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General Abstract

Small body size can significantly impact an animal’s fundamental ecological and life
history traits. Coral reefs host a wide size range of fishes, from the smallest vertebrates on Earth
that are less than 20 mm as adults, to those exceeding 1000 mm in length. Body size may
influence the habitat use, life history traits including reproductive strategies and growth, and
trophic dynamics of coral reef fishes. Understanding the implications of small body size on
such ecology and life history characteristics is important as it can directly impact functional

roles of organisms on coral reefs.

Small cryptic coral reef fishes that occupy benthic habitats are known as cryptobenthic
reef fishes (CRFs). CRFs can be incredibly diverse, abundant, and have important functional
roles. Such fishes may exhibit short lifespans, linear growth, early maturation, and high
mortality, leading to a fast generational turnover and high productivity over time. Additionally,
many of these fishes are planktivorous and convert microscopic prey into biomass which can
be funnelled to larger consumers. As a result, CRFs have the potential to be a vital ecosystem
component. However, the ecological significance of CRFs is often overlooked as they have
low standing biomass and are difficult to conduct research on due to their small size.
Consequently, little is known about the fundamental ecology and life history of most CRF

species.

The genus 7rimma is among the smallest and shortest-lived CRFs. The small body size
of these Indo-Pacific fishes may impact their life history and ecology, and potentially affect
their functional roles. Nonetheless, little is known about these characteristics. This thesis
therefore aims to assess the habitat, life history, and trophic ecology of cryptobenthic
coral reef fishes of the genus 7Trimma. The study site of this thesis was Kimbe Bay, Papua

New Guinea, a biodiverse area that holds a diverse array of 7rimma species. The top three most
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abundant species, Trimma benjamini, T. capostriatum, and T. yanoi, were selected as study

subjects. This is the first study on Trimma in this location.

The thesis is structured into four main data chapters. Chapter 2 used a combination of
active visual search transects and observational behavioural studies to answer the question:
How do ecologically similar Trimma species partition habitats and does this occur at small
spatial scales? Factors reef location (inshore vs offshore), reef aspect (slope vs wall) and depth
(4, 6 and 10 m) had significant effects on the distribution of each species but impacted each
species’ abundance differently. Furthermore, there were differences in population clustering
among the three species, which may have an influence on the varying habitat preferences of
Trimma. Habitat variations among species were also found on small scales, where there were
differences in the microhabitats that each species was present on. Accordingly, spatial overlap
of the studied species was minimal and there were few interactions among the target Trimma
species. This chapter demonstrates how closely related, physiologically similar, or ecologically
alike CRFs can partition habitats and coexist at small scales, potentially contributing to their

diversity.

I used otolith microstructure and gonad histology in Chapter 3 to answer the question
What life history constraints and reproductive strategies do Trimma possess? Each species
exhibited extremely high mortality rates, short maximum lifespans, long pelagic larval phases
relative to lifespan, and a reduced time available to reproduce. All mature individuals had
bisexual gonads including both ovarian and testicular portions, with only one sex being active
at the same time in most individuals. These gonad structures were consistent with rapid
bidirectional sex change. Chapter 3 showcases the life history hurdles that small CRFs
encounter and illustrates how efficient reproductive strategies could benefit them, given these

limitations.
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Chapter 4 asked the question What are the larval, juvenile, and adult growth patterns,
and generational turnover rates of Trimma? This chapter used back-calculation growth models
and the life history stages determined in Chapter 3. The three Trimma species had short
lifespans and high population turnover. Growth was rapid in the larval phase, slowed in the
juvenile phase, and slowed further in adulthood. However, decelerations in growth following
maturity were minimal compared to larger fishes, with a considerable proportion of growth still
occurring in the adult phase. These atypical life history traits could be linked with high

mortality and ecological roles as productive food sources for reef dwellers.

Finally, Chapter 5 asked What are the food sources, feeding methods, and predation
pressures of Trimma? Do Trimma possess morphological traits that may assist feeding or
predator avoidance? 1 examined stomach composition, undertook observational studies, and
measured several eco-morphological traits. Most individuals were actively feeding at high
rates, consuming mainly pelagic zooplankton (molluscs and gastropod veligers, and copepods).
Trimma gape and eye morphology were suitable for obtaining such prey. Complete predation
was not observed, but Trimma displayed antipredator responses to fishes of the family
Labridae. In addition, Trimma possessed characteristics that could make them difficult to see
or capture, including cryptic body colours, an elongated body shape, and low caudal fin aspect
ratio. Chapter 5 sheds light on the potential trophic roles of 7rimma in importing energy from

the pelagic environment and transferring it to predatory organisms.

Altogether, this thesis suggests that species of the genus Trimma exhibit unique ecology
and life history strategies that are not seen in larger fishes. These traits may be a product of
their small maximum body size and could have implications for biodiversity, energy
productivity, and energy transfer on Indo-Pacific coral reefs. My research also underscores the

necessity for further investigations aimed at establishing links between life history and ecology.
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The summation of these results adds to a growing body of research suggesting that small fishes
may have important functional roles and therefore should be considered in the management

and conservation of present and future coral reefs.
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digestve tract, PV previtellogenic oocyte, V vitellogenic oocyte, HV hydrated vitellogenic
oocyte, AV atretic vitellogenic oocyte, SD sperm ducts filled with spermatozoa, GS germ cells.

n =129 Trimma benjamini, 102 T. capostriatum and 122 T. yanoi. Scale bar 200 pm. .......... 76

Figure 4.1: a) Photograph of a whole processed Trimma yanoi otolith. b) Enlarged image
showing daily growth increments from the otolith primordium to edge. Circled and enlarged is
the settlement region. Arrow points to the settlement mark. Note that not all rings are visible at
these magnifications. c) Widths of growth increments measured in a straight line 90 degrees
from the longest axis. d) Mean increment width (= 95% confidence intervals) at each increment

number from the settlement-mark (i.e., settlement = 0 indicated by the dashed line. ............. 96

Figure 4.2: Age (days) and standard length (mm) frequency distributions in 7rimma benjamini,

T capostriatum and T. yanoi. Dashed line represents the mean. ..........cccceovveeevviencveenceeennnnn. 97
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Figure 4.3: Relationship between otolith radius and somatic growth (OSG relationship).
Displayed are the best fitting models for each species: a second — degree polynomial in 7.

benjamini and T. yanoi and a generalised linear model in 7. capostriatum............................. 98

Figure 4.4: a & b) Modelled population growth curves across larval, juvenile, and adult life
history stages for Trimma benjamini, T. capostriatum, and T. yanoi. Solid regression lines and
shaded ribbons represent polynomial mixed-effects models of the 4th degree + 95% confidence
intervals (model equations for each species are displayed in a box). Dashed and dotted lines
represent the age at settlement and maturity for each species, respectively. a) Displays growth
curves fitted to individual fish growth trajectories back-calculated using the Body Proportional
Hypothesis model. b) Illustrates growth curves against the ages (days) and standard lengths
(mm) of individuals at the time of capture. Residual plots depict the deviations between the
population growth model and observed ages and lengths at capture, with lines showing a locally

weighted regression smoother applied to these residuals. ..........ccooooeeiiiiiiniiiiiiieee, 99

Figure 4.5: a) Mean back-calculated growth rate (mm/day + 95% confidence intervals) in
larvae, juvenile, and adult life history phases, derived from the Body Proportional Hypothesis
optimum population growth equations (Figure 4.4). b) Pairwise comparisons showing the mean
difference (mm/day + 95% confidence intervals) in growth between each life history phase. In
a and b, species Trimma benjamini, T. capostriatum and T. yanoi are represented by different
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Figure 5.1: a) Proportion of individuals that were actively feeding during the observation
period. Error bars represent the 95 % confidence intervals derived from a Binomial distribution
(logit link) (McKeon et al., 2012). b) Mean feeding rate per minute + 95% Negative Binomial
confidence intervals. c) Predicted proportion of feeding events that were pelagic, where food
items were captured from the water column. 95 % confidence intervals were derived from a
Binomial distribution (McKeon et al., 2012). For a and b, n = 369 T. benjamini, 167 T.
capostriatum, and 259 T. yanoi individuals. For ¢, n = 2152 T. benjamini, 974 T. capostriatum,
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Figure 5.2: a) Proportion of individuals (%) that were interfered with by a conspecific,
Labridae, or other fish during the observation period. Error bars represent the 95% confidence

intervals derived from a Binomial distribution (McKeon et al., 2012). n represents the number
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of individuals in each category. b) Mean feeding rate per minute (= 95% Negative Binomial
distribution derived confidence intervals) for each interference category. c) Pairwise
comparisons showing the mean differences (+ 95% confidence intervals) of the feeding rate of
individuals that experienced interferences compared to those that did not. Ratio represents fold
differences, where mean values and confidence levels crossing 1 hence indicate no significant
difference. For a and b shapes represent the interference category. For a, b, and c, colour

represents each species Trimma benjamini (n = 369), T. capostriatum (n = 166), and T. yanoi

Figure 5.3: a) Macro images of Trimma benjamini, T. capostriatum, and T. yanoi heads. Scale
bars = 1 mm. b) Biplots of the relative horizontal gape plotted with relative eye diameter
measurements, as a percentage of standard length. Dashed lines represent the mean value for
each morphological trait, and points represents the relative eye and gape measurement of each
individual fish. 95% confidence intervals are shown in brackets below the mean values. n = 94
T benjamini, 74 T. capostriatum, and 99 T. yanoi. c) Biplot containing information for each
species in a plotted on a singular graph. Plus symbol represents the mean morphological trait
measurements for each species. Solid lines dividing the biplot represents overall average for
fishes. Crecent moon and sun represents the nocturnal and diurnal average for fishes retrieved
from Goatley and Bellwood (2009). Top left quadrat holds individuals with a larger eye and
smaller mouth than the average for fishes, top right contains individuals with a larger eye and
mouth than average, bottom left contains individuals with a smaller eye and mouth than

average, and bottom right has individuals with a smaller eye and larger mouth than average.

Figure 5.4: a) Images of live Trimma benjamini, T. capostriatum, and T. yanoi. Graph below
images shows the mean elongation values (Ls/maximum body depth) of each species b) Macro
images of Trimma benjamini, T. capostriatum, and T. yanoi caudal fins. Graph below images
shows the mean caudal fin aspect ratios (fin height® / fin area) of each species. For a and b,
error bars represent the 95% confidence intervals derived from a gaussian distribution. Scale
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Figure 5.5: Conceptual image of 7. benjamini in situ displaying how body colour can assist
with crypsis by camouflage with the substratum (right), or at depths (9 m, left) where low

frequency and long wavelength colours are filtered. ..........cccccveeeiiiiniiienciieeeee e 134
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Chapter 1: General Introduction

1.1 Implications of body size for animal ecology and life history

Body size is an important trait among animals that can influence many fundamental
ecological and evolutionary parameters (Hanken & Wake, 1993; Marzluff & Dial, 1991; May,
1978; Peters, 1983; Roff, 1992). Animals with large body sizes exhibit distinct life history
features relative to their smaller counterparts (Calder, 1984; Peters, 1983). Large animals tend
to have traits such as reduced mortality rates, prolonged lifespans, delayed maturation, and
long generation times (Calder, 1984; Roff, 1992; Stearns, 1992). Many are rare and threatened
keystone species and are therefore often viewed as the most important components of

ecosystems, and consequently receive substantial research focus and funding (Tensen, 2018).

In contrast, smaller-bodied animals experience high mortality rates, rapid and/or
continuous growth patterns, shorter lifespans, and increased reproductive effort early in life
(Calder, 1984; Roff, 1992; Stearns, 1992). Although often overlooked due to their size, small
animals can occupy many small niches compared to larger animals and can be extremely
diverse at local scales (Hutchinson & MacArthur, 1959; Schoener, 1974). In addition, small
animals have life history strategies that result in rapid turnover rates and high productivity over
time (Marzluff & Dial, 1991; May, 1978) and are often important links within food webs,
connecting microscopic food to higher trophic levels (Brandl et al., 2018; Yodzis, 2001). As
such, small animals may play critical, albeit underappreciated, roles in many ecosystems,
which can have implications for conservation and management efforts (Brandl et al., 2019;
Scudder, 2017). However, understanding these processes first requires a foundational
knowledge of the ecology and life history of organisms in these environments, including an

animal's habitat use, reproductive strategies, growth patterns and trophic dynamics (Odum,
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1971), all of which are fundamentally linked to body size (Calder, 1984; Roff, 1992; Stearns,

1992).

1.2 Coral reef fishes

Coral reefs are among the most diverse and ecologically complex systems on Earth
(Alfaro et al., 2007; Roberts et al., 2002). There is an increasing urgency to understand the
ecology of organisms on coral reefs (Bellwood et al., 2003; Villéger et al., 2017), which are
highly threatened due to a combination of anthropogenic and natural environmental
disturbances (Bruno ef al., 2007; Hoegh-Guldberg ef al., 2007; Hughes et al., 2003; Pratchett
et al., 2011). The fish fauna are vital constituents of ecosystem functioning on coral reefs
(Hoegh-Guldberg et al., 2019), and there are upwards of 6,300 known species that reside in
these habitats (Brandl et al., 2018). Among teleost fishes, body size varies significantly,
spanning from the smallest and shortest-lived vertebrate on Earth, Eviota sigillata, which
grows to a mere 20 mm and has a maximum lifespan of 59 days (Depczynski & Bellwood,
2005a), to large species such as Bolbometopon muricatum, which can reach lengths of up to
1200 mm and live for over 30 years (Andrews et al., 2015; Taylor et al., 2018). Although
collectively coral reef fishes represent a well-examined group of organisms, current knowledge
of them is skewed, with greater understanding of larger or visually prominent species than their
smaller or cryptic counterparts (Bellwood et al., 2020). For example, research on conspicuous
Pomacentridae and Chaetodontidae families accounted for more than 46% of studies. Less than
9% of studies included the families Gobiidae and Blennidae, which are among the smallest
fishes on the reef (Bellwood et al., 2020). Despite this, there is increasing evidence to suggest
small and cryptic fishes have important ecological roles (Brandl et al., 2019; Depczynski &

Bellwood, 2003).
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1.3 Cryptobenthic reef fishes

Small fishes with adult body sizes of <50 mm, benthic habitats, and cryptic traits are
known as cryptobenthic reef fishes (CRFs) (Brandl et al., 2018; Goatley & Brandl, 2017). The
diversity of this group is remarkable. CRFs encompass an estimated 2799 species, accounting
for 44% of all documented fishes, including numerous species that remain undescribed (Brandl
et al., 2018). CRFs are also highly abundant on coral reefs, and make up an average of 50% of
the total fish abundance on the Great Barrier Reef and up to 95% in the Gulf of California
Galland er al. (2017). CRF diversity, abundance, and several aspects of their habitat use,
reproductive strategies, growth patterns, and trophodynamics suggest CRFs could be important

components of energy and nutrient transfer on coral reefs (Brandl et al., 2019).

CRFs have not always been recognised as significant in the past and continue to be
subjects of subconscious study biases due to their small body size and cryptic appearance
(Bellwood et al., 2020). As a result of these traits, it is challenging to estimate abundances
when surveying fish assemblages unless searching for particular species (Ackerman &
Bellwood, 2000; Munday et al., 1997). Standard underwater visual census is the most common
technique used to survey fish assemblages and can underestimate the number of CRF species
and density by up to 91% (Ackerman & Bellwood, 2000; Willis, 2001). This can lead to
inaccurate conclusions that CRFs have low abundances and consequently, they are often
removed from studies (Ackerman & Bellwood, 2000). In addition, CRFs have low standing
biomass as a result of their small body sizes (Ackerman & Bellwood, 2000; Morais &
Bellwood, 2019). Many studies use standing biomass to measure productivity (Morais &
Bellwood, 2019; terHorst & Munguia, 2008). However, biomass does not reflect how
productive organisms are, as it does not consider life history traits (e.g., longevity, growth and

mortality), which significantly influences productivity (Morais & Bellwood, 2019, 2020).
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These biases can result in the misleading assumption that CRFs are insignificant energy
contributors to coral reefs (Ackerman & Bellwood, 2000; Bellwood et al., 2020; Morais &
Bellwood, 2019) and accordingly, CRFs remain among the least understood group of coral reef
inhabitants (Brandl et al., 2018). Little is known about the fundamental ecology and life history
of most species that fall into this group. This lack of knowledge is problematic as it likely

causes us to miss key components of ecosystem functioning (Brandl et al., 2019).

