species, relative to those of an extreme generalist. We calculated pair-wise dissimilarity
matrices among the fishes’ food items using Jaccard-transformed distances, and applied it to a
Principal Coordinates Analysis to place each individual food item in a multivariate ordination
space. We then placed the fishes on the centroid of this space to determine proportional diet
breath. We did these calculations using the R package ordiBreath (Fordyce et al., 2016). To
avoid misusing the information available in the global database FishBase, we carefully assessed
the quality of the data retrieved for the few species we considered. We worked with scaled
predictor values (z-scores) to allow direct comparisons of their effect sizes. To tackle the potential
issue of high-leverage points, we ran two additional versions of the models: (1) transforming the
species traits by adding the lowest value to each predictor and log;,-transforming the data, and (2)
excluding the species Abudefduf vaigiensis because it appeared to be an outlier. This, however, did
not alter the main results (see Results section). To test for multicollinearity between predictors, we

calculated Pearson’s correlation coefficients.

Models
To test hypotheses about the influence of species traits on the earliness and persistence (prevalence
and patchiness), we fitted beta-regression models using the R package gaml ss (general additive
models for location, scale and shape) (Stasinopoulos & Rigby, 2007). We chose GAMLSSs
because they can describe response variables constrained between zero and one (i.e., beta-
distributed error distributions: BE), which we modelled as: y ~ BE(u, ¢), where u and o represent
the distribution parameter’s mean (i.e., location) and standard deviation (i.e., shape), respectively.
The latter parameter allowed modelling variability in the shape of the distribution explained by
taxonomic family, thus controlling partially for possible phylogenetic relationships among species
(Felsenstein, 1985). While other dedicated computational tools exist for modelling binomial-
distributed data while correcting for phylogenetic relationships, no methods are available for data
with beta and zero-inflated beta-error distributions.

We computed several competing models that included all combinations of species traits
considered, site, and the effect of taxonomic family on the standard deviation of the data. We

chose the top-ranked model based on Akaike’s Information Criterion (AIC) using the function
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stepAIC in the gamlss package, and determined model performance based on Cox-Snell’s
pseudo R? (Stasinopoulos & Rigby, 2007). To evaluate the adequacy of the top-ranked models, we
examined the residual Q-Q and worm plots visually (Buuren & Fredriks, 2001). Worm plots are
detrended Q-Q plots that provide information of the model performance at specific ranges of the
predictors. Adequate models are indicated if the points are contained within the upper and lower
worm plot boundaries, and along the diagonal line in the Q-Q plots. To test whether the models
effectively accounted for any structure introduced by the phylogenetic relationships, we examined
plots between the squared difference between pairs of residuals and their phylogenetic distance.
We extracted phylogeny data from the National Center for Biotechnology Information using the R
package taxize (Chamberlain & Szocs, 2013).

3 | RESULTS

3.1 | Occurrence patterns and establishment metrics

From a total of 71 tropical species recorded at least once in Sydney or Merimbula during the study
period (2003-2018), 60 species (84.5 %) belonged to the four most representative taxonomic
families (Acanthuridae, Chaetodontidae, Labridae, and Pomacentridae), and we retained these for
the subsequent analyses. We further reduced the number of species within these four families to
those for which the complete set of life-history traits we considered were available (n = 35 species;
Table S1).

Range-shifting species differed in their patterns of arrival at temperate sites. While some
occurred consistently at both sites (e.g., Abudefduf vaigiensis), others were documented only once
(e.g., Sydney: Chaetodon lunula; Merimbula: Acanthurus lineatus), or were not recorded at all at a
site (e.g., Zebrasoma velifer at Merimbula). We also observed some species that first arrived
during the study period, and were then consistently recorded for the remainder of the time series
(e.g., Sydney: Ctenochaetus striatus, Fig. S3; Merimbula: Thalassoma lunare, Fig. S4). Several
species were recorded for the first time in the years 2010-2011: 26% and 20% of the species
documented at Sydney and Merimbula, respectively (Figs. S3—S4).