1.4 Habitat use and partitioning

Intense competition for essential resources such as habitat or food can arise when these
commodities are limited (Connell, 1983; Schoener, 1983). Niche partitioning of spatial
resources can alleviate competition among species with similar ecological characteristics
(Ross, 1986), which can sustain biodiversity by enabling the coexistence of sympatric species
(Chesson, 2000; Connell, 1978; MacArthur, 1958; Schoener, 1974). Following the trends of
larger fishes, CRFs may partition spatial resources based on factors such as across continental
shelves (Goatley et al., 2016), among reef zones (Depczynski & Bellwood, 2005b), among
regions with varying topography (Glavicic et al., 2016), and among depths (Tornabene et al.,
2016). However, unlike their larger counterparts, CRFs may also partition habitats on very
small spatial scales as a result of their small body size and close contact with benthic structures
(Brandl et al., 2018). Some CRFs partition habitats by occupying a single type of coral
exclusively (Dirnwdber & Herler, 2007; Munday, 2001; Munday et al., 1997). Others have
preferences for different substratum types or reef structures (Clarke, 1994; Depczynski &
Bellwood, 2004; Doll et al., 2021; Herler, 2007; Tornabene et al., 2013; Wilson et al., 2013) .
Within select CRF genera, intricate habitat partitioning has been connected to their high levels
of diversity by enabling the co-existence of species (Herler ef al., 2011; Munday & Jones, 1998;

Munday et al., 2004).
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1.5 Life history constraints and reproductive characteristics

Small body size may come with a suite of life history constraints that have the potential
to impact reproductive ability. Many CRFs face the challenges of reduced longevity of less
than one year and extreme natural mortality every day (Depczynski & Bellwood, 2006;
Hernaman & Munday, 2005a, 2005b). In addition, CRFs face two critical life milestones that
can result in a reduced time available for reproduction. The first of these is the pelagic larval
duration (PLD), which occurs in most coral reef fishes preceding settlement onto the reef (Leis
& McCormick, 2002). The second is the juvenile stage, which occurs post-settlement onto the
reef and prior to the age at maturity (Hernaman & Munday, 2005b). The PLD and juvenile life
history stages of CRFs are exclusively devoted to growth and development rather than
reproduction. Both may constitute a substantial portion of their short lives (Depczynski &

Bellwood, 2006; Hernaman & Munday, 2005b; Leis & McCormick, 2002).

CRFs may have reproductive characteristics that could be beneficial for overcoming
high mortality and a limited time available for reproduction (Benvenuto et al., 2017; Brandl et
al., 2019; Munday et al., 2010). Some CRFs have the ability to change sex in both directions,
from female to male and vice versa (Munday et al., 2010), which can be inferred by the
structure of their gonads. This is known as bidirectional sex change and is rare among larger
coral reef fishes, but highly prevalent in CRFs (Kuwamura ef al., 2020). Bidirectional sex
change is frequently observed in habitat-specialist CRFs, which may face limited opportunities
to establish new partners after losing a mate, and movement between habitats is too risky
(Munday et al., 1998). In other CRFs, bidirectional patterns of sex change might be an
advantage where high and unpredictable mortality may result in the constant change of social

structure in polygynous hierarchies (Munday et al., 2010).
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1.6 Growth patterns across life history stages

Growth patterns differ substantially both among animal species and across life stages
of individuals, and can have an impact on population dynamics (Peters, 1983). Some animals
have determinate growth, where they reach their adult body size early in life and stop growing
following maturity, while others have indeterminate growth and continue to grow throughout
their lifespan (Lincoln et al., 1982; Sebens, 1987). Most coral reef fishes have a pelagic larval
phase, a juvenile phase and an adult phase, and growth patterns vary across these stages
(Anderson, 1988; Leis & McCormick, 2002; Sale, 2002). Most fishes have fast larval growth,
which slows after settlement onto the reef (Beeken et al., 2021; Leis & McCormick, 2002).
Coral reef fishes often exhibit rapid larval growth, as faster growing larvae have an increased
likelihood of successful recruitment and survival (Depczynski & Bellwood, 2006; Goatley &
Bellwood, 2016). In the CRFs studied, growth tends to differ from larger fishes by having
unique patterns of continuous growth at linear or near linear rates following maturity (Beeken
et al., 2021; Depczynski & Bellwood, 2006; Winterbottom et al., 2011; Winterbottom &
Southcott, 2008). This contrasts with larger fishes, where growth slows substantially or stops
completely in adulthood (Choat & Robertson, 2002). In addition to growth, body size can
impact population regeneration, where small body size and continuous growth is generally
associated with fast turnover rates (Depczynski & Bellwood, 2006). The larval, juvenile, and
adult growth patterns and generational turnover of CRFs might have implications for their
ecological function as productive and highly regenerative food sources for other reef animals
(Ackerman & Bellwood, 2000; Beeken et al., 2021; Brandl et al., 2018; Brandl et al., 2019;
Depczynski & Bellwood, 2006; Depczynski ef al., 2007; Galland et al., 2017; Winterbottom et

al., 2011).
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1.7 Trophodynamics

Understanding the ecological roles of animals can be facilitated by identifying their
trophic niche, which includes determining their feeding ecology and the predators that consume
them (Mouillot et al., 2013; Silvertown, 2004). The trophic roles of CRFs could be particularly
significant due to several features of their ecology and life history. First, CRFs generally have
high energy requirements that require increased food intake relative to their body size (Brandl
et al., 2018), and their high abundances combined with continuous growth, short lifespans,
efficient reproduction, and fast turnover rates contribute to high biomass productivity over time
(Brandl et al., 2019; Depczynski et al., 2007; Goldsworthy ef al., 2022; Morais & Bellwood,
2019). Finally, CRFs play a role in multiple trophic pathways, exploiting resources unavailable
to higher trophic levels, and are important prey for larger predators due to their small body size
(Depczynski & Bellwood, 2003; Goatley ef al., 2017; Goldsworthy et al., 2022). As such, CRFs
could be important for energy production and transfer within coral reef ecosystems, with one
study demonstrating they account for almost 60% of consumed reef fish biomass (Brandl et al.,
2019). A comprehensive analysis of trophic dynamics in CRFs is achieved through methods
like gut content analysis, observational studies, and morphological trait analysis, each helping
to elucidate aspects of their prey acquisition and predator avoidance (Bierwagen ef al., 2018;

Goatley & Bellwood, 2009).

1.8 The genus Trimma

The genus Trimma (family Gobiidae) is a highly diverse group of CRFs with 105
species currently documented (Winterbottom, 2019; Winterbottom et al., 2014). These
colourful but cryptic fishes are found exclusively on Indo-Pacific coral reefs, spanning from
South Africa and the Red Sea in the west to Easter Island in the east. Trimma is divided into

two groups: benthic species, which perch on the substratum, and epibenthic species that school
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close to the benthos where they seek refuge when exposed to predators. In addition to high
diversity, Trimma is also incredibly abundant, especially in the coral triangle. Along with a
similar genus Eviota, Trimma is a dominant CRF associated with hard substrata (Winterbottom,
2019). Perhaps the most salient characteristic of this group is their small body size. Members
of the genus 7Trimma grow to a maximum total length of less than 30 mm (Winterbottom et al.,
2011; Winterbottom & Southcott, 2008), which has given rise to their common name ‘pygmy
goby’. The small body size of Trimma may have implications for their life history, ecology,
and essentially their functional roles. However, due to research biases associated with small-
bodied cryptic fishes, there are few studies regarding these subjects, with the exception of

mating systems and sex change (Winterbottom, 2019).

1.9 Current knowledge and research gaps of Trimma ecology and life history

There is limited information available on the habitat use of the genus Trimma, with a
few community studies of CRFs concluding that they inhabit coral-rock caves (Depczynski &
Bellwood, 2004; Herler, 2007). Two studies determined the life stages, mortality, and growth
of Trimma benjamini and T. nasa from Palau specimens, which revealed extreme mortality,
long pelagic larval phases relative to lifespans, and largely linear growth following maturity
(Winterbottom et al., 2011; Winterbottom & Southcott, 2008). Moreover, since 1990, multiple
studies on Trimma have revealed diverse mating systems and sex change patterns (Sunobe &
Nakazono, 1990, 1993). Studies have shown that polygyny (Fukuda, Tanazawa, ef al., 2017;
Sunobe & Nakazono, 1990), monogamy (Fukuda, Manabe, et al., 2017), and multimale groups
(Tomatsu et al., 2018) occur in the genus, and both gonochorism and bidirectional sex change
have been exhibited (Fukuda, Tanazawa, et al., 2017; Manabe et al., 2007; Manabe et al., 2008;
Sakurai et al., 2009; Sunobe et al., 2005; Sunobe & Nakazono, 1993; Sunobe et al., 2017).

This is the most well-known topic of Trimma biology, especially for 7. okinawae
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(Winterbottom, 2019). Finally, one study examined the feeding ecology of 7. caudomaculata
and T. caesiura (Saeki et al., 2005) while another community-wide study included 7. caesiura
and T. striata (Depczynski & Bellwood, 2003). Both studies concluded that the selected species
were planktivorous and consumed predominantly copepods (Depczynski & Bellwood, 2003;

Saeki et al., 2005).

For a genus characterised by high diversity, abundance, and potentially significant
ecological roles, there exists a notable lack of research, particularly concerning key aspects of
Trimma habitat, life history, and trophodynamics. Accordingly, I have identified four main
subjects that are lacking research, which extends not only to the genus 7rimma but also to CRFs

in general. These gaps in the research encompass:

0 How closely related, physiologically analogous, and ecologically similar species
partition habitats.

0 The relationship between life history constraints and reproductive characteristics.

0 Growth patterns across all three life history stages, particularly noting the insufficient
knowledge regarding pre-settlement growth patterns.

0 The roles of CRFs as both micro-consumer and prey species.

Gaining a better understanding of the habitat use and partitioning, life history
constraints and reproductive characteristics, growth patterns across life history stages, and
trophic niches of dominant CRFs such as 7Trimma can significantly enhance insights into their

ecological roles on coral reefs (Brandl et al., 2019; Depczynski et al., 2007).

1.10 Aims and Questions

The overarching aim of this thesis was to assess the habitat, life history and trophic

ecology of cryptobenthic coral reef fishes of the genus 7Trimma. The study site for this thesis
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was Kimbe Bay, West New Britain Province, Papua New Guinea (5.1667° S, 150.5000° E).
Kimbe Bay is located in the Indo-Pacific coral triangle, which is a region of extreme species
diversity. It was designated as a Mission Blue World Hope Spot in 2020, a recognition that
underscores the area's critical importance to ocean health. Collaborations between G. P. Jones,
colleagues, students, and Mahonia Na Dari Conservation and Research Centre have resulted in
numerous peer-reviewed papers regarding marine ecology in this region over the last 40 years.
This location also holds a diverse community of Trimma species, though no studies have been
conducted on the genus in this region. To address the objectives, three Trimma species; T.
benjamini, T. capostriatum, and T. yanoi, were used as a case study. These species were
selected as they are a highly abundant Trimma species in this region, based on an initial pilot
study and a 22-year data set by P. L. Munday monitoring the abundance of CRFs in Kimbe
Bay. The local abundance of the three species suggests they have potential to be an ecological
significant species in this region. The three Trimma species selected are closely related and
appear similar at first glance in terms of their body size and general ecology such as habitats

and feeding methods (Winterbottom, 2019; Winterbottom et al., 2014).

The thesis contains four data chapters that were written as manuscripts for publication
in peer-reviewed journals, which have since been reconfigured and incorporated into the thesis.
I planned the methodology and sampling design, undertook the field and laboratory work,
analysed the data, and wrote all chapters. Manuscripts have been shared with and edited by my
thesis supervisory team (Maya Srinivasan, Patrick Smallhorn-West, and Geoffrey Jones) and

other co-authors for selected sections (Lit-Chien Cheah and Philip Munday)

Chapter 2 addressed the question: How do ecologically similar Trimma species
partition habitats and does this occur at small spatial scales? To answer these questions, [

assessed variances in each species distributions across differing spatial scales: at varying
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distances from the shore, across distinct reef areas characterised by different reef aspects, and
at different depths. Additionally, I identified if there were variations in 7rimma microhabitats
to determine if niches were partitioned at fine spatial scales. Finally, I observed the level of
interactions within the genus to determine if spatial separation of niches resulted in few

interactions among the Trimma species examined.

Chapter 3 asked: What life history constraints and reproductive strategies do Trimma
have? To address this, I determined the length of each life history stage by uncovering overall
longevity, pelagic larval duration, and age at maturity. I also estimated daily natural mortality.
Finally, I assessed gonad structure to infer their sex change and reproductive characteristics. |
discussed the potential benefits of these strategies for the life-history challenges these small-

bodied fishes encounter.

In Chapter 4, I addressed the questions: What are the larval, juvenile, and adult growth
patterns, and generational turnover rates of Trimma? Herein I used the life history parameters
determined in Chapter 3 and constructed growth trajectories that transitioned through each life
history stage. This was accomplished by the back-calculation of fish lengths at ages prior to
capture, fitting population growth models to back-calculated data sets, and differentiating these
models to determine growth rates. I discussed these growth patterns and compared them to
larger-bodied fishes. I also estimated the generational turnover of 7rimma using the age at

maturity and maximum age.

Finally, in Chapter 5, 1 asked What are the food items consumed, food origin, feeding
methods, and predation pressures of Trimma? Do Trimma possess morphological traits that
may assist feeding or predator avoidance? This chapter used several methods to achieve
insights into the trophic niches of the 7rimma species studied. I examined ingestion rate, dietary

composition and origin, potential predators, and measured morphological features that could
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be beneficial for capturing prey and predator avoidance. I described how these features might

contribute to the ecological roles of Trimma in coral reef ecosystems
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Chapter 2: Same-same but different: Habitat use and partitioning of three

cryptobenthic coral reef fishes of the genus 7Trimma.

2.1 Abstract

Partitioning critical resources can alleviate competition among species, allow
coexistence and contribute to biodiversity. The mechanisms driving habitat partitioning within
the small-bodied and highly diverse genus 7rimma remain unclear. The main aim of this study
was to uncover habitat use and partitioning of 7. benjamini, T. capostriatum, and T. yanoi that
may enable their coexistence on coral reefs in Kimbe Bay, Papua New Guinea, using a
combination of active visual search transects and behavioural observations. The spatial
distributions of each species were distinct. Reef aspect played a significant role, with 7. yanoi
and T. benjamini being most abundant on the reef wall, while 7. capostriatum predominantly
favoured the reef slope at offshore locations. Generally, there were variations in abundance
among depths in all species, though there were exceptions for specific reef aspects. Reef
location (inshore vs offshore) influenced the distribution of 7. yanoi and T. capostriatum, but
not 7. benjamini. Population clustering was also examined due to its influence on habitat. 7.
yanoi formed the largest clusters of 9 individuals on average, followed by 7. benjamini with 7
individuals on average. T. yanoi clusters had 1.5 times the population density per m? quadrat
compared to 7. benjamini. In contrast, 7. capostriatum exhibited the smallest cluster sizes and
densities, with the highest proportion (30%) of solitary individuals. At small spatial scales, co-
existence was observed in 34.5 — 52% of m? quadrats. Within 1 m? quadrats where species co-
existed, there were differences in the microhabitat that each species commonly occupied,
resulting in minimal overlap of microhabitats (9.2- 18.2%) . Accordingly, interactions between

Trimma species were rare, involving less than 1% of individuals. These findings exemplify
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how small reef fish can effectively partition habitats even when closely related, with almost

identical body size and morphology.

2.2 Introduction

Biodiversity is the foundation of resilient ecosystems (Nacem & Li, 1997). It supports
important ecological processes such as productivity and nutrient cycling and increases overall
resistance to disturbances such as climate change and biological invasions (Chapin III ef al.,
2000; Hooper ef al., 2005; Naeem et al., 2000). Ecological partitioning is acknowledged as a
fundamental mechanism for sustaining biodiversity (Chesson, 2000; Connell, 1978;
MacArthur, 1958; Schoener, 1974). In densely populated areas, essential resources like space
or food may be limited, leading to intense competition for these critical resources (Connell,
1983; Schoener, 1983). Niche partitioning can reduce competition for these resources and
enable the coexistence of sympatric species that occupy similar ecological niches (Chesson,
2000; Ross, 1986). However, species that are closely related or physiologically similar may
exhibit ecological niches with only minor distinctions. Consequently, niche partitioning of

these species may be subtle and difficult to detect (Gause, 1934; Shpigel & Fishelson, 1989).

Ecological partitioning is fundamental on tropical coral reefs, which serve as habitats
for over 6,000 species of coral reef fish (Bonin ef al., 2015; Brandl et al., 2018). As such,
ecologically similar coral reef fishes may partition space by having different distributions,
which can vary across scales. For example, distributions can vary on broad spatial scales
including across continental shelves (Goatley et al., 2016; Hoey & Bellwood, 2008), and on
local scales such as among reef zones (Arias-Gonzalez et al., 2006; Depczynski & Bellwood,
2005b; Eurich, 2018), among areas of reef that differ topographically (Brokovich et al., 2006;

Jankowski et al., 2015), and among depths (Arias-Gonzalez et al., 2006; Jankowski et al., 2015;



Ecology and Life-History of Coral Reef Fishes of the Genus Trimma 32

Srinivasan, 2003; Tornabene et al., 2016). These distributions are determined by a range of
abiotic and biotic factors such as water movement (Fulton & Bellwood, 2005; Greenfield &
Greenfield, 1982; Wilson, 2001), light levels (Brokovich et al., 2008), habitat differences
(Arias-Gonzalez et al., 2006; Jankowski et al., 2015), competition (Eurich et al., 2018; Munday
et al.,2001), and food availability (Bohm & Hoeksema, 2017; Wilson, 2001), all of which may
vary across different spatial gradients and drive a species’ distribution. However, differences
in spatial distributions alone may still result in habitat overlap (Eurich et al., 2018; Gardiner &
Jones, 2005; Meekan et al., 1995). In this case, finer scale spatial partitioning, such as minor

differences in diet and habitat preferences, may occur (Eurich et al., 2018)

Cryptobenthic reef fishes (CRFs) are abundant on coral reefs and contribute
significantly to reef fish diversity (Depczynski & Bellwood, 2005a). Individuals of this group
are typically <50 mm as adults, are behaviourally or physically cryptic, and are closely
associated with benthic habitats (Goatley & Brandl, 2017). There is increasing recognition of
the important roles these fish play in energy flow within ecosystems, due to life history traits
such as short lifespans and high population turnover (Brandl et al., 2019; Depczynski &
Bellwood, 2003). Moreover, CRFs account for 50% of individuals and 40% of species present
in sections of the Great Barrier Reef (Ackerman & Bellwood, 2000), and 95% of individuals
and 40% of species in the Gulf of California (Galland et al., 2017). Accordingly, multiple
species are often located in close proximity on the reef (Depczynski & Bellwood, 2004; Herler,
2007). Like larger fishes, partitioning of spatial resources among CRFs can occur at a range of
spatial scales, (e.g., reef location, zone or depth; Glavicic et al., 2016; Goatley et al., 2016;
Wilson, 2001). However, habitat partitioning can also occur at very fine spatial scales, as these
tiny fishes are able to inhabit numerous small and distinct habitats that are not accessible to
their larger counterparts (Brandl et al., 2018). For example, some CRFs are known to partition

habitats very finely by being highly specialised on particular coral species (Dirnwober &
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Herler, 2007; Munday, 2001; Munday et al., 1997), having varying preferences for certain reef
microhabitat types at a fine scale (Depczynski & Bellwood, 2004; Doll et al., 2021; Herler,
2007; Tornabene et al., 2013), or utilising shelter holes of different sizes or positions (Clarke,
1994; Wilson et al., 2013). Among some CRF genera, diversity has been linked to the ability
to exploit a diverse range of microhabitats on small scales (Herler et al., 2011; Munday &

Jones, 1998; Munday et al., 2004).

Despite the many examples of fine scale habitat partitioning among CRFs, there is still
evidence for microhabitat overlap among many CRF species, especially those within the same
genus (Depczynski & Bellwood, 2004; Doll et al., 2021). In areas of spatial overlap, CRFs may
exploit different dietary resources, to allow them to co-exist (Brandl, Casey, ef al., 2020; Saeki
et al., 2005). However, there is limited information available regarding coexistence
mechanisms among CRFs with similar diet and microhabitat requirements (but see Wilson et
al., 2013). In such cases, it could be valuable to explore other microhabitat characteristics that
might contribute to this fine scale spatial partitioning, such as microhabitat structure
(Depczynski & Bellwood, 2004). Certain larger fish species display a preference for specific
reef structures (Jankowski et al., 2015; Jones & Syms, 1998), and therefore a similar pattern
may be seen in CRFs at a smaller scale. However, the role of small-scale microhabitat structure
in habitat partitioning among CRFs is less known (but see Depczynski & Bellwood, 2004).
Moreover, for species that live in clusters, preferred microhabitats may be influenced by factors
such as population density (Kane ef al., 2009). Species that are predominantly solitary, have
sparse clusters, or live in dense clusters may occupy microhabitats with distinct characteristics,
as these different microhabitats support a varying number of individuals (Troyer et al., 2018).
This emphasises the importance of considering population clustering alongside habitat

differences (Kane et al., 2009).



Ecology and Life-History of Coral Reef Fishes of the Genus Trimma 34

The genus Trimma (family Gobiidae) is an abundant and extremely diverse group of
CRFs on Indo-Pacific coral reefs, consisting of 105 species (Winterbottom, 2019). Members
of this genus attain a tiny body size of <30 mm. Some 7rimma species are benthic, perching
on the reef substratum, and often live in groups in small caves in the reef (Depczynski &
Bellwood, 2004; Herler, 2007; Winterbottom, 2019). The benthic group of Trimma is of
particular interest regarding niche segregation, as many species co-occur within apparently
similar habitats (Depczynski & Bellwood, 2004; Herler, 2007) and utilise similar feeding
strategies (Goldsworthy, unpublished data). The mechanisms behind Trimma species’

coexistence, despite their ecological similarities, are currently unknown.

The aim of this study was to identify differences in distributions and habitat use of three
Trimma species (Trimma benjamini, T. capostriatum and T. yanoi) that may enable them to
coexist on coral reefs in Kimbe Bay, Papua New Guinea. These species are the most common
Trimma in this location. All share similar life history characteristics; being small, having short
lifespans, and exhibiting high daily mortality rates (Goldsworthy et al., 2022). Furthermore,
the three species are closely related and ecologically similar (Winterbottom, 2019;
Winterbottom et al., 2014). Herein, I investigated differences in Trimma species distribution
across different spatial scales: 1) among reefs different distances from shore (inshore vs
offshore); 2) among areas of reef with differing aspect (slope vs wall); and 3) among depths. I
also examined fine scale variations in 7rimma population clustering and microhabitat use, and
finally examined the level of behavioural interactions between Trimma species. Following
trends in other CRFs, it was expected that variations in distribution may be seen on both broad
and fine spatial scales. Where distribution overlap occurs, there may be fine-scale differences
in their microhabitat. If microhabitats displayed unique characteristics, I predicted that few
interactions may occur among 7rimma species. This study explored further mechanisms that

may enable the coexistence of ecologically similar CRFs.
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2.3 Methods

2.3.1 Study sites

Kimbe Bay (Figure 2.1) is situated in the coral triangle, and has a high diversity of reef
fish species, including eight described species of benthic Trimma. Surveys were conducted at
six reefs located at two distances from shore: three inshore reefs (Hanging Gardens, Limuka,
and Lady Di) located approximately 0.8-1.3 km from shore and three offshore reefs (Vanessa’s
Reef, Joy’s Reef and Donna’s Reef) located approximately >2.5 km from shore (Figure 2.1).
These reefs have sheer walls on the windward side and shallower reef slopes on the leeward

side.

2.3.2 Visual surveys

Visual surveys were conducted during November — December 2019 between 08:00 and
16:00 at two areas of each reef with differing aspects (reef slope on the leeward side and vertical
reef wall on the windward side), and at three depths (4, 6, and 10 m), using three 20 x 1 m

transects at each reef aspect-depth combination. A total of 108 transects were surveyed.

Each transect was laid along the reef following the depth contour, and the surveyor
waited five minutes before commencing surveys, allowing any disturbed fish to emerge. The
surveyor swam down the transect, undertaking a thorough visual search of the area, including
searching every cave and crevice with a torch. The selected approach was non-invasive in
nature. Alternative methods, such as the use of clove oil stations, would not have been ethically
viable for targeting just three species, as it would inadvertently cause harm to the numerous
other cryptobenthic organisms in the area. The following was recorded for each individual of
T. benjamini, T. capostriatum and T. yanoi present within 0.5 m on either side of the transect
tape: the distance along the transect, the microhabitat type of the area occupied, and whether it

was solitary or part of a cluster of conspecifics. The microhabitats recorded incorporated a
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combination of different substrata and small-scale topography. Microhabitats included flat reef,
vertical reef, sloping inwards reef, sloping outwards reef, and overhanging reef — all of which
were covered composed of live coral rock (coral rock colonised by encrusting substrata such
as turf algae, crustose coralline algae, encrusting sponges, or encrusting corals) (Yuen et al.,
2009), complex sponge, soft coral, ascidian, branching coral, foliose coral, and mounding coral.
A fish was considered solitary if it had no conspecifics present within a 1 m radius around the
point where it was situated. If one or more conspecifics were present within a 1 m radius, this

was considered part of a cluster.

2.3.3 Simulating population clustering

To simulate population clustering, a density clustering algorithm was utilised. A data
matrix was created for each species containing a unique value for each distance along each
transect to use as the X variable, a dummy Y variable of the value 1 for each individual. The
data matrix was entered into the dbscan() function in the DBSCAN package in R. The model
assumed that a cluster required a minimum of two individuals, and that individuals of the same
species located within one meter of each other were considered part of the same cluster. Cluster

size was derived from the output of the density clustering algorithm. Cluster density per m?

Cluster size

was estimated b .
Y Cluster ground cover (m)
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2.3.4 Behavioural observations

To determine the level of interactions among the target Trimma species, behavioural
observations of 369 T. benjamini, 167 T. capostriatum and 259 T. yanoi individuals were
conducted in December 2022. The time gap between the surveys and these observations was
due to not being able to travel to the study site during the COVID-19 pandemic. Each fish was
observed for two minutes, and the number of times it interacted with individuals of another

Trimma species was recorded.

2.3.5 Data analysis

To compare broad scale spatial patterns, clustering, and microhabitat differences among
the 3 species and to determine the level of interspecific interactions, a series of generalised
linear models (glms) and generalised linear mixed effect models (glmms) were constructed for

each topic.

To assess variation in the abundance of each species between inshore and offshore
reefs, between reef slopes and walls and among depths, models for each species contained the
fixed effects of reef location, reef aspect, and depth, and incorporated a three-way interaction
term between the variables. Random effects of site and transect number were incorporated into
the model only if accounting for variation among these effects significantly improved the
model fit. The data were evaluated against Poisson, Negative Binomial, and Tweedie
distributions to determine which distribution and link function was optimal. 7. capostriatum
and 7. yanoi contained zero count factor levels and therefore a small constant of 0.1 was added
to all categories prior to model fitting (Logan, 2010). The optimum model for each species was
chosen by evaluation of the Akaike Information Criterion (AIC) (Sakamoto et al., 1986), where
the lowest AIC scores indicated a better fitting model, provided a difference of 2 AIC units and

that residual distributions were satisfactory. If the difference in AIC scores was not significant
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by 2 units, the model with the lowest consumed degrees of freedom was selected. Modelling
of broad scale spatial patterns was conducted separately for each species. Significant
interactions of fixed effects were determined by applying the aov () function to each optimum

model. Significant interactions were untangled by exploring pairwise comparisons (Logan,

2010).

Cluster size, cluster density, and proportion of solitary individuals were each modelled
by a series of glms and glmms as a function of species. The random effects of transect number
and site were tested to determine if they significantly improved the models for each topic.
When modelling cluster size, individual cluster number was also assessed as a random effect.
The optimum model was selected, informed by AIC. Pairwise comparisons were used to assess

the significance and scale of population clustering differences.

To examine differences among species at the microhabitat level, each transect was
divided into 1 m? quadrats. Only 1 m? quadrats occupied by Trimma were utilised. Different
transects, which consisted of multiple 1 m? quadrats, were pooled for analysis. To analyse the
microhabitat that each species was predominantly located in, the category “Flat reef” was
removed due to only two observations in this group. Complex sponge, soft coral, ascidian,
branching coral, and foliose coral were consolidated into a category labelled "Other 3D
substrata" due to minimal observations of individuals present in these microhabitats. The
proportion of individuals in each microhabitat category per 1 m? quadrat was modelled among
species. These proportions were weighted by the total number of individuals in each 1 m?
quadrat. The random effects of site and transect number were considered to determine if there

was any variation among them and the optimum model was selected by AIC.

To quantify distribution overlap on a small scale, the proportion of m? quadrats that

were occupied by each lone species and each combination of co-existing species was modelled
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via a presence-absence matrix with a series of glms and glmms with a Binomial family (logit
link) which tested for variation among sites and transects. Optimum models were selected by
AIC. An area proportion Euler diagram was formulated from this output using the eulerr

package in R.

Microhabitat overlap was quantified where species coexisted within the same m?

quadrat. The binary response of whether heterospecific individuals were present in the same vs
different microhabitat category was modelled by glms and glmms with a Binomial family (logit
link). Variability among sites and transects was assessed as random effects, and the optimum

model was selected by AIC.

Models to determine the level of interactions among the target Trimma species included
the binary response of whether or not each individual of each species engaged in interactions
with another Trimma species. The random effect of site was considered to determine if

significant variability among sites existed.

All statistical analyses were conducted in R studio. All glms and glmms were
constructed using the gImmTMB package in R and optimal models determined by AIC were

assessed for suitability by examining the distribution of residuals (Logan, 2010).
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Table 2.1: Optimum models from a series of generalised linear models and generalised linear
mixed effect models selected by AIC. Left to right: response variable, fixed effects of optimum
model, random effects of optimum model, and optimal probability distribution with the
appropriate link function.

Response Fixed effects Random effects Distribution
a) Broad-scale spatial patterns
Trimma. o Location Site Tweedie
L No. individuals s
benjamini er20X 1 m Aspect (log link)
P Depth
Trimma No. individuals Location Site Negative
capostriatu per20 X 1 m+0.1 Aspect Binomial
m Depth (log link)
Trimma No. individuals Location None Negative
yanoi per20 X 1 m+0.1 Aspect Binomial
Depth (log link)
b) Population clustering
Cluster size Size of cluster Species Cluster number Poisson
(log link)
Cluster Density of cluster (per Species Transect number  Negative
density m?) Binomial
(log link)
Proportion | Solitary vs not solitary Species Transect number  Binomial
solitary (logit link).
¢) Microhabitat-scale patterns
Microhabita |Proportion per m* quadrat Microhabitat None Binomial
t (weighted by the total per categories (logit link)
m? quadrat) Species
Distribution [Proportion of m? quadrats Lone species None Binomial
overlap and co- (logit link)

existing
species
categories
(ie.,B,C,Y,
B&C, B&Y,
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C&Y and
B&C&Y)*
Microhabita | Proportion of individuals 0 Co-existing None Binomial
t overlap per m? quadrat that species (logit link)
inhabited the same category (i.e.,
microhabitat category B&C, B&Y,
(overlap) vs different (no C&Y )*
overlap)
d) Interactions among Trimma
Interactions | Proportion of individuals 0 Species None Binomial
that interacted vs did not (logit link)
interact with another
Trimma species

*B = Trimma benjamini, C = T. capostriatum, Y = T. yanoi

2.4.1 Broad scale spatial patterns

A total of 2146 T. benjamimi, 384 T. capostriatum and 1303 T. yanoi individuals were
surveyed in 108 transects. For each species, the optimum broad scale spatial pattern models
contained the fixed effects of location, aspect, and depth (Table 2.1a). For 7. benjamini, the
optimum model featured the random effect of site and utilised a Tweedie distribution (log-link)
(Table 2.1a, Table Al. 1a). The optimum model for 7. capostriatum accounted for variations
among sites and had a Negative Binomial distribution (log-link) (Table 2.1a, Table Al. 2a). In
T. yanoi, the optimum model did not include random effects and the Negative Binomial

distribution had the best fit (log link) (Table 2.1a, Table Al. 2).

The distribution of each species was uniquely impacted by the factors location, aspect,
and depth (Figure 2.2). T. benjamini abundance did not significantly differ between inshore
and offshore reef locations (Figure 2.2a, Table Al. 1b). When exploring differences in 7.

benjamimi abundance between reef aspects, there were significantly higher abundances on reef
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wall regions than reef slopes at all locations and depths, with an average of between 22.5 - 41.1
(3.4 — 20 times) more individuals on the reef wall vs the reef slope on average (Figure 2.2a,
Table A1l. 1c). The effect of depth depended on the aspect of the reef (Table Al. 1b), with 21.6
more individuals or 1.9 times the abundance on average at 6 m compared to 4 m on the reef
wall (Figure 2.2a, Table Al. 1c). There were no significant differences between other depths

on the reef wall and slope (Figure 2.2a, Table Al. Ic¢).

For T. capostriatum, there was a significant interaction between variables location and
aspect (Table Al. 2b). There were 3.2 more individuals or 1.8 times more individuals on
average observed at offshore reef slopes compared to inshore reef slopes (Figure 2.2b, Table
Al. 2¢). In offshore locations, 7. capostriatum was more associated with the reef slope than
the reef wall, where there were 6.9 more individuals on average compared to the reef wall
(Figure 2.2b, Table A1. 2c¢). In contrast, there were on average 3.7 fewer individuals observed
at offshore reef walls compared to inshore reef walls (Figure 2.2b, Table Al. 2c). There was a
significant interaction between variables aspect and depth (Table Al. 2b) An increase in 7.
capostriatum abundance with depth was exhibited on the reef slope, with 1.8 and 1.7 times the
abundance at 10 m than at 6 m and 4 m, respectively (Figure 2.2b, Table Al. 2c). On the reef
wall, there were no significant differences in 7. capostriatum counts among depths (Figure

2.2b, Table Al. 2c).

There were no 7. yanoi individuals observed on the reef slope (Figure 2.2¢). For this
species, the effect of location and depth was dependent on the reef aspect (Table Al. 3b). On
the reef wall, there were significantly more individuals observed at offshore compared to
inshore locations (Figure 2.2c, Table Al. 3c). There was an increase in abundance with depth
on the reef wall, with 11 and 7.4 times more individuals at 10 m and 6 m, respectively, than at

4 m (Figure 2.2¢, Table Al. 3c). Significantly more individuals were observed on the reef wall
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compared to the reef slope at depths of 10 m and 6 m (Figure 2.2¢, Table Al. 3c). However,
due to few individuals occurring in shallow regions, there was no significant difference
between the reef wall and slope at 4 m (Figure 2.2c, Table Al. 3b). There was no significant
three-way interaction among variables location, aspect, and depth for any species (Table Al.