The calculated establishment metrics of earliness and persistence (i.e., prevalence and
patchiness) further illustrated the variability in species’ patterns of arrival and provided the
necessary data to test the influence of life-history traits (see Influence of life-history traits on
establishment). The establishment metrics were correlated in a manner consistent with the

expected species’ invasion potential (Fig. S5). We found positive associations between earliness

This article is protected by copyright. All rights reserved



and prevalence at both sites (Spearman’s rank-order correlation; Sydney: p = 0.747, p <0.001;
Merimbula: p = 0.948, p <0.001). In contrast, earliness was negatively correlated with patchiness
in Sydney (p = -0.754, p <0.001) and Merimbula (p = -0.950, p < 0.001), and prevalence was
negatively correlated with patchiness in Sydney (p =-0.991, p < 0.001) and Merimbula (p = -
0.990, p <0.001) (Fig. S5).

Despite an apparent grouping of the establishment metrics according to taxonomic family
(Figs. S5-S6), logistic regression models evaluated with likelihood-ratio tests revealed no mean
effects of family for either Sydney (earliness: y* = 0.529, df = 3, p = 0.912; prevalence: y*> = 0.232,
df =3, p = 0.972; patchiness: y* = 0.083, df = 3, p = 0.993) or Merimbula (earliness: y* = 6.307, df
=3, p=0.097; prevalence: y* =2.354, df = 3, p = 0.502; patchiness: y* =2.909, df = 3, p = 0.405).
In contrast, the variance in the establishment metrics attributed to taxonomic family improved

model performance (see Influence of life-history traits on establishment).

3.2 | Influence of life-history traits on establishment

Using beta-regression models to test the hypothesized influence of species’ life-history traits on
the establishment metrics (Figs. S7-S9), we found that the top-ranked models explained 31.8%
(WAIC =0.491), 53.3% (WAIC = 0.709), and 37.1% (WAIC = 0.834) of the variance for earliness,
prevalence, and patchiness, respectively (Table 1). These models adequately described the
underlying structure of the data (Fig. S10), and accounted for the possible influence of
phylogenetic relationships (Fig. S11). The correlation analyses to test for multicollinearity
revealed that only maximum body size and pelagic larval duration were strongly correlated (» =
0.76, Fig. S12). However, because these variables did not emerge as the dominant predictors in the
top-ranked models (see below), we did not exclude them from the analysis. Further, the
information-theoretic AIC model-ranking approach differently penalizes multiple-parameter
models containing strongly correlated fixed effects. The predictors diet breadth and trophic level
were also positively associated, although weakly (» = 0.39; Fig. S12).

Overall, we found that site and diet breadth were the strongest contributors to explaining
variance in all three of the establishment metrics (Fig. 1; Table 1). The top-ranked models
indicated that earliness and prevalence were greater at the warmer site Sydney than the colder site
Merimbula (logit-link coefficients; earliness: ¢ = 1.097, SE = 0.335; prevalence: u = 1.355, SE =
0.287), while patchiness was greater at Merimbula (4 =-1.487, SE = 0.316). Diet breadth had a
positive effect on earliness (¢ = 0.443, SE = 0.193) and prevalence (u = 0.803, SE = 0.178), and a
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negative effect on patchiness (¢ =-0.671, SE = 0.168). We further illustrate the isolated effect of
diet breadth with partial-effects plots (Fig. 2).

Our models detected a weaker influence of other life-history traits, whose contributions
varied between establishment metrics (Fig. 1; Table 1). The top-ranked models included a
negative effect of species’ latitudinal range on earliness (¢ = -0.252, SE = 0.176) and prevalence
(u=-0.414, SE = 0.176), and a positive effect on patchiness (¢ = 0.292, SE = 0.155). We found
that higher trophic level increased both earliness (u = 0.345, SE = 0.173) and prevalence (¢ =
0.265, SE = 0.169), and that prevalence was also partly explained by the species maximum body
length (u =-0.303, SE = 0.208). We found no support for the role of pelagic larval duration on
either of the establishment metrics (Fig. 1; Table 1). The relative support (wAIC) for all models
that examined the effects of life-history traits independently was as low as that of the null models
(Table 1). Computing the models using logo-transformed predictors or excluding the high-
influence species (4budefduf vaigiensis) did not alter the main conclusion, that diet breadth was
the most influential trait (Fig. S13), although the strength of this effect was reduced for the
earliness model that excluded 4. vaigiensis (Fig. S13b).