1b, Table A1l. 2b, Table Al. 3b)

a) Trimma benjamini b) Trimma capostriatum c) Trimma yanoi
Inshore | | Offshore | Inshore I | Offshore | Inshore | | Offshore
164
124 100 4
® ®
81 ®
l 50-
4.
R
— —_— 04 — b b ol B o o B o o
4 6 10 4 6 10 4 6 10 4 6 10 4 6 10 4 6 10
Depth (m) Depth (m)
Aspect Slope @ Wall

Figure 2.2: Modelled mean counts per 20 X 1 m transect of a) Trimma benjamini, b) T. capostriatum,
and c¢) T. yanoi individuals at different reef locations (inshore, offshore) reef aspects (slope, wall) at
varying depths (4, 6, 10 m) = 95% confidence intervals. Models have taken variation in abundance
among sites into account where necessary. n = 108 transects.
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2.4.2 Population clustering

A clumped distribution was apparent in all three Trimma species examined, with a high
proportion of 1 m? quadrats along the transect having either zero individuals or high densities
of individuals. The density clustering algorithm estimated that 242, 83 and 107 clusters of T.
benjamimi, T. capostriatum and T. yanoi (respectively) were present over the 108 transects

surveyed (Figure Al. 1, Figure Al. 2, Figure Al. 3).

The optimum model to estimate mean cluster size among species had the random effect
of each cluster, with variable intercept and variable slope parameters for each species, and a
had a Poisson family (log link) (Table 2.1b, Table Al. 4a). T. yanoi had the largest average
cluster size of 9 individuals, which was 1.3 times greater on average than 7. benjamini clusters
which had an average of 7 individuals (Table 2.2, Table Al. 4b). T. capostriatum had the

smallest cluster sizes of 3 individuals (Table 2.2, Table Al. 4b).

The optimum model to estimate mean cluster density among species accounted for
variation among transects (with variable intercepts and fixed slope parameters for each species)
and had a Negative Binomial family with a log link (Table 2.1b, Table A1. 5a). T. yanoi clusters
had 1.5 times the average density of 7. benjamimi clusters (Table 2.2, Table Al. 5b). T.

capostriatum had the smallest cluster size and density (Table 2.2, Table Al. 5b).

Finally, to estimate the proportion of solitary individuals, the optimum model had the
random effect of transect number with variable intercept and slope parameters for each species,
with a Binomial family (logit link) (Table 2.1b, Table Al. 6a). T. benjamimi and T. yanoi
species both had a low proportion (< 2%) of solitary individuals, while 30.7 % of T.
capostriatum individuals were considered solitary, which is a significantly higher proportion

than the other two species (Table 2.2, Table Al. 6b).
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Table 2.2: Estimated cluster size (mean number of individuals per cluster), cluster density
(mean number of individuals per m? in a cluster), and proportion of individuals considered
solitary (%) for species Trimma benjamini, T. capostriatum and T. yanoi. Values represent the
estimated modelled means, with 95% lower confidence levels (LCL) and 95% upper
confidence levels (UCL) derived from the model distribution in Table 2.1, shown in brackets
below estimated means. n = sample size.

Trimma Trimma Trimma
benjamini capostriatum yanoi
6.9 33 9.0
Cluster size (6.2,7.7) (2.9, 3.8) (7.5, 10.6)
n=242 n =383 n=107
Mean Cluster densit 4.0 2.2 3.9
(95% LCL, 95% (m?) y (3.6,4.3) (1.9, 2.6) (5.2, 6.6)
UCL) n=242 n=2483 n=107
Proportion solita 1.9 30.7 0.4
((y)p Y (0.8, 4.2) (23.0, 39.7) (0.1, 1.3)
° n=2146 n=384 n=1303
]
®
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g @ Overhanging reef
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Figure 2.3: Mean proportions of individuals present per m? quadrat in each microhabitat category for
Trimma benjamini, T. capostriatum, and T. yanoi. Bars represent 95 % confidence intervals, derived

from a Binomial distribution (McKeon et al., 2012).
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2.4.3 Microhabitat

Models to estimate the predominant microhabitat characteristics of each species did not
include random effects of site or transect number and had a Binomial distribution with a logit
link (Table 2.1c, Table Al. 7a). The predominant microhabitat category that individuals were
found in varied substantially among species (Figure 2.3, Table A1. 7b). T. benjamimi occurred
in the highest proportions in vertical reef microhabitats (57.1%) followed by sloping outwards
reef (21.3%) and sloping inwards reef (17.2%), with <4.5% occurring in the other three
categories (Figure 2.3, Table Al. 7¢). Conversely, T. capostriatum occurred mostly in
overhanging reef microhabitats (44%) followed by mounding corals (30%) with <26% of
individuals present in the other categories (Figure 2.3, Table Al. 7c). Similar to T.
capostriatum, T. yanoi occurred in highest proportions overhanging reef microhabitats (51.7%)
but also commonly occupied sloping inwards reef (43.2%). 5% of individuals on average were

present in the other two categories (Figure 2.3, Table Al. 7c¢).

The optimum models to quantify spatial overlap at the m? quadrat level, and
microhabitat overlap of co-existing species had a Binomial distribution (logit link), and did not
include the random effects of site or transect number (Table 2.1c, Table Al. 8, Table Al. 9).
T. benjamimi, T. capostriatum, and T. yanoi were the sole species 46.5%, 17%, and 11.9% of
occupied 1 m? quadrats, respectively, and each species experienced 34.5% (T. benjamimi),

42.9% (T. capostriatum) and 52% (T. yanoi) of overlap with another Trimma (Figure 2.4a)
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T. benjamimi and T. capostriatum co-existed in 12.8% of occupied 1 m? quadrats
(Figure 2.4a). 15.1% of coexisting individuals were present in the same microhabitats, while
83.9% occupied differing microhabitats (Figure 2.4b). 7. benjamimi and T. yanoi co-existed in
12.7% of 1 m? quadrats (Figure 2.4a). Within these coexisting regions, a small proportion
(9.2%) shared the same microhabitat while most individuals (90.8%) occupied microhabitat
that were distinct (Figure 2.4b). Co-existence of 7. capostriatum and T yanoi was seldom at
1% (Figure 2.4a). 18.2% of individuals occupied the same microhabitats and 81.8% occupied
alternate ones (Figure 2.4b). However, the sample size was small due to very few co-occurring
T. capostriatum and T. yanoi individuals and this may affect the reliability of predictions

regarding microhabitat overlap between these species.

2.4.4 Interspecific interactions among the Trimma species examined

The optimum model to estimate the level of interspecific interactions among the focal
Trimma species had a Binomial distribution (logit link) and did not include the random effect
of site (Table 2.1d, Table A1. 10). Interspecific interactions were low for all species, with 0.3
— 0.6% of individuals engaging with an individual of another Trimma species (Table 2.3). T.
benjamini interacted with both 7. capostriatum and T. yanoi. T. yanoi and T. capostriatum did
not interact with one another (Table 2.3). These interactions were chasing behaviours and were

assumed to be territorial.
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Table 2.3: Percentage of individuals that engaged in interactions with an individual of a
different Trimma species (i.e., chased or were chased by another Trimma), and species that the
interaction occurred with. Confidence intervals below proportions were derived from a
Binomial distribution (McKeon et al., 2012).

Number of Interactions among Species that
Species observed individuals  Trimma species examined interactions occurred
observed (% of individuals) with

. S 0.3% Trimma capostriatum
Trimma benjamini 369 (0.1, 1.1%) and Trimma yanoi
Trimma capostriatum 167 0.6% Trimma benjamini

P (0.1, 2.4%) y

. . 0.4% . S
Trimma yanoi 259 (0.1, 1.5%) Trimma benjamini

2.5 Discussion

The three Trimma species exhibited notable differences in niches across various spatial
scales. These differences were evident in spatial partitioning based on broad scale spatial
factors, including variations in species’ abundance between inshore and offshore reefs, between
reef slopes and reef walls, and among the three depths investigated. Additionally, population
clustering of individuals differed among species, both in terms of the number of individuals
and density of clusters. Microhabitat differentiation was also apparent on a small scale.
Consequently, minimal interspecific interactions were observed among the three species. Here,
I discuss drivers of these differences and how they may enable the coexistence of species,

potentially facilitating the extreme diversity of CRFs.

Reef aspect and depth had varying effects on the distribution of each species.
Differences in distribution and abundance of 7rimma may be attributed to variations in
underlying habitat types, which is influenced by reef aspect and depth (Brokovich et al., 2006;

Jankowski et al., 2015; Srinivasan, 2003). 7. yanoi exhibited a highly selective presence for
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deep regions of the reef wall. Here, they were found in large aggregations, predominantly
inhabiting overhanging or sloping inward reef microhabitats. These cave structures are found
mainly on the reef wall at depths, and such habitats are uncommon in shallower regions or reef
slopes (Depczynski & Bellwood, 2004). A similar trend in shown in Chromis delta and
Pictichromis paccagnellae, which highlights the same preference for cave entrances and
overhangs and are hence confined to reef walls (Jankowski et al., 2015). T. benjamimi also
preferred the reef wall over the reef slope. This species exhibited preferences for vertical reef
microhabitats which are commonly found on the reef wall and appeared to be less impacted by
more complex habitat structures like caves. In contrast to the other two species, 7. capostriatum
was the only species that was predominantly reef slope associated, and the only species
commonly associated with mounding corals which aligns with the observation that mounding
corals are prominently found on the reef slope (Jankowski et al., 2015). Although underlying
habitat is known to drive reef fish distributions, it may only partially explain these patterns
(Brokovich et al., 2006). Hence, drivers of distribution are likely to encompass a combination
of other biotic or abiotic factors that are interrelated with reef aspect and depth (Jankowski et
al., 2015; Srinivasan, 2003). For example, exposure to water motion (Fulton & Bellwood,
2005), light filtration (Brokovich et al., 2008), food availability (Wilson, 2001), predation
success (Stewart & Jones, 2001), and competition with other species (Clarke, 1989) can all
vary with depth and/or reef aspect (Jankowski et al., 2015). However, as these variables were

not assessed, the underlying mechanisms involved here are yet to be determined.

Reef location did not influence 7. benjamini abundance, but it did for the other two
species. There was a higher abundance of 7. yanoi individuals on offshore reef walls compared
to inshore reef walls. For 7. capostriatum, there were more individuals on inshore reef walls
than offshore reef walls and more individuals on offshore reef slopes than inshore reef slopes.

Nearshore reefs may be exposed to a variety of coastal processes that have less effect in
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offshore regions. Terrestrial runoff can alter environmental conditions by elevating dissolved
inorganic nutrients, particulate organic matter, and suspended sediments in the water and by
reducing light levels as a result of turbidity (Fabricius, 2005). These factors can impact the
composition of coral reef fish assemblages, leading to variations in species composition
between inshore and offshore reefs (Fabricius, 2005; Goatley et al., 2016; Moustaka et al.,
2018; Orpin & Ridd, 2012). Cross-shelf differences are evident in CRFs on the Great Barrier
Reef. Goatley et al. (2016) determined that each reef location was characterised by a single
species of goby that dominated the area in terms of abundance. Although the findings did not
show this for 7. benjamini, the effect of reef location may be stronger at a broader scale (i.e.,

if offshore sites were further from the shore).

While the findings indicated differences in distributions at broad spatial scales, there
was still overlap even at small spatial scales, with each species experiencing 34.5 — 52% of
overlap with another Trimma species at the 1 m? quadrat scale. Examining coral reef fish
distributions at the reef scale or greater is often insufficient to reveal complete spatial
segregation. To achieve this, analysis of finer habitat partitioning becomes necessary (Eurich
et al., 2018). This is especially important for CRFs due to their small body sizes (Depczynski
& Bellwood, 2004). The Trimma species examined have small body sizes of <25 mm
(Goldsworthy et al., 2022; Winterbottom et al., 2011), and accordingly may have the ability to
exploit many small and different microhabitats within the same area of the reef (Brandl et al.,
2018). Many studies have investigated microhabitat partitioning in CRFs (Herler, 2007). For
instance, within the genus Gobiodon, an intricate level of niche partitioning is evident, where
different species of this genus inhabited distinct species of Acropora corals (Dirnwober &
Herler, 2007; Munday et al., 1997). Additionally, within the genus Pleurosicya, P. micheli
predominantly inhabited massive corals, whereas P. prognatha occupied a range of Acropora

species (Herler, 2007). Pygmy gobies of the genus Eviota are present in a broad range of
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microhabitats where different species exhibit distinct preferences for coral, sand, rubble, and

coral rock (Brandl et al., 2018; Doll et al., 2021; Herler, 2007; Tornabene et al., 2013).

For the Trimma examined in this study, there were disparities in the structure of the
microhabitat that each species was predominantly found in, with 81.8 — 90.8% of co-existing
individuals present in different microhabitats. 7. yanoi was predominantly found in dense
aggregations in overhanging or sloping inward reef microhabitats covered in encrusting
substrata, which are cave-like environments. 7. capostriatum also frequented overhanging reef
microhabitats or was found solitary or in smaller clusters in cavities underneath mounding
corals that may simulate a small cave-like environment. Marine caves are biodiversity hotspots
on the reef (Slattery et al., 2013). These structurally complex habitats provide a refuge for
many coral reef fishes (Jones & Syms, 1998; S. K. Wilson et al., 2009). Protective habitats,
such as caves, may be beneficial for many CRFs due to their small size and consequent
susceptibility to predation (Depczynski & Bellwood, 2006; Depczynski & Bellwood, 2004;
Goldsworthy et al., 2022; Winterbottom et al., 2011). Alongside this, caves are rich in nutrients
(Kotter et al., 2001; Slattery et al., 2013). Trimma predominantly feed on zooplankton
(Depczynski & Bellwood, 2003; Saeki et al., 2005) and caves contain aggregates of
zooplankton that use these structures to shelter from currents (Emery, 1968). Furthermore,
heterogeneous environments can be present within caves, with high habitat rugosity and
differing light levels with distance from entrances. Such differences may therefore allow the
separation of spatial resources, which can reduce interspecific interactions where species co-
occur (Chave, 1978; Depczynski & Bellwood, 2004). Though this may be applicable to T.
yanoi and T. capostriatum, both of which showed high occurrences in cave-like microhabitats,
they co-existed together in less than 1% of occupied m? quadrats and were not seen interacting
with one another. In conclusion, overhanging reef structures may be desirable habitats, as they

are nutrient rich and provide diverse and protective environments for many small fishes.
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However, not all species showed a preference for cave-like microhabitats. 7. benjamimi
predominantly inhabited vertical reef microhabitats covered in encrusting substrata and was
not commonly observed in overhanging reef microhabitats. Factors influencing differing
microhabitat preferences of small CRFs may be similar to processes occurring at larger scales
(Depczynski & Bellwood, 2004), including trade-offs between food availability (Wilson,
2001), competition (Stewart & Jones, 2001), and group organisation (Kane et al., 2009).
Plankton composition is known to differ between caves and open areas (Emery, 1968), thus
perhaps differences in microhabitat is driven by varying dietary preferences (Brandl, Casey, et
al., 2020). Moreover, since caves are important habitats for many species of fish (Chave, 1978;
Depczynski & Bellwood, 2004), there is likely to be high competition for resources such as
space, and therefore interspecific competition may drive others out of these optimal habitats
(Munday et al., 2001). Finally, the clustering patterns of each species might have an influence
on which microhabitats are used by each species (Kane et al., 2009; Troyer et al., 2018). For
example, cavities underneath mounding corals may only be able to support the small
aggregations of 7. capostriatum and would not be able to support the larger cluster sizes and
densities seen in 7. yanoi or T. benjamimi. Factors driving spatial separation based on small-

scale habitats may be an interplay of these influences and remain open for further investigation.

Despite the structural differences in microhabitats seen, this study of three Trimma
species reveals a notable consistency. One common feature among the frequently inhabited
areas is the prevalence of coral rock covered with encrusting species like crustose coralline
algae, turf algae, encrusting corals, and encrusting sponges. This preference may be attributed
to the suitability of coral rock for the growth of encrusting organisms, rendering it a prevalent
substratum type (Satheesh & El-Sherbiny, 2022). Given Trimma's association with hard
substrata, their presence on live coral rock may be primarily attributed to its availability

(Winterbottom, 2019). However, these species might also actively select this substratum for
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several other possible reasons. Firstly, encrusting organisms on coral rock may offer slightly
elevated perches from which 7rimma can efficiently capture food, which is a behaviour
documented in these fishes (Depczynski & Bellwood, 2004; Winterbottom, 2019). Secondly,
the encrusting substratum matrix, crevices, and holes in live coral rock may provide additional
hiding opportunities by providing more 3D complexity and therefore may increase crypsis
(Mallela, 2007; Marshall et al., 2019). In essence, the microhabitats characterised by coral rock
and encrusting organisms offer a multifaceted environment that meets both the foraging and

sheltering needs of Trimma species.

Differences seen at broader spatial scales in combination with those at a fine scale,
resulted in little spatial overlap among the three Trimma species (Figure 2.5). Each species had
compartmentalised habitats even if they co-occurred less than a meter apart. Species
coexistence may be enhanced by the high habitat rugosity of coral rock covered in encrusting
organisms. This structural complexity presents a multiplicity of refugia, including holes and
crevices, potentially facilitating multiple species to coexist within constrained spatial domains
(Depczynski & Bellwood, 2004; Herler, 2007; Mallela, 2007). When these species did
encounter one another, interspecific territorial chasing behaviours were demonstrated (Figure
2.5). However, because they barely overlapped spatially, these incidents were rare, occurring
in <1% of individuals observed in each species. Such spatial differentiation may serve as a
mechanism for enabling high CRFs diversity at small spatial scales (Ahmadia et al., 2018;
Herler et al., 2011; Munday & Jones, 1998; Munday et al., 2004). There are over 6000 species
of coral reef fishes, and it is estimated that 44% of these are CRFs (Brandl et al., 2018). In the
genus Trimma, there are currently 105 species (Winterbottom, 2019) and this number could
surpass 200 species when accounting for genetic differences, which would make them the most
speciose genus of coral reef fishes (Winterbottom et al., 2014). While it has been suggested

that niche partitioning plays a partial role in the diversity of Trimma (Herler et al., 2011),
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further investigation is required to establish a definitive link between these two phenomena.
However, studying CRFs has additional challenges of tiny body size and camouflage within
benthic habitats. Standard underwater visual census has low detectability of CRFs, and many
studies that do not account for this are missing a large portion of reef diversity (Ackerman &
Bellwood, 2000). Although several necessary precautions have been taken to minimise this
bias ethically as outlined in the methodology, the abundance of fishes (particularly those < 14

mm standard length) may have been underestimated.

Understanding drivers of niche partitioning and diversity in CRFs is important due to
their potentially critical ecological roles in coral reef energy transfer (Brandl et al., 2019;
Depczynski & Bellwood, 2003). In the event of species loss, ecosystems with greater diversity
have a lower risk of losing important functional roles (Nacem & Li, 1997). Moreover,
considering the effects of climate change and the decline of Scleractinia corals, numerous
coral-associated CRFs are at risk (Brandl et al., 2018). Therefore, it becomes crucial to
understand habitats, niche partitioning and diversity in CRFs that have a lower association with
corals (Doll et al., 2021), including Trimma. The summation of my results is an example of
how ecologically, functionally, and phylogenetically similar species can simultaneously co-

exist, which may allow for high levels of diversity to exist at small scales.
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0 Broad-scale habitat partitioning

Figure 2.5: Conceptual diagram summarising 1) Partitioning of broad scale habitats (i.e., reef
location, aspect, depth). Points and arrows indicate the area each species occurred in greatest
abundance. 2) Microhabitat partitioning. 1 and 2 combined resulted in 3) Minimal spatial
overlap, co-existence of species, and territorial behaviour in rare cases of habitat overlap. Teal
= Trimma benjamini, purple = T. capostriatum, yellow = T. yanoi.
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Chapter 3: Life history constraints, short adult lifespan, and reproductive

strategies in coral reef gobies of the genus 7Trimma

Published as
Goldsworthy, N. C., Srinivasan, M., Smallhorn-West, P., Cheah, L.-C., Munday, P. L., &
Jones, G. P. (2022). Life history constraints, short adult lifespan and consequences for

reproduction in coral reef gobies of the genus Trimma. Journal of Fish Biology.

https://doi.org/ https://doi.org/10.1111/ifb.15161

3.1 Abstract

Body size influences many life history traits, with small-bodied animals tending to have
short lifespans, high mortality, and greater reproductive effort early in life. This study
investigated the life history traits and reproductive strategies of three small-bodied coral reef
gobies of the genus Trimma: Trimma benjamini, T. capostriatum and T. yanoi. All Trimma
species studied attained a small body size of <25 mm, had a short lifespan of <140 days, and
experienced high estimated daily mortality of 3.0 — 6.7%. Furthermore, the pelagic larval phase
accounted for 25.3 — 28.5% of the maximum lifespan, and maturation occurred between 74.1
and 82.1 days at 15.2 — 15.8 mm, leaving only 35-43% of the total lifespan as a reproductively
viable adult. All mature individuals had gonad structures consistent with bidirectional sex
change, with bisexual gonads including both ovarian and testicular portions separated by a thin
wall of connective tissue. In the female and male phase, only ovaries or testes were mature,
while gonadal tissue of the non-active sex remained. One 7. benjamini individual and one 7.
vanoi individual had ovarian and testicular tissue active simultaneously. These results highlight
the life history challenges small CRFs face on their path to reproduction and reproductive
strategies that could be beneficial in fishes with high and unpredictable mortality and short

reproductive lifespans.
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3.2 Introduction

Body size has broad ecological and evolutionary implications for animals, impacting
on their diversity, abundance, ecological specialization and life history traits (Hanken & Wake,
1993; Marzluff & Dial, 1991; May, 1978; Peters, 1983; Roff, 1992). Large-bodied organisms
tend to exhibit prolonged lifespans, reduced mortality, and late maturation. In contrast, small-
bodied animals tend to exhibit short lifespans and high mortality, resulting in limited time
available to reproduce and the selection for greater reproductive effort earlier in life (Calder,
1984; Roff, 1992; Stearns, 1992). Small animals must adopt strategies to develop quickly and
reproduce early and successfully before their short life ends (Fisher et al., 2013). However,
for small species, there may be ecological and physiological constraints on how short

development and maturation times can be (Bernardo, 1993; Charnov et al., 2001; Roff, 1992).

On coral reefs, fishes that occupy benthic habitats and are small bodied (i.e., <50 mm)
are known as cryptobenthic reef fishes (CRFs., Goatley & Brandl, 2017). The majority of coral
reef fish species have a small body size (Munday & Jones, 1998) and they can be highly
abundant on coral reefs (Ackerman & Bellwood, 2000; Galland et al., 2017). While
considerable attention has been given to the ecological implications of small body size,
including diversity, abundance, habitat specialization, and predation risk (Jones et al., 2002;
Munday & Jones, 1998), much less is known about CREF life history strategies to compensate
for high mortality and short lifespan. There is increasing evidence which shows CRFs have
vital ecological roles in maintaining coral reef energy flow, providing 60% of consumer
biomass through their extraordinarily fast-paced life history dynamics (Brandl et al., 2019;
Depczynski et al., 2007). However, a fast-paced life history requires time to transition from the
larval stage, time to reach reproductive maturity and to reproduce successfully. How extremely

small coral reef fishes partition their life history is poorly understood.
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CRFs are faced with several obstacles throughout their life that potentially limit their
ability to survive and reproduce. Firstly, the small body size of CRFs is associated with reduced
longevity compared to larger coral reef fishes, and hence a small maximum window for
reproduction (Depczynski & Bellwood, 2006). Second, CRFs also experience high mortality
rates as a result of their small size (Depczynski & Bellwood, 2006; Goatley & Bellwood, 2016;
Goatley et al., 2017; Winterbottom et al., 2011). Mortality in reef fishes decreases
exponentially after reaching a size threshold of ~43 mm (Goatley & Bellwood, 2016). Many
CRFs thus experience high mortality throughout their entire lives as this threshold is never
surpassed (Depczynski & Bellwood, 2006; Winterbottom et al., 2011), leading to an increased

chance of perishing before reaching reproductive maturity.

In addition to a short lifespan and high mortality, CRFs encounter two main
physiological constraints which reduce their reproductive lifetime, the first being the length of
their pelagic larval duration (PLD). Reef fishes have a two-part life cycle, comprising a pelagic
larval phase before settlement onto the reef (Leis & McCormick, 2002). PLD is broadly similar
across most reef fish species, despite vast differences in overall longevity (Depczynski &
Bellwood, 2006). For example, Bolbometopon muricatum can live up to 37 years (Andrews et
al., 2015) and has a PLD of just 25 days (Taylor et al., 2018), representing 0.2% of the
maximum lifespan. By contrast, the pygmy goby, Trimma nasa, lives <90 days and has a PLD
of 34 days, representing 38.7% of its lifespan (Winterbottom & Southcott, 2008). PLD may be
constrained among fishes to attain a critical size or developmental stage before settlement onto
the reef (Beeken et al., 2021; Depczynski & Bellwood, 2006). Consequently, PLD, which is a
considerable time in early life not available for reproduction, potentially makes up a large

proportion of the maximum lifespan of CRFs.
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The second physiological constraint for CRFs is their length/age at maturity. According
to life history theory, early maturation should be selected for in small-bodied individuals with
high mortality rates to increase the probability that individuals will survive until they reproduce
(Ricklefs, 2010; Roff, 1992; Stearns, 1992). However, early maturation has disadvantages
associated with maturing at a smaller body size. For example, female fecundity is low with a
small body size, or a larger body size may be selected for where intraspecific competition is
present (Hernaman & Munday, 2005b; Wong et al., 2008). As a result, CRFs are faced with a
dilemma regarding the best overall reproductive strategy to adopt, either: i) mature early to
increase the overall chance of surviving to reproduce (e.g., Depczynski & Bellwood, 2006), or
i) delay maturation and attain a larger body size to improve size related reproductive outputs
(e.g., Kunishima et al., 2021). Delaying maturation, however, further reduces the reproductive
time available to CRFs and could be a risky strategy when mortality rates remain high

throughout life.

Many coral reef fishes are capable of enhancing lifetime reproductive outputs by
employing various sex change strategies (Benvenuto et al., 2017). The size-advantage model
(SA model, Ghiselin, 1969; Warner, 1975) suggests protogyny will be favoured in polygynous
groups, where large males achieve the highest reproductive success as a result of intrasexual
competition for mates or breeding sites. Conversely, protandry is favoured where male body
size does not affect reproductive success and larger individuals have a higher reproductive
success as females, due to the positive relationship between body size and fecundity (Ghiselin,
1969; Warner, 1975). In addition, bidirectional sex change can occur in polygynous groups,
where a large female can transition to male when the dominant male is lost. Reverse sex change
can occur if a single male infiltrates a group with a larger male (Manabe et al., 2007). In small
fishes with high and erratic mortality rates, a male may abruptly lose every female in his harem.

A solitary male may have an indefinite window for reproduction due to the high likelihood of
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predation, and delays in locating new breeding partners may significantly reduce his
reproductive value. By becoming female and reproducing in an established group, his
reproductive outputs may be higher than remaining male and waiting for a new harem to form

(Munday et al., 2010).

Sex change comes at a cost of time and energy taken to convert the gonads from one
sex to another, which can place further pressure on reproduction (Munday & Molony, 2002).
Some CRFs have minimised these costs by evolving bisexual gonads with female and male
tissues, containing developed tissues of the active sex, and regressed tissues of the non-
functional sex (Sunobe & Nakazono, 1993). This avoids entire gonad reconstruction and allows
for rapid sex change, thus saving time and energy (Munday et al., 2010; Yamaguchi & Iwasa,
2017), which may be beneficial in species when social conditions experienced by males might
change dramatically and unpredictably and when a delay in finding a new partner could result

in a substantial loss of reproductive output (Munday et al., 2010).

The genus Trimma (family Gobiidae) is a group of hyper-diverse Indo-Pacific CRFs,
consisting of 105 species (Winterbottom, 2019) . These small-bodied fishes have a standard
length (Ls) of <30 mm and are among the smallest vertebrates on Earth. Despite extensive
research describing mating systems and sex change strategies of Trimma (Fukuda, Manabe, et
al., 2017; Fukuda & Sunobe, 2020; Fukuda, Tanazawa, et al., 2017; Kobayashi et al., 2005;
Manabe et al., 2007; Manabe et al., 2008; Sakurai et al., 2009; Sunobe & Nakazono, 1990;
Sunobe et al., 2017; Tomatsu et al., 2018), there have been limited attempts to describe other
aspects of their ecology and life history (but see Winterbottom et al., 2011; Winterbottom &
Southcott, 2008). Consequently, little is known about the challenges Trimma face on their path
to reproduction. Given their small body size, it is expected that Trimma species may also

experience traits associated with other small-bodied fishes, such as: 1) reduced longevity; ii)
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high mortality rates; iii) long PLD relative to lifespan and iv) early or delayed maturation,
depending on the presence of advantages favouring either strategy. A combination of i-iv can
lead to a short reproductive life. In this study, I investigate these life-history obstacles and
reproductive strategies in three species of Trimma: Trimma benjamini, T. capostriatum and T.

yanoi.

3.3 Materials and Methods

3.3.1 Species, specimen collection and ethical statement

Trimma is speciose and abundant genus on Indo-Pacific coral reefs and adjacent
habitats. All three species studied here are sedentary benthic species which perch on hard
substrata, as opposed to hovering in the water column above the benthos like several other
members of this genus. A total of 353 individuals (129 7. benjamini, 102 T. capostriatum, 122
T. yanoi) were collected between November and December 2019 from inshore and offshore
reefs in Kimbe Bay, Papua New Guinea. All individuals were captured on SCUBA using a
fine-mesh (2 mm) hand net and clove oil anaesthetic solution (5:1, ethanol: clove oil), and
euthanized by immersion in an ice slurry (50% water, 50% ice) immediately after surfacing.
Fish collections were compliant with James Cook University Ethics Approval A2665 and were
collected under a research visa allocated to Professor Geoffrey Jones issued by the government
of Papua New Guinea. Permissions were granted by: Mrs. Cecilie Benjamin (Chair of the
Board, Mahonia Na Dari Research and Conservation Centre, Kilu) and Mr. Thomas Koi,

(Village Elder and representative of the Local Marine Management Committee, Kilu).

3.3.2 Body size, longevity, and mortality

Fresh specimens were blotted dry and measured to 0.5 mm Ls. The head of each fish

was removed from the body by sectioning between the operculum and pectoral fins and was
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preserved in 70% ethanol. Fish age and PLD were determined using sagittal otoliths, which
were removed from the brain cavity, cleaned with water, and stored dry in vials. Thermoplastic
glue (Crystalbond 509™) was used to mount otoliths sulcus-down on glass slides. The surface
of each otolith was polished using 9, 3 and 0.3 pm lapping film to obtain a thin, flat section of
a whole otolith with growth rings clearly visible from the otolith primordium to edge. Sections
were coated in immersion oil to improve microstructure clarity and photographed at 200x and
400x magnification with an Olympus EP50 digital camera attached to a BX43 Olympus
microscope. Growth rings were counted in ImageJ (Schneider et al., 2012) from the core
outwards, beginning at the first increment which was assumed to be deposited at hatching
(Winterbottom et al., 2011). Although this could not be validated experimentally for Trimma,
growth increments were assumed to be daily deposits, as seen in ecologically similar CRFs
(e.g. Depczynski & Bellwood, 2006; Depczynski & Bellwood, 2005a; Hernaman & Munday,
2005a; Longenecker & Langston, 2005; Vigliola & Meekan, 2009; Winterbottom et al., 2011;
Winterbottom & Southcott, 2008). For each individual, two counts of each otolith were made
on separate occasions and the mean was calculated. If the initial counts differed by >10% of
the mean, a third count was made. The average of the closest two counts were then taken
assuming all were within 10% of the mean, and this value represented the age of the fish in
days. The maximum lifespan was defined as the fish with the greatest number of rings in each

species (Winterbottom et al., 2011).

Natural daily mortality was estimated by three methods and was calculated separately
for each species. The first method calculated mortality rate according to Hoenig’s equation,
which is derived from experimental evidence over a broad range of marine taxa (r>= 0.82): InZ
=1.46—1.01 InT};,44. Z is the instantaneous mortality rate and T},,,, the maximum age (Hoenig,
1983). Secondly, mortality was calculated with the Chapman and Robson estimator using the

frequency of individuals in 10-day age-class bins. This model is based on the concept that the
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descending section of the catch-at-age data followed a geometric probability distribution,
which was used to estimate the survival (S) parameter. Z was calculated from these estimates
of S, where S = e "2 (Chapman & Robson, 1960; Winterbottom et al., 2011). Finally, mortality
was calculated using the catch curve regression estimator (Dunn et al., 2002) by fitting a linear
regression to the descending section of a 10-day age frequency plot after log transformation to

obtain estimates of Z. Estimates of Z from the Chapman and Robson estimator and the catch

(1-e79)
10

curve regression estimator were converted to daily mortality using and expressed as a

percentage.

3.3.3 Pelagic Larval Duration

Settlement was determined by a change in contrast from more opaque (pre-settlement)
to less opaque (post-settlement) and/or a decrease in increment width in each otolith (Figure
3.1A) (Wilson & McCormick, 1999). The number of rings pre-settlement indicated the PLD,
and the maximum post-settlement lifespan was the difference between the PLD and maximum
age. Differences in mean PLD among species were assessed using a one-way ANOVA and

post-hoc Tukey HSD test.

3.3.4 Maturation

Length and age at maturity were defined as the Ls and age at which 50% of specimens
were sexually mature females (sex determined by gonad structure, see below). Estimations of
maturity were obtained by fitting a logistic regression function to the proportional frequency
of juveniles to females in 1 mm Ls class intervals and 10-day age class intervals (Lowe et al.,
2021). Individual logistic regression curves were fitted for each species, and 95% confidence
intervals were determined using a Gaussian error distribution (Antle et al., 1970). For each

species, time spent as a juvenile was calculated as the difference between the mean PLD and
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the age at maturity, and time spent as a reproductively viable adult was taken as the difference

between the age at maturity and the maximum lifespan. Finally, the dimensionless ratio

length at maturity

_ was calculated for each species, which shows the proportional lengths that are
maximum Lg

expended before and after maturation (Tsikliras & Stergiou, 2014).

3.3.5 Reproduction

Reproductive phases and strategies were assessed by histological examination of the
gonads. After capture of specimens, abdomen sections were dissected just anterior to the anus
and were placed in a formaldehyde 4%, acetic acid 5%, calcium chloride 1.3% (FAACC)
fixative for three days, then transferred to 70% ethanol. At the time of processing, abdomens
were placed in a tissue processor, embedded in paraffin wax with the body cavity facing down,
sectioned to 5 pm using a microtome, mounted on glass microscope slides, and stained with
Mayer’s Haematoxylin and Young’s eosin-erythrosine (H&E). 5 - 15 sections were taken per
specimen, separated by 50-200 um to ensure an adequate representation of each gonad was
captured. Histological samples were examined under a high-power microscope with

transmitted light.