The top-ranked models for earliness and prevalence included effects of taxonomic family on
the variance (Fig. 1; Table 1). Overall, Pomacentridae (damselfishes) had the highest variance in
both metrics, and Acanthuridae (surgeonfishes, tangs, unicornfishes) had the lowest (Figs. 1 and
S6). In contrast, including taxonomic family in the patchiness models did not improve predictions

(Fig. 1; Table 1).

4 | DISCUSSION
We show that the importance of life-history traits on the invasion potential of tropical coral reef
fishes changes across the stages of climate change-facilitated range shifts. While the potential for a
species to settle in temperate habitats has been previously associated with large body size,
extended pelagic larval duration, and a wide native range size (Booth et al., 2007; Feary et al.,
2014), our models indicate that these traits are poor predictors of a species’ time of arrival and
establishment. Instead, we reveal that the chief contributor to earliness and persistence of range-
extending fish species is diet breadth (i.e., dietary generalism).

By definition, generalist species can cope with wider ranges of environmental conditions
than specialists (Gilchrist, 1995), so our finding that the potential for establishment into new

habitats is greater for the more flexible species is not surprising. However, the condition of
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generalism can be ascribed to a hypervolume of traits, each of which can differ in importance
depending on a particular set of biotic and abiotic circumstances (Betzholtz et al., 2013; Gilchrist,
1995; Kingsbury et al., 2019; Matis et al., 2018). Our models identified which traits and ecological
mechanisms (i.e., wide diet breadth) best predicts the early stages of establishment of tropical-reef
fishes expanding towards temperate latitudes of south-eastern Australia. Our models also ruled out
the role of a species’ latitudinal range, another broadly cited proxy for ecological generalism
(Lodge, 1993; Sunday et al., 2015), but that nevertheless can explain the potential for range shifts
in these fishes (Feary et al., 2014). Although our top-ranked models included latitudinal range as a
predictor for prevalence and patchiness, its relative effect was minor compared to that of the main
contributors: site and diet breadth. Moreover, the effect of latitudinal range was opposite to what
we had initially expected, providing little support for its relevance during these stages of the
range-extension process. Thus, the relative contribution of this driver appears to erode with the
stages of range extension for these tropical-reef fishes.

The tropical species currently settling along temperate shores of south-eastern Australia have
been categorized more or less dichotomously as either facultative- or non-coral feeders (Feary et
al., 2014), but within these classifications, the extent of their diet flexibility can vary substantially.
This phenomenon was demonstrated by the method we used to quantify diet breadth (Fordyce et
al., 2016), which yielded a continuous predictor with adequate resolution to capture dietary
variability across species, and its relationship with the establishment metrics. As hypothesized, we
found that the species that arrived earlier and showed higher prevalence (and lower patchiness)
had wider diet breadths. The general agreement between the responses of earliness, prevalence,
and patchiness is evidence for the overarching importance of diet on the invasive potential of
tropical vagrants at two distinct stages of the range shift (i.e., arrival and persistence). Our results
support the conclusions of a global meta-analysis that compared multiple traits of native and non-
native aquatic species and highlighted omnivory as a critical attribute of successful range shifters
(McKnight et al., 2017). Additionally, McKnight et al. (2017) found a positive relationship
between invasiveness and trophic level, which our top-ranked models for earliness and prevalence
supported, albeit weakly. There was little variability in the trophic level among the species we
modelled because they are mostly secondary consumers and herbivores, which could partially
explain why the effect was weak. Trophic level was weakly correlated with diet breadth (p = 0.39,
CI =0.07-0.64), a link that has been previously proposed as the underlying reason for the apparent
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effect of trophic level (Rooney et al., 2008; Sunday et al., 2015). Thus, for the mid-trophic guild
we examined here, the decisive role of diet breadth does not appear confounded by trophic level.