Ovaries and testes were classed as mature or undeveloped according to Sunobe et al.
(2005) and Sakurai et al. (2009). Ovaries were classed as mature when the most advanced
oocyte present in the gonads was vitellogenic or hydrated, and undeveloped when ovaries
contained only previtellogenic oocytes. Testes were classed as mature when consisting of
expanded sperm ducts containing many free spermatozoa, and a developed, lobed and secreting
accessory gonadal structure (AGS) attached to each testis was evident (Cole, 1990). Testes
were classed as undeveloped when spermatozoa were absent or present in small amounts with

no sperm ducts evident, and the testes associated AGS was undeveloped and was non-lobed
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and non-secreting. The term bisexual refers to a gonad structure consisting of both ovarian and

testicular tissue, and does not refer to bisexual function (Lowe et al., 2021).

3.4 Results

3.4.1 Body size, longevity, and mortality

T. benjamini, T. capostriatum, and T. yanoi exhibited small body sizes (Ls) of 17.2 &+
0.5 mm (mean + 95% confidence interval), 17.6 + 0.6 mm and 15.8 £ 0.7 mm, and reached a
maximum Ls of 24 mm, 24.5 mm and 22 mm, respectively (Table 3.1a, Figure A2. 1). All
species were short-lived, with maximum ages of 130 days, 137.5 days and 126.5 days in T.

benjamini, T. capostriatum, and T. yanoi, respectively (Table 3.1a, Figure A2. 1).

Daily mortality estimates obtained from the focal Trimma species were high, ranging
from 3.2 — 5.4% in T. benjamini, 3.0 — 6.7% in T. capostriatum, and 3.2 — 4.4% in T. yanoi
(Table 3.1b). Specimens younger than 95 days in 7. benjamini, 105 days in T. capostriatum
and 85 days in 7. yanoi were not included in the Chapman-Robson and Catch curve analysis
(Figure 3.2), as their frequency suggests they may have been under sampled (Winterbottom et

al., 2011).
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Table 3.1: Results for Trimma benjamini (n = 129), T. capostriatum (n = 102) and 7. yanoi (n = 122)
showing a) Maximum recorded lifespan (days) and body size (Ls, mm), b) Daily mortality estimated
by Hoenig's equation, the Chapman-Robson estimator and catch-curve regression estimator and c) Age
(days) and length (mm, proportion of max Ly) at maturity. *mean + 95% confidence intervals

Trimma Trimma Trimma
benjamini capostriatum yanoi
n=129 n=102 n=122
a) Body size and Maximum lifespan (days) 130.0 137.5 126.5
lifespan
Maximum L (mm) 24.0 24.5 22.0
b) Daily Hoenig's equation (%) 3.2 3.0 3.2
mortality
Chapman-Robson
. 4+1. d=x0. A4+ 1.
estimator (%) * 54+1.0 6.1+£0.6 44+1.1
Catch-curve regression
o/ s 51+28 6.7+3.0 44+28
(o)
¢) Maturity Age at maturity (days)* 74.1+3.1 82.1+34 81.7+3.4
Length at (mm)* 154+0.7 152+0.9 15.8+04
maturity _
(proportionof 4 644003 0.62+0.04 0.72+0.02

max Lg)*
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Figure 3.1: a) Trimma yanoi otolith showing daily growth increments and a change in optical density
pre- and post-settlement. Arrows indicate settlement mark. Not all pre-settlement increments are
visible in this focal plane. b) Frequency distribution of pelagic larval duration (PLD) in Trimma
benjamini (n = 129), T. capostriatum (n = 102) and 7. yanoi (n = 122).
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Figure 3.2: 10-day age-frequency catch curve regression for the estimation of instantaneous
mortality (Z) for a) Trimma benjamini (n = 129), b) T. capostriatum and c¢) T. yanoi (n = 122).
White points show ascending limb values which were not included in the analysis and black points
show descending limb values that were included in the analysis.
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3.4.2 Pelagic larval duration

Clear settlement marks were able to be determined in all individuals (Figure 3.1A).
PLD differed significantly among the three species (F(2, 350) =148.72, p < 0.001) and ranged
from 26 — 40 days in 7. benjamini, 32 — 42 days in T. capostriatum and 31 — 41 days in T. yanoi
(Figure 3.1B). The mean PLD (32.9 — 37.7 days) represented over %4 of the maximum lifespan
in all species (Figure 3.3). Accordingly, the post-settlement lifespan in each species was less

than 100 days (Figure 3.3).

3.4.3 Maturation

Length at maturity (Figure 3.4) was similar for all three species (15.2 — 15.8 mm) and
ranged from 0.62 — 0.72 as a proportion of the maximum Ls (Table 3.1c¢). T. benjamini matured
the earliest at 74.1 days, followed by 7. capostriatum and T. yanoi, which matured at similar

ages of 82.1 and 81.7 days, respectively (Table 3.1c, Figure 3.4).

Thus, mean duration as a reproductively redundant juvenile in the species examined
was 41.1-45.7 days, representing 31.7 — 36.1% of the maximum lifespan (Figure 3.3). The
mean reproductive window was therefore a narrow 44.8 —55.9 days, representing 35.4 —43.0%

of the maximum lifespan (Figure 3.3).
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Figure 3.3: Number of days and percentage of maximum lifespan (mean + 95% confidence
intervals) spent in each life stage (pelagic larvae, juvenile and adult) for Trimma benjamini (n =
129), T. capostriatum (n = 102) and 7. yanoi (n = 122). Dotted and dashed lines represent
settlement and maturity, respectively.
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Figure 3.4: Proportional frequency distributions of the sexual phase-specific age and length structure
of a) Trimma benjamini (n = 129), b) T. capostriatum (n = 102) and ¢) 7. yanoi (n = 122). Estimated
age and length at maturity trajectory is shown by solid logistic regression lines and the associated 95%
confidence intervals are shown by dashed lines.
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3.4.4 Reproduction

In total, 353 Trimma gonads (129 T. benjamini, 102 T. capostriatum and 122 T. yanoi)
were analysed histologically. Aside from juveniles with undifferentiated gonadal cells, all
individuals had bisexual gonads, which consisted of both ovarian and testicular portions,
partitioned by a thin wall of connective tissue, and an accessory gonadal structure (AGS)
connected to each testis. This gonad arrangement was the same in all species. In female and
male phase specimens, only ovaries or testes were mature at a single point in time, while
gonadal tissue of the non-active sex remained. 55 (7. benjamini), 61 (T. capostriatum) and 39
(T. yanoi) individuals were female phase, evident by mature ovaries and undeveloped testes.
The testes consisted of spermatogonia, spermatocytes spermatids, and few spermatozoa,
indicating that spermatogenesis continued in the female phase. However, no sperm ducts were
evident and the AGS was undeveloped and was non-lobed and non-secreting (Figure 3.5a, 5b).
25 (T. benjamini), 14 (T. capostriatum), and 26 (T. yanoi) specimens were male phase. These
individuals had mature testes and undeveloped ovaries, which consisted of a small section
containing few previtellogenic oocytes (Figure 3.5¢). The male: female sex ratios were 1: 2.2
in T. benjamini, 1: 4.4 in T. capostriatum and 1: 1.5 in T. yanoi. Two specimens (1 each of T.
benjamini and T. yanoi) had both mature ovaries and testes simultaneously and were thus
labelled as a simultaneous hermaphrodite (referring to gonad structure and not necessarily
function, Figure 3.5d). 13 T. benjamini, 5 T. capostriatum and 8 T. yanoi individuals had
ovaries and testes at intermediate levels of development and were thus labelled as transitional
phase. Gonads in this phase consisted of ovaries with degenerating atretic oocytes and testes
with proliferating spermatogenic tissue or degenerating spermatogenic tissue and proliferating
oocytes. The AGS was lobed but non-secreting or secreting small amounts (Figure 3.5¢). 35
(T. benjamini), 22 (T. capostriatum) and 48 (T. yanoi) specimens had no mature ovarian or

testicular tissue present and were classified as juveniles. Gonads of these individuals were
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either bisexual, with ovaries that contained previtellogenic oocytes, testes with spermatogonia,
and an undeveloped AGS (Figure 5f), or consisted entirely of undifferentiated gonadal germ

cells (Figure 3.5g).

3.5 Discussion

The findings in this study indicate that the most prominent feature of 7rimma spp. life
histories is an extreme constraint on the time available for reproduction. All three species
examined, were characterised by small body size, short lifespan, and high mortality, relatively
long PLD, time taken to mature after settlement, and bisexual gonad development. Only 35 —
43% of the total lifespan was available for reproduction. Together, these life-history
characteristics imply the genera is constrained both by a large proportion of lifespan
unavailable to reproduce and high mortality owing to their small size. These results conform
to a previous study by Winterbottom et al. (2011) examining the life history characteristics of

T. benjamini.

The Trimma species in this study are among the smallest and shortest-lived fishes on
coral reefs, with all individuals examined having a Ls of less than 25 mm and living less than
140 days. Small body size comes with many constraints including a short lifespan, high
mortality risk, a long PLD relative to lifespan and consequently, a short reproductive life. Since
the age of coral reef fishes ranges from 59 days in Eviota sigillata (Depczynski & Bellwood,
2006) to 81 years in Macolor macularis (Taylor et al., 2021), Trimma were at the lower end of
the spectrum, which is also seen in other small CRFs (e.g., Beeken et al., 2021; Depczynski et
al., 2007; Longenecker & Langston, 2005). Consequently, the maximum window available for

reproduction is very narrow.
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Estimated daily mortality of 3.0 — 6.7% per day is comparable to high mortality rates
seen in other small-bodied CRFs (Depczynski & Bellwood, 2006). With a small body size of
<25 mm, Trimma species never reach the size threshold of ~43 mm where mortality in larger
species has been observed to decline. Consequently, 7rimma remain at high risk of mortality
throughout their entire life. Predation is assumed to be the main cause of mortality in CRFs,
however, Goatley et al. (2017) propose predation rates are variable as a result of habitat or
behavioural differences between species. Trimma species inhabit exposed reef slopes and drop
offs on coral reefs, where they predominantly perch on hard substrata (Winterbottom, 2019),
and may be victims of predation due to limited sheltering opportunities (Brandl et al., 2018).
Moreover, the average size difference between predator and prey is strikingly small at 12.1 mm
(Goatley et al., 2017). Therefore, Trimma species may be subject to predation by not only large

fishes, but small ones too.

The PLDs of the three Trimma species examined represented a substantial proportion
of their maximum lifespan (>25%), which is high, compared with the <1% demonstrated by
many larger coral reef fishes (Depczynski & Bellwood, 2006). Yet, spending over a quarter of
the lifespan as pelagic larvae is not unique to 7rimma and is seen in other CRFs such as the
genera Coryphopterus (Beeken et al., 2021), Eviota (Depczynski & Bellwood, 2006) and
Enneapterygius (Longenecker & Langston, 2005). An extensive PLD to allow growth to a
sufficient size may be a strategy to decrease extreme mortality of small recruits (Beeken et al.,
2021). Some fishes that settle into protective habitats with lower post-settlement mortality have
a reduced PLD (Depczynski & Bellwood, 2006). For example, Amphiprion melanopus settle
directly into anemone hosts that provide protection from predators, experience short PLDs of
<15 days, and are capable of settlement at <7 mm (Job & Bellwood, 2000). In contrast, Trimma
species mainly settle onto hard substrata on exposed reef slopes and drop offs, which are not

well protected (Winterbottom, 2019), and may suggest a minimum size threshold to reduce
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post-recruitment mortality (Depczynski & Bellwood, 2006; Goatley & Bellwood, 2016).
Accordingly, the PLD reduces the post-settlement life of 7rimma to just 90-100 days, during
which they need to complete metamorphosis, find a suitable home, grow, mature, and

reproduce.

Maturation in the 7rimma spp. examined was fast compared to most fishes. For
example, mean age and lengths at maturity of Mediterranean Actinopterygii were 2.2 years and
207 mm, respectively, with maximum maturity at 12 years in Epinephelus marginatus
(Tsikliras & Stergiou, 2015) and 2,235 mm in Xiphias gladius (Tsikliras & Stergiou, 2014).
The ability for Trimma to rapidly mature in 74.1 — 82.1 days at 15.2 — 15.8 mm allows them to
complete reproduction despite extremely short lifespans. However, length at maturity as a
proportion of the maximum L; was 0.62 — 0.72 in the three Trimma species, which was notably
later than the average of 0.59 (SD = 0.122, n = 471) for Actinopterygii (Tsikliras & Stergiou,
2014). Several CRFs with short lifespans mature earlier than this average, which is consistent
with life history theory. For example, Eviota queenslandica mature at 0.51 of the maximum
length and 0.42 in Eviota melasma (Depczynski & Bellwood, 2006). However, like the Trimma
species examined, some CRFs mature later than this average. For example Eviota sigillata
mature at 0.62 of the maximum length (Depczynski & Bellwood, 2006). Maturation in such
fishes can occur later than the average for several reasons. Firstly, fecundity may be low near
the minimum body size threshold for maturation, due to female fecundity declining with
decreasing body cavity size as they produce and carry fewer eggs (Hernaman & Munday,
2005b). At the same time, reproduction is energetically costly and may come at the risk of
heightened mortality as a result of increased foraging activity to fuel reproduction. It may
therefore be beneficial for these small fishes to delay reproduction to attain a larger size where
fecundity is greater (Audzijonyte & Richards, 2018). Additionally, intrasexual competition

may favour a delay in maturation. Harem polygyny is the most common mating system
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recorded in Trimma (Sunobe et al., 2017), where larger males achieve a higher level of
reproductive success than smaller males due to being more competitive for mates or territory
(Fukuda & Sunobe, 2020; Fukuda, Tanazawa, et al., 2017; Manabe et al., 2008; Sakurai et al.,
2009; Sunobe & Nakazono, 1990; Sunobe et al., 2017). Moreover, females in polygynous
groups may compete for breeding resources such as breeding sites, food, and paternal care by
males. Accordingly, small subordinate females may be largely excluded from breeding, thus
favouring maturation at a larger size (Wong et al., 2008). Delaying maturation therefore may
have several benefits, however, it severely decreases the time these fishes have as
reproductively viable adults to just 45-56 days. It also exposes them to increased risk of

mortality before any reproduction is achieved.

Sex change strategies can be inferred by gonad structure (Lowe et al., 2021; Sunobe et
al., 2017). The high number of individuals with gonads in a transitional state indicate that sex
change may occur frequently in the three species examined here. Excluding the two individuals
with simultaneous hermaphrodite phase gonads, all mature individuals had testes or ovaries
active at any one time, while the tissue of the non-functional sex was retained, as has been
described previously (Cole, 1990; Fukuda, Tanazawa, et al., 2017; Manabe et al., 2008; Sakurai
et al., 2009; Sunobe & Nakazono, 1993; Sunobe et al., 2017). In protandrous species, bisexual
gonads occur in initial phase males, which have an inactive ovarian portion. However, ovarian
tissue completely displaces testicular tissue after transition to the female phase, leaving no
remaining testicular tissue (Chang & Yueh, 1990; Law & Sadovy de Mitcheson, 2017; Sunobe
et al., 2016). In the initial female phase of protogynous species, some individuals have small
sections of germ cells or spermatogonia, while others contain no spermatogenic tissue. In all
species, no ovarian tissue is retained after sexual transition (Bhandari et al., 2003; Nakamura
et al., 1989; Sundberg et al., 2009). Retention of bisexual gonads in both female and male

phases indicates that the Trimma species examined are always potentially capable of
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functioning as either female or male and thus likely exhibit bidirectional sex change (Munday

et al., 2010; Sunobe et al., 2017).

Bidirectional sex change is reported as rare in coral reef fishes (Yamaguchi & Iwasa,
2018), occurring in just 4.1% of known hermaphroditic species outside of the Gobiidae (16 of
395 species., Kuwamura et al., 2020). However, it is the most common type of
hermaphroditism in the Gobiidae, with approximately 75% of known hermaphroditic gobies
(50 of 66 species) displaying sex change in both directions (Kuwamura et al., 2020). In
polygynous T. okinawae, sex change is induced by a change in social status (Kobayashi et al.,
2009), where individuals become the sex that will result in the highest reproductive success in
accordance with the size-advantage hypothesis of sex change (Munday et al., 2006). The loss
of the dominant male from a polygynous group can result in the largest female changing sex to
become the dominant male (Manabe et al., 2007; Sunobe & Nakazono, 1993) and reverse sex
change from male to female occurs when all females in a group disappear, and the resultant
bachelor male enters a group with a larger residing male (Manabe et al., 2007). The Trimma
species examined have female biased sex ratios indicating polygyny is a likely mating system
(Winterbottom et al., 2011), and therefore the benefits of bidirectional sex change in these
species may be akin to other polygynous members of the genus. Bidirectional sex change can
be valuable when a male’s social circumstances may change drastically and unexpectedly and
when a delay in selecting new mates may cause a significant decrease in reproductive output.
Due to high and unpredictable mortality in the three 7rimma species examined, the loss of
individuals and changes to mating circumstances is likely a common phenomenon. Thus, the
ability to change sex in both directions depending on the social circumstances present may

increase overall reproductive value.
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Possessing ovarian and testicular portions in both female and male phase individuals
can avoid entire gonad reconstruction and may allow for rapid sex change in small gobies with
short lifespans and high mortality rate (Munday et al., 2010; Munday & Molony, 2002;
Yamaguchi & Iwasa, 2017). In contrast, the Trimma species examined retain ovarian and
testicular portions in both male and female phases. Sex change in Trimma involves the tissue
of one sex rapidly proliferating while tissue of the other sex degenerates, and total gonad
repurposing is avoided (Sunobe et al., 2005). Sex change can occur in as little as four days
(female to male) and six days (male to female) in 7. okinawae. (Sunobe & Nakazono, 1993;
Yamaguchi, 2016). Bisexual gonads in both male and female phases is seen in other small
fishes with short reproductive lifespans and high mortality, such as the genera Eviota (Maxfield
& Cole, 2019a; Schemmel & Cole, 2016), Lythrypnus (Maxfield & Cole, 2019b; Muioz-
Arroyo et al., 2019), Bryaninops (Munday et al., 2002), Priolepis (Manabe et al., 2013), and
multiple other Trimma species (Sunobe et al., 2017). High and unpredictable mortality can
mean that an individual’s social circumstances can quickly change. Therefore, rapid change
from one sex to another may be an advantage with the limited reproductive period these fishes

experience (Munday et al., 2010; Yamaguchi, 2016; Yamaguchi & Iwasa, 2017).

One T. benjamini individual and one 7. yanoi individual exhibited gonads with both
active ovarian and testicular regions, which has not been observed in this genus before. This
gonadal structure may indicate rare occurrences of simultaneous hermaphroditism, where
individuals can function as both female and male simultaneously (Sakakura et al., 2006; Tuset
et al., 2005). Alternatively, it could represent a period where individuals are capable of acting
as both female and male during sexual transition. This could maximise the available
reproductive time, as individuals can remain reproductively active rather than being
reproductively redundant for the duration of the sex change process. However, in other species

of Trimma the tissue of one sex degenerates while the tissue of the other sex proliferates, and
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there is no evidence of simultaneous hermaphroditism during this process (Sunobe et al., 2005).
Periods of simultaneous hermaphroditism during sex change may be a rare occurrence, or
happen quickly, which may explain why this stage has not been captured in previous studies.
Moreover, having the gonad structure of a simultaneous hermaphrodite does not necessarily
mean they function as one. For example, most Lythrypnus zebra individuals have a gonad
structure comparable to that of a simultaneous hermaphrodite, despite functioning as a single
sex (Munday et al., 2010; St. Mary, 1996). Further population histological studies in Trimma
are warranted to confirm if these rare individuals are functional or non-functional simultaneous

hermaphrodites, or if this phenomenon occurs only during sex change.

Despite the life history constraints associated with small body size, small-bodied fishes
persist. Furthermore, the majority of reef fishes are small, with the average length being just
45 mm (Bellwood et al., 2017). There may be several reasons for this, including the ability to
exploit a range of small habitats, increased agility, low energy demands per individual, and the
ability grow and reproduce quickly, leading to a high rate of population increase
(Blanckenhorn, 2000; Brandl et al., 2018; Brandl et al., 2019; Depczynski & Bellwood, 2006;
Winterbottom et al., 2011). Here, I demonstrate that an expanding number of small CRF's
maintain a dual-gonad arrangement, which may be advantageous to maximise reproductive
potential in species where a short reproductive life is combined with high and unpredictable
rates of mortality that can dramatically and unpredictably alter social living conditions that

individuals experience.
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Chapter 4: Growth strategies across life history stages and generational

turnover of cryptobenthic coral reef fishes of the genus Trimma

4.1 Abstract

Somatic growth influences survival and reproduction, with flow on effects on
population dynamics and energy fluxes within ecosystems. Small-bodied cryptobenthic reef
fishes may contribute significantly to productivity due to their life history traits including
growth rates and rapid generational turnover. However, comprehensive studies on growth that
encompass all stages of life are rare. This study investigated growth patterns across life history
stages and generational turnover rates in three 7rimma species that are abundant on Indo-
Pacific coral reefs: Trimma benjamini, T. capostriatum, and T. yanoi. The Trimma species
examined had small body sizes of <25 mm and short lifespans of less than 140 days, potentially
enabling them to produce over three generations annually. Three growth models were
compared (Modified Fry Model, Body Proportional Hypothesis, and the Biological Intercept
Model) to back-calculate growth at ages prior to capture, and the Body Proportional Hypothesis
statistically performed the best in each species. Each species displayed similar growth patterns,
with growth rates varying across different life history stages. Growth was most rapid during
the pelagic larval phase, averaging 0.2 mm per day. The size at settlement was small, ranging
from 7.6 to 8.4 mm. Growth was initially rapid post-settlement but gradually slowed, averaging
0.16 to 0.17 mm per day during the juvenile stage. In the adult phase growth was non-
asymptotic, averaging approximately 0.15 mm per day, with 31.3% to 37.0% of total growth
occurring during this stage. Growth decreased by 8.6% — 11.7% following maturation, which
is minor compared to the patterns observed in larger fish species. My findings support the
expanding literature suggesting cryptobenthic reef fishes exhibit unique life history traits that

could be associated with their small maximum body size.
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4.2 Introduction

There is a wide diversity of growth strategies in the animal kingdom that have important
implications for a species’ life history, behaviour and ecology (Peters, 1983). Somatic growth
is the increase in body size or weight over time and is a critical trait that influences individual
survival and reproduction, which has important implications for population dynamics and
energy fluxes in ecosystems (Anderson, 1988; Barneche et al., 2018; Brown et al., 1993;
Savage et al., 2004). Divergent growth strategies are associated with fundamental trade-offs in
life history evolution. Rapid growth is often associated with early maturation, high
reproductive effort, short lifespan, and small body size, while slow growers may spread their
breeding over long lives and reach large body sizes (Calder, 1984; Roff, 1992; Stearns, 1992).
Many animals grow to their maximum body size early in life (determinate growth), while
others, such as many fishes, continue to grow throughout their lives (indeterminate growth)
(Lincoln et al., 1982; Sebens, 1987). Growth rates may also differ within a species as they
adopt distinct growth strategies across various life history stages (Borgstein ef al., 2020; Roff,
1992; Stamps et al., 1998; Stearns, 1992). Determining when and why animals grow fast, slow,
or not at all is critical to understanding their overall life history, population dynamics and

turnover, and their ecosystem roles.

Coral reef fishes have complex life histories that involve a short pelagic larval duration
(PLD), an immature juvenile stage, and a reproductive adult stage (Jones & McCormick, 2002;
Jones et al., 2002; Leis & McCormick, 2002; Sale, 2002). Growth of fishes is likely to change
as they transition between life history stages, and is generally fastest in the larval stage, slower
in the juvenile stage, and decelerates or ceases altogether in the adult phase (Anderson, 1988).
Rapid larval growth is usually selected for under natural selection, as larvae with accelerated

growth and development have an increased chance of survival and successful recruitment
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(Depczynski & Bellwood, 2006; Goatley & Bellwood, 2016). Growth in the juvenile phase
generally slows following settlement onto the reef due to protective habitats, larger body size,
and decreased naivety to predators (Beeken et al., 2021; Depczynski & Bellwood, 2006; Leis
& McCormick, 2002; Winterbottom et al., 2011; Winterbottom & Southcott, 2008). Finally,
most adult fishes experience asymptotic growth, where energy previously allocated to somatic
growth is utilised in reproduction (Roff, 1992; Stamps et al., 1998; Stearns, 1992). However,
while this may apply to some fishes, there is evidence that growth may persist linearly beyond
maturity in some fish species (Beeken et al., 2021; Depczynski & Bellwood, 2006;

Winterbottom et al., 2011; Winterbottom & Southcott, 2008).

Knowing the timing of life history stages specific to different species is a crucial
prerequisite to understanding growth changes that occur throughout these stages. Sagittal
otoliths are calcified structures found within the brain cavity of fishes. These structures offer
valuable insights into the timing of different life history phases (Choat & Robertson, 2002;
Goldsworthy et al., 2022; Wilson & McCormick, 1999). Sagittal otoliths accumulate
increments either annually or daily in older and younger fish, respectively, and can therefore
be used to determine fish age and lifespan (Choat & Robertson, 2002). Additionally, otoliths
contain a settlement mark that defines the age boundary between the larval and juvenile stages.
This mark is characterised by a decrease in otolith increment width and/or optical contrast after
settlement (Goldsworthy et al., 2022; Wilson & McCormick, 1999). The age at maturation can
be determined by fitting a logistic regression to the proportion of immature individuals versus
mature females, which establishes the boundary between the juvenile and adult stages
(Goldsworthy et al., 2022; Hernaman & Munday, 2005b; Lowe et al., 2021). The maximum

age, determined by the fish with the greatest number of rings in each species, provides insights
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into the duration of the adult phase (Goldsworthy et al., 2022; Winterbottom & Southcott,

2008). A holistic overview of growth can be attained by modelling growth during these phases.

Examining the relationship between fish age and length at capture is the most utilised
technique to model growth (Choat & Robertson, 2002; Green et al., 2009; Ogle, 2016). Yet, it
can be difficult to collect specimens in the early life history stages and is therefore mainly
restricted to establishing post-settlement (Gwinn et al., 2010; Vigliola & Meekan, 2009).
Alternatively, the early life history growth of fishes can be reconstructed at ages prior to capture
using historical evidence held in the otoliths. This is achieved by the application of back-
calculation models to otolith increment width measurements to determine lengths at previous
ages (Francis, 1990; Vigliola & Meekan, 2009). These models assume that there is a
relationship between otolith growth and somatic growth (OSG), so it is essential that this
relationship is assessed beforehand (Vigliola & Meekan, 2009). There are several back-
calculation methods which have been reviewed by Vigliola and Meekan (2009) who
determined that the Modified Fry back calculation model was the most appropriate in general.
However, other studies have shown that the optimal model varies depending on the species
examined (Smedstad & Holm, 1996; Starrs et al., 2013; Vigliola et al., 2000; J. A. Wilson et
al., 2009). As poorly fitting models can lead to incorrect interpretations of growth, it is
therefore important where possible to validate these methods either experimentally (e.g.
Roemer & Oliveira, 2007), or by comparing back-calculated datasets to ages and lengths at
capture (e.g. Starrs et al., 2013). This is especially essential for fishes that may not conform to

the general trends in growth seen across different life history stages.
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The cryptobenthic reef fishes (CRFs) are among the smallest and shortest lived
vertebrates on the planet; many with maximum adult body length of <50 mm and maximum
lifespan of <150 days (Depczynski & Bellwood, 2003). Although these fishes exhibit the same
three life history stages of most coral reef fishes, CRFs have distinct traits that may be
associated with small body size that are atypical to their larger counterparts. These traits include
extreme mortality, reduced longevity, a long PLD relative to lifespan, early maturation, a short
reproductive life, and fast generational turnover rates (Depczynski & Bellwood, 2006;
Hernaman & Munday, 2005a, 2005b; Winterbottom et al., 2011; Winterbottom & Southcott,
2008). Additionally, many CRFs have unique growth patterns during certain life history stages.
Like larger fishes, CRFs tend to have rapid larval growth, then growth slows in the juvenile
stage (Beeken et al., 2021). What distinguishes CRFs is their capacity to sustain continued
growth throughout adulthood, in contrast to the majority of other fishes, where growth
generally slows substantially after reaching reproductive maturity (Depczynski & Bellwood,
2006; Hernaman & Munday, 2005a, 2005b; Winterbottom et al., 2011; Winterbottom &
Southcott, 2008). However, current literature of growth strategies in CRFs is mainly limited to
post-settlement growth, with few studies encompassing growth across all life history stages,
including larval, juvenile, and adult growth (but see Beeken et al., 2021). These strategies have
clear implications for the high turnover of CRF populations and their functional roles as
productive sources of nutrition for other reef organisms (Ackerman & Bellwood, 2000; Beeken
etal.,2021; Brandl et al., 2018; Brandl et al., 2019; Depczynski & Bellwood, 2006; Depczynski

et al., 2007; Galland et al., 2017; Winterbottom et al., 2011).

This aim of this study was to analyse growth during the larval, juvenile, and adult life
history stages in three cryptobenthic goby species of the genus Trimma in Kimbe Bay, Papua

New Guinea (5.1667° S, 150.5000° E). Trimma is a speciose genus of Indo-Pacific CRFs,
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currently containing 105 species (Winterbottom, 2019). Several Trimma species are present in
Kimbe Bay, which is situated in the biodiverse Indo-Pacific Coral Triangle. Trimma benjamini,
T. capostriatum and T. yanoi are among the benthic group of 7Trimma species that perch on
hard substrata and are highly abundant on coral reefs in Kimbe Bay (Goldsworthy et al., 2022;
Winterbottom, 2019; Winterbottom et al., 2011). No studies have been conducted to evaluate
the growth of CRFs in this biodiversity hotspot. Body size and age distributions were examined
in all three species, where small body size was predicted to be associated with rapid growth,
short lifespan, and fast generational turnover. Three different otolith back-calculation methods
were also assessed, with the expectation that the Modified Fry model would most appropriately
describe ontogenetic changes in growth trajectories of 7Trimma. As is common in most coral
reef fishes, the hypothesis was that growth would be (1) most rapid in the larval stage; (2)
remain rapid immediately following settlement due to the naivety and small size at settlement,
then decrease throughout the juvenile stage; and (3) continuous during adulthood, as seen in

some other CRFs.

4.3 Methods

4.3.1 Study site, specimen collection and sample processing

Sampling was conducted during November and December 2019 at reefs in Kimbe Bay,
Papua New Guinea (5.1667° S, 150.5000° E). 129 T. benjamini, 102 T. capostriatum, and 122
T. yanoi specimens were collected at random on SCUBA using a fine hand net and 5:1 ethanol:
clove oil anaesthetic solution. Fish were humanely euthanized by immersion in a 50% water,
50% ice slurry shortly after surfacing. Specimens were blotted dry then measured to 0.5 mm
standard length (L) The head of each fish was sectioned from the body. Heads were preserved

in 70% ethanol, and bodies were fixed in a formaldehyde 4%, acetic acid 5%, calcium chloride
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1.3% (FAACC) solution for three days, then transferred to 70% ethanol (Goldsworthy et al.,

2022).

4.3.2 Otoliths processing and determination of age and increment measurements

Otoliths were removed from the brain cavity, cleaned, and fixed to glass slides using
Crystalbond 509™ thermoplastic glue with the convex side facing downwards. The surface of
each otolith was polished using lapping film and water on a glass plate until a thin section was
achieved (Figure 4.1a). Otoliths were coated in immersion oil, viewed on a BX43 Olympus
microscope, and photographed at 200x and 400x magnification with an Olympus EP50 digital
camera. Image] software (Schneider et al., 2012) was used to count growth increments from
the otolith primordium to edge (Figure 4.1b). Two counts of each otolith were undertaken, and
the mean of these two counts was used. A third count was conducted if the two initial counts
differed by >10% of the mean. The mean of the closest two counts was then used, provided
that all 3 counts were within 10% of the mean. This value corresponded to the age of the fish
in days, as growth increments were assumed to be deposited daily as with other CRFs (e.g.,
Depczynski & Bellwood, 2006; Depczynski & Bellwood, 2005a; Hernaman & Munday, 2005a;

Hernaman et al., 2000; Longenecker & Langston, 2005; Winterbottom et al., 2011).

The widths of otolith increments were measured using ImageJ software (Schneider et
al., 2012) in a straight trajectory 90° from the longest axis, as this was the trajectory with the
greatest microstructure clarity in all otoliths (Figure 4.1¢). Unmeasurable otoliths were omitted

from the analysis. Otolith radius was taken as the total of all increment widths in each otolith.

4.3.3 Establishing age at life history milestones and generational turnover

As described in Goldsworthy et al. (2022), the PLD (mean + 95% confidence interval)

was 32.9 + 0.4 days in T. benjamini, 37.7 = 0.4 days in T. capostriatum, and 36.1 + 0.3 days in
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T. yanoi. This study builds on Goldsworthy et al. (2022) by validating the age at settlement
using otolith growth increments. The average width of each growth increment was plotted
against the age in days, with the expectation that these increments would decrease after the
settlement mark, as a result of the transition from the pelagic larval stage to benthic life (Wilson
& McCormick, 1999). The age at maturity (AM) for 7. benjamini, T. capostriatum and T. yanoi
was 74.1 £ 3.1, 82.1 = 3.4, and 81.7 = 3.4 days, respectively (Goldsworthy et al., 2022).
Maximum age (Tna) was defined as the age of the individual with the greatest number of

growth rings for each species.

Generational turnover was calculated from AM and Tuax for each species using the
formula (Table A3. 1.1):

T, — AM

GT = AM + (L)
2

This equation estimated the number of days required for a new generation to be

produced (Depczynski & Bellwood, 2006). The potential number of generations produced

annually was calculated by dividing 365 by the generational turnover.