Two mechanisms likely explain the comparative advantage of diet-generalists over
specialists. First, access to the appropriate food is of course necessary for organisms to meet
energetic demands and survive post-settlement (Pratchett et al., 2008; Riechert, 1991). Second, a
wide diet breadth can limit competition for food and promote coexistence (Kingsbury et al., 2019;
Schoener, 1974). Kingsbury et al. (2019) demonstrated that several of the tropical vagrants we
examined can modify their trophic niche at the leading edge of their range extension, effectively
reducing the overlap with local temperate species. A direct benefit of group foraging made
possible by dietary generalism exists for the omnivorous tropical vagrant Abudeduf vaigiensis,
which grows faster in mixed compared to mono-specific shoals (Smith et al., 2018), presumably
because it learns to forage for local food items. An indirect benefit is the possible reduction in the
risk of predation (Godin, 1986), which here arises from the ability to forage indiscriminately in
single- or multi-species aggregations. Altogether, these empirical observations and our results
provide a strong case for the determinant role of diet breadth on the colonization success of these
tropical vagrants, and its value as a predictor of ongoing species redistributions.

Although we focused on the role of life-history traits rather than environmental forcings in
determining redistribution success, spatial variability in the establishment metrics can also reflect
the aggregate effect of different environmental conditions. Particularly for this system, variation in
ocean currents ultimately dictates the rates at which larvae from northern locations are delivered to
temperate sites (Booth et al., 2011). Our models indicated that earliness and persistence were
higher at warmer site Sydney than colder site Merimbula, in agreement with their relative distance
to tropical source populations. Because coastal hydrodynamics can interact with fishes’ life-
history traits to determine settlement success (Wong-Ala et al., 2018), we expect that the attributes
modifying propagule pressure (i.e., maximum body length, pelagic larval duration) mediate the
variability in establishment metrics, but this was not the case. Such effects can in fact be weakened
or negated by the eddy dynamics and offshore advection that characterize the hydrodynamics at
Sydney, and especially at the more poleward site, Merimbula (Condie et al., 2011). Thus, the
overriding influence of coastal oceanography (Siegel et al., 2008) likely explains the low support
we found for the effects of body size and pelagic larval duration on time of arrival and persistence.

Our establishment metrics were partially inter-correlated. The (expected) correlations among

these response variables are interesting because they suggest that there is a continuum in the
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invasive potential of these species overall, which persists through the early stages of establishment
(arrival and persistence). However, more interesting are the many deviations from the perfect
correlation, which highlight (1) that each establishment metric encapsulates different ecological
processes, and (2) the highly stochastic nature of this range shift. For example, Pomacentrus
brachialis arrived early in Sydney relative to most other species, but it had a low prevalence and
intermediate patchiness. This species’ single occurrence was likely the result of an event not
predictable with limited data. However, we can attribute the increases in recruitment during the
2010-2011 La Nifa event to intensified southward advection arising from natural climatic
oscillations (Pearce et al., 2016; Wilson et al., 2018) rather than anthropogenic climate change per
se. We also maintain that our proxies for persistence, prevalence and patchiness were
complementary, because patchiness provided a measure of the temporal heterogeneity in
prevalence. That patchiness was generally low, irrespective of prevalence, indicates that the
southward incursions of these species were occurring consistently on average. This is additional
evidence that range shift induced by climate change is affecting an assemblage of tropical-reef
fishes (Booth et al., 2007; Fowler et al., 2017), and not just a few species.

Beyond the traits we examined, the future establishment of breeding populations of tropical
fishes in Sydney and Merimbula will depend on the interplay between local sea-surface
temperatures (especially in winter) and the thermal sensitivities of and interactions among species
(Figueira et al., 2019; Monaco & Helmuth, 2011). Winter mortalities currently outnumber
recruitment, so the survey data we used do not yet indicate true relocations, but first intrusions that
will likely result in an eventual poleward shift in ranges over the coming decades (Fowler et al.,
2017). Such early observations of species shifting distributions are nevertheless necessary to
describe more completely the processes driving range shifts of some species, but not others
(Fogarty et al., 2017). Our study therefore provides the first quantitative evidence demonstrating
the variable role of life-history traits across the different stages of climate-driven shifts in species
ranges — a notoriously challenging objective given the highly variable trajectories that species
can follow (La Sorte & Jetz, 2012). The complex ecological mechanisms involved in range
expansions (Pinsky et al., 2013; Sunday et al., 2015) will therefore require continued enhancement
of data and models to improve predictive capacity across the full transition from arrival to

persistence.

Conclusions
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Life-history traits are strong predictors of species’ ability to follow the pace of climate change.
However, we demonstrate that the contribution of specific traits can vary depending on the

ecological processes driving their dynamics. While dispersal of tropical fishes is aided by traits
associated with high propagule pressure, establishment hinges on their ability to consume local

food resources via a generalist diet.
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Tables

Table 1. Beta-regression model rankings.

Information-theoretic rankings of candidate beta-regression models for earliness, prevalence, and
patchiness. For each establishment metric, models are arranged according to Akaike’s Information
Criterion (AIC). Log-likelihood (LL), degrees of freedom (df), difference in AIC between the top-
ranked and current model (AAIC), AIC weight (WAIC), and Cox-Snell’s ‘pseudo’ coefficient of

determination (R?) are also provided.

Model LL df AIC AAIC wAIC R?
Earliness

~ S+DB+TrL+LR+F 89.8 9 -162 0.00 0.491 0.318
~ S+DB+TrL+LR 86.5 6 -161 0.74 0.339 0.249
~ 90.7 11 -159 2.34 0.153 0.334

S+DB+TrL+ToL+LR+PLD+F

~ S+F 82.8 6 -154 8.03 0.009 0.166
~ TrL+F 81.9 6 -152 9.93 0.003 0.143
~DB+F 81.8 6 -152 10.1 0.003 0.141
~ ToL+F 80.5 6 -149 12.6 0.001 0.110
~ Null 76.5 2 -149 12.8 0.001 -
~PLD+F 78.8 6 -146 16.1 <0.001 0.065
Prevalence

~ S+DB+TrL+ToL+LR+F 82.8 10 -146 0 0.709 0.533
~ 829 11 -144 1.79 0.29 0.535
S+DB+TrL+ToL+LR+PLD+F

~ S+DB+TrL+ToL+LR 73.5 7 -133 12.6 0.001 0.391
~DB+F 66.9 6 -122 23.7 <0.001 0.266
~S+F 64.8 6 -118 279 <0.001 0.220
~ TrL+F 62.9 6 -114 31.8 <0.001 0.176
~ ToL+F 61.5 6 -111 34.6 <0.001 0.143
~ Null 56.1 2 -108 37.3 <0.001 -
~PLD+F 59.8 6 -108 38.1 <0.001 0.099
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Patchiness

~S+DB+LR 59.9 5 -110 0.00 0.834 0.371
~ S+DB+LR+F 61.2 8 -106 3.46 0.148 0.394
~ 62.1 11 -102 7.66 0.018 0.409
S+DB+TrL+ToL+LR+PLD+F

~ S+F 532 6 -95 15.3 <0.001 0.239
~DB+F 49.5 6 -87 22.8 <0.001 0.154
~ Null 43.7 2 -83 26.5 <0.001 -
~ TrL+F 474 6 -83 27.0 <0.001 0.101
~ ToL+F 46.1 6 -80 29.6 <0.001 0.067
~PLD+F 45.2 6 -78 314 <0.001 0.043

Model variables influencing the mean response (p): S = site, DB = diet breadth, TrL = trophic
level, ToL = maximum total length, LR = latitudinal range, PLD = pelagic larval duration. The
continuous variables were scaled (z-scores). Model variables influencing the standard deviation

(0): F = taxonomic family.
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Figure Legends

Fig. 1 Effect plots derived from the top-ranked general additive models for location, scale and
shape (GAMLSS) describing (a) earliness (year of arrival, scaled and reversed), (b) prevalence
(proportion of surveys with occurrences), and (¢) patchiness (mean gap width across the period of
the study, scaled) of tropical species recorded at Sydney and Merimbula. Regression coefficients
(logit scale) are depicted by blue points, with standard errors illustrated by horizontal lines. The
parameters u and o represent the mean effects of relevant covariates and the standard deviation
attributed to each family, respectively. The estimated ¢ are specific to the estimate of the reference
family (i.e., Acanthuridae). The estimated x: Sydney values are specific to the reference site (i.e.,

Merimbula).

Fig. 2 Partial residuals for the effect of top-ranked life-history trait (i.e., scaled diet breadth, z-
scores) on the (a) earliness (year of arrival, scaled and reversed), (b) prevalence (proportion of
surveys with occurrences), and (c) patchiness (mean gap width across the period of the study,

scaled) of tropical species documented at Sydney and Merimbula. The lines show fitted linear

models, and the shaded areas represent standard errors on the slope coefficient (¢) of diet breadth.
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