4.3.4 Assessing the otolith-somatic growth (OSG) relationship

To examine the nature of the OSG relationship, two different models were fit to the
radius at length data for each species in R (R Core Team, 2021). A generalised linear model
(Table A3. 1.2) was used to determine if a linear relationship existed, and second-degree
polynomial model (Table A3. 1.3) was used to establish if curvature existed. Akaike
information criterion (AIC, Table A3. 1.4) was used to determine the model of best fit. A
difference in AIC scores of > 2 units indicated variation in model fit and a lower AIC score
indicated a better fitting model. If AIC scores were within < 2 units of one another, the most

conservative model was used.
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4.3.5 Back-calculation of lengths at previous ages

Three back-calculation methods were then applied to the otolith increment data to
estimate fish L, at previous ages: the experimental version of the Modified Fry model (MF
model, Table A3. 1.5) (Vigliola et al., 2000), the Biological Intercept model (BI model, Table
A3. 1.6) (Campana, 1990), and the Body Proportional Hypothesis model (BPH model, Table
A3. 1.7) (Francis, 1990). These three models were chosen as they were recommended by
Vigliola and Meekan (2009) in a comprehensive review of back-calculation methods in fishes.
Back-calculation methodology was used to determine growth as it produces more reliable
estimates of growth than using otolith radius alone. Back-calculations were performed in R

using the backCalc()function in the RF1sShBC package (Ogle, 2019; R Core Team, 2021).

4.3.6 Population growth curves

Following back-calculations, polynomial mixed effect models of degrees 1-10 (Table
A3. 1.3) were fitted to back-calculated Ls for each species and back-calculation method to
create population growth curves. Polynomial models were chosen over the traditional Von
Bertalanffy model as they are suitable for fishes where growth shows linearity (Ogle et al.,
2017), which is demonstrated in CRFs such as Trimma (Depczynski & Bellwood, 2006;
Winterbottom et al., 2011; Winterbottom & Southcott, 2008). In each polynomial model,
growth (Ls ~ age) was incorporated as a fixed factor to estimate population level effects, and
individual fish were included as a random factor, with variable intercept and slope parameters
to estimate variability among individuals. This method also accounts for the longitudinal and
autocorrelated nature of datasets generated from back-calculations, which originate from
multiple observations per otolith (Ogle et al., 2017; Vigliola & Meekan, 2009). K-fold cross-
validation (with K = 10 folds) was utilised to calculate the average mean squared error (MSE)

for each polynomial model, to identifying the degree of polynomial that demonstrated both
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conservatism and a satisfactory fit. A lower cross-validated MSE indicated a superior model
fit, where a difference exceeding 0.01 was deemed significant (Berrar, 2018). Using the
optimum polynomial model, mean back-calculated Ly and 95% confidence intervals were made
for the entire age range of each species using the emmeans package in R (Lenth, 2021). This
was conducted for each species and back-calculation model, resulting in a population growth
curve that transitioned through larval, juvenile, and adult life history phases for the MF, BI,

and BPH models.

4.3.7 Back calculation model selection

To determine which of the MF, BI or BPH methods best described growth in each
species, population growth curves were compared to the observed L; at capture. This could not
be undertaken for larval growth due to no individuals captured, measured, and aged in the larval
phase, however, I assumed that models that adequately described post-settlement growth also
described larval growth. Residuals were calculated as back calculated Lg - Lg at capture
and were plotted with fish age to examine the fit of each back-calculation method over the
range of observed ages. A locally weighted regression smoother was added to assist with
uncovering patterns in the residuals. Residuals were squared and summed (RSS) and averaged
to return the MSE, where lower RSS and MSE values provided further evidence of a better

fitting population growth curve.

4.3.8 Growth throughout larval, juvenile, and adult life history stages

Body size at settlement and maturity for each species was estimated from age at
settlement and maturity using the optimum population growth model equation. For each
species, the proportion of growth that occurred in each phase relative to the total growth was

determined by:
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L at settlement

L | phase:
arval phase Maximum L

Lg at maturity — Lgsat settlement

uvenile phase:
] P Maximum L

Lg at maturity — Maximum Lg

Adult phase:
it phase Maximum Lg

Where maximum Ly was defined as the maximum L; on the growth curve

Growth rate (G;, mm/day) was determined by differentiating the optimum population
growth model selected (Table A3. 1.8) and applying the derived equation across the entire
range of ages for each species (Vigliola et al., 2000). Differences in the in mean daily growth
rate among life history stages was subsequently analysed with a generalised linear model

(Table A3. 1.2) and significance of these differences were assessed by pairwise comparisons.

4.4 Results

4.4.1 Body size, age, and generational turnover

Each species attained a small adult body size. L; of specimens ranged from 9.5 — 24
mm (mean + 95% confidence interval = 17.2 £ 1.1 mm) in 7. benjamini, 10.5 —24.5 mm (17.6
+ 1.2 mm) in 7. capostriatum and 9 — 22 mm (15.6 £ 1.3 mm) in 7. yanoi (Figure 4.2). As
predicted, these fishes exhibited short lifespans and fast generational turnover. Age ranged
from 43 — 130 days (87.8 = 6.9 days) in T. benjamini, 52.5 — 137.5 days (99.5 + 7.6 days) in T.
capostriatum and 37.5 — 126.5 (82.7 = 8.7 days) in T. yanoi (Figure 4.2). Generational turnover
ranged from 102 — 110 days (Table 4.1) and thus each species potentially produces 3.3 — 3.6

generations every year (Table 4.1).

4.4.2 Validating age at settlement using increment widths
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The increment widths and otolith radii of 128 7. benjamini, 95 T. capostriatum and 116
T. yanoi individuals were measured. The settlement mark was determined in all individuals
(Figure 4.1b). As expected, increment widths increased leading up to settlement, reached a
peak near settlement, and then decreased significantly after settlement as individuals

transitioned from pelagic to benthic life (Figure 4.1d).

4.4.3 Assessing the otolith-somatic growth (OSG) relationship

There was a positive OSG relationship in all species examined. This relationship was
best described by a 2" degree polynomial model in 7. benjamini, generalised linear model in
T. capostriatum, and a 2" degree polynomial model in 7. yanoi (Figure 4.3, Table A3. 2).
Nonetheless, curvature in the OSG relationship of 7. benjamini and T. yanoi was weak, and a
generalised linear model still provided a good fit (Table A3. 2). A largely linear OSG
relationship confirmed the use of the experimental version of the MF model, and linear versions

of the BI and BPH models.

4.4.4 Back-calculation of lengths at previous ages

Back calculations were applied successfully to 128 T. benjamini, 95 T. capostriatum,
and 116 T. yanoi using the MF, BI and BPH models (Table A3. 1.5, Table A3. 1.6, Table A3.
1.7), resulting in a total of 11,125 (T. benjamini), 9,384 (T. capostriatum), and 9,449 (T. yanoi)
back calculated standard lengths for each back calculation model. Each individual fish in the
sample exhibited a unique growth trajectory that spanned its entire age range (Figure 4.4a,

Figure A3. 2a, Figure A3. 3a).

4.4.5 Population growth curves

For each species, a 3™ degree polynomial model was identified as optimal for back-

calculated datasets generated by the MF model (Figure A3. 1, Table A3. 3, Figure A3. 2). For



Ecology and Life-History of Coral Reef Fishes of the Genus 7rimma 95

back calculated datasets generated by the BI model, polynomial models of the 4" degree were
selected for each species (Figure A3. 1, Table A3. 3, Figure A3. 3). 4" degree polynomial
models were also selected for each species for back calculated datasets generated by the BPH

model Figure A3. 1, Table A3. 3, Figure 4.4).

4.4.6 Back calculation model selection

The BPH model provided the most accurate trajectory of growth in all species (Figure
4.4, Table A3. 4). Back-calculated L, generated by the BPH model and analysed by polynomial
mixed effect models of the 4" degree followed closely to the L, of captured individuals,
visualised by minimal patterning in the residuals vs. age plots (Figure 4.4b). In addition, the
BPH model had slightly lower RSS and MSR values than the Bl model, and significantly lower
values than MF model in all species examined (Table A3. 4), providing additional evidence
that the BPH model produced the best representation of growth. The MF model severely
overestimated Ly at the lower end of the post settlement age spectrum, and underestimated L
in the older ages, demonstrated by a diagonal distribution of residuals (Figure A3. 2, Table A3.
4). The BI model provided the next best fit after the BPH model, showing comparable results

but slightly greater deviations from ages and lengths at capture (Figure A3. 3, Table A3. 4).
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Figure 4.1: a) Photograph of a whole processed Trimma yanoi otolith. b) Enlarged image showing daily
growth increments from the otolith primordium to edge. Circled and enlarged is the settlement region.
Arrow points to the settlement mark. Note that not all rings are visible at these magnifications. ¢) Widths
of growth increments measured in a straight line 90 degrees from the longest axis. d) Mean increment
width (£ 95% confidence intervals) at each increment number from the settlement-mark (i.e., settlement
= 0 indicated by the dashed line.
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Table 4.1: Estimated generational turnover (days) and
number of generations per year for 7Trimma benjamini (n =
129), T. capostriatum (n = 102), and 7. yanoi (n = 122)

Generational Generations
turnover (days) per year

Mean + 95% confidence interval

Lrimma 102+ 1.5 3.58+0.1
benjamini
Trimma

. 109.8 £ 1.7 332+0.1

capostriatum

Trimma

. 104.1+£1.7 3.51+0.1

Yanoi
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Figure 4.3: Relationship between otolith radius and somatic growth (OSG relationship).
Displayed are the best fitting models for each species: a second — degree polynomial in 7.
benjamini and T. yanoi and a generalised linear model in 7. capostriatum.
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Figure 4.4: a & b) Modelled population growth curves across larval, juvenile, and adult life history stages for
Trimma benjamini, T. capostriatum, and T. yanoi. Solid regression lines and shaded ribbons represent polynomial
mixed-effects models of the 4th degree + 95% confidence intervals (model equations for each species are
displayed in a box). Dashed and dotted lines represent the age at settlement and maturity for each species,
respectively. a) Displays growth curves fitted to individual fish growth trajectories back-calculated using the Body
Proportional Hypothesis model. b) Illustrates growth curves against the ages (days) and standard lengths (mm) of
individuals at the time of capture. Residual plots depict the deviations between the population growth model and
observed ages and lengths at capture, with lines showing a locally weighted regression smoother applied to these
residuals.
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4.4.7 Growth throughout larval, juvenile, and adult life history stages

The larval phase accounted 31.3% - 38% of total growth (Table 4.2). As hypothesised,
out of all the life history phases, growth curves were the steepest in the larval phase (Figure

4.4), where growth was 0.207 mm/day on average in each species (Figure 4.5a).

Ly at settlement was on average 8.3 £ 0.2 mm in 7. benjamini, 7.6 £ 0.2 mm in T.
capostriatum, and 8.4 + 0.2 mm in T yanoi. 29.8%, - 31.8% of growth occurred in the juvenile
phase (Table 4.2). In all species, Juvenile growth was high immediately after settlement, and
gradually decreased as the juvenile stage progressed (Figure 4.4). Growth in the juvenile stage
was 0.171, 0.160 and 0.162 mm/day on average in T. benjamini, T. capostriatum and T. yanoi,
respectively (Figure 4.5a). The growth rate of juvenile 7. benjamini was 0.036 mm/day slower
compared to larval growth, representing a 17.4% decrease. For T. capostriatum, juvenile
growth rates were 0.047 mm/day slower than larval growth, corresponding to a decrease of
22.8%. T. yanoi also showed a decrease in growth during the juvenile stage, with growth rates

being 0.045 mm/day or 21.7% slower compared to larval growth (Figure 4.5b).

Body size at maturity was 15.3 = 0.4 mm in 7. benjamini, 15.0 £ 0.4 mm in T.
capostriatum and 15. = 0.4 mm in 7. yanoi. The adult phase accounted for 31.3% - 37.0% of
growth (Table 4.2), and growth rates were 0.151, 0.146, and 0.148 mm/day in 7. benjamini, T.
capostriatum and T. yanoi, respectively (Figure 4.5a). Growth was approximately linear
throughout the adult life history phase and did not reach a plateau (Figure 4.4). In contrast to
juvenile growth, the adult growth decreased by an average of 11.7% (0.020 mm/day) in 7.
benjamini, 8.8% (0.014 mm/day) in T. capostriatum, and 8.6% (0.014 mm/day) in 7. yanoi

(Figure 4.5b).
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Table 4.2: Proportion of growth that occurred in larval, juvenile, and adult life history phases
relative to total growth. Values are derived from the Body Proportional Hypothesis optimum
growth equations (Figure 4.4).

Proportion of growth (%) in each

life history phase
Larvae Juvenile Adult
Trimma benjamini 354 29.8 34.8
Trimma capostriatum 38.0 30.7 313
Trimma yanoi 31.3 31.8 37.0
0.22
a) b) Juvenile - Larvae 1 —— :
Adult - Larvae e :
| § * Adult - Juvenile 1 e :
0.20 :
€ Larvae
W Jigenils Juvenile - Larvae 4 —— .
A rout ] :
018 £ Adult - Larvae A —_— |
. = i
O Adult - Juvenile 1 ——
1
&
a1¢ a Juvenile - Larvae 4 :
A Adult - Larvae :
A Adult - Juvenile :
1
014 008  -006 -004 -002  0.00
Growth difference (mm/day)

. T. benjamini . T. capostriatum T. yanoi

Figure 4.5: a) Mean back-calculated growth rate (mm/day + 95% confidence intervals) in larvae,
juvenile, and adult life history phases, derived from the Body Proportional Hypothesis optimum
population growth equations (Figure 4.4). b) Pairwise comparisons showing the mean difference
(mm/day £+ 95% confidence intervals) in growth between each life history phase. In a and b, species
Trimma benjamini, T. capostriatum and T. yanoi are represented by different colours.
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4.5 Discussion

These findings contribute to a growing body of evidence that suggests CRFs, such as
Trimma, exhibit extreme life history traits that are unique from their larger counterparts. The
Trimma species examined were characterised by distinct traits that could be related to their
small body size of <25 mm, including reduced longevity of <140 days and the ability to produce
over three generations annually. Each species exhibited similar growth patterns, where growth
varied across different life history stages. As expected, the highest growth rates were observed
during the pelagic larval phase. Size at settlement was small at 7.6-8.4 mm, and growth slowed
gradually following settlement. Adult growth was non-asymptotic, with 31.3% - 37.0% of total
growth occurring in this phase, and minor reductions (<12%) in growth occurring after
maturation relative to patterns seen in larger fishes. The following sections discuss the
significance of such life history traits and the flow on implications for CRF survival and energy

fluxes on coral reefs.

Larval growth in the Trimma species examined was the was the fastest out of all life
history stages, which is commonly observed among coral reef fishes (Leis & McCormick,
2002). Rapid larval growth may reduce the high mortality rates experienced in this stage
(Anderson, 1988). Larval fish face mortality rates of over 99% due factors such as predation
and starvation, which can be attributed partially to body size (Leis & McCormick, 2002; Shima
et al., 2021). Smaller larvae face increased vulnerability due to a higher number of predators
capable of consuming them (Wilson & Meekan, 2002). In addition, smaller larvae have reduced
prey availability and lower feeding success as a result of their small body and oral gape size
(Pepin, 2023). Hence, faster increases in larval body size can lead to greater survivorship and
decreased mortality, which consequently may result in improved recruitment onto the reef

(Bergenius et al., 2002; Leis & McCormick, 2002; Wilson & Meekan, 2002). Successful
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recruitment from the plankton, mediated by larval growth, is necessary for the stability or
growth of coral reef fish populations (Wilson & Meekan, 2002). However, this may be
especially important for CRFs due to additional life history pressures (Lefévre et al., 2016).
CRFs have high lifetime mortality mainly due to their small body size (Depczynski &
Bellwood, 2006; Goldsworthy et al., 2022; Winterbottom et al., 2011), which is offset by high
population turnover rates of 3 — 4 and 4 — 8 generations produced per year in Trimma and
Eviota (Depczynski & Bellwood, 2006), respectively. Therefore, in order to maintain stable
populations, small fish species require a higher occurrence of successful recruitment events
compared to larger species (Lefeévre et al., 2016). When confronted with environmental
changes that affect larval growth, such as alterations in food availability (Platt et al., 2003),
predator abundance (Anderson, 1988), temperature (Pepin, 1991), hydrodynamics (China &
Holzman, 2014), or disruptions in lunar light emission (Shima et al., 2021), the population
dynamics of small fish species may be more rapidly affected compared to their larger
counterparts (Brandl et al., 2018; Goatley et al., 2016).

Upon settlement, juvenile growth remained high immediately, then gradually declined
as the juvenile stage advanced. This pattern was expected, considering that small and
inexperienced recruits remain highly vulnerable to predation (Almany & Webster, 2006;
Doherty et al., 2004). The small size at settlement, ranging from 7.7 — 8.4 mm, exposes them
to a suite of predators. Additionally, fresh recruits often lack the skills and traits to effectively
evade predators, as they are confronted with new reef predators that have different attack
techniques compared to pelagic predators previously encountered in the larval stage. (Goatley
& Bellwood, 2016; McCormick & Holmes, 2006). In such circumstances, mortality rates in
this life history stage can exceed 60% (Almany & Webster, 2006). Increases in growth during
this phase can be an advantage, where 1 mm increases can reduce gape-limited predators and

potentially extend their lifespan by approximately 11 days (Goatley & Bellwood, 2016).
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However, this phase of heightened mortality and rapid growth is typically short-lived. As fishes
encounter predation of conspecifics, they learn to avoid specific predators using visual and
olfactory cues (McCormick & Holmes, 2006; McCormick & Manassa, 2008). Therefore, while
the initial juvenile period is marked by extreme mortality and rapid growth, it may gradually

subside as the fish grow and learn strategies escape predation (Goatley & Bellwood, 2016).

Growth in each species did not plateau in adulthood, with 31.3% - 37.0% of the total
growth occurring in this phase, and minor (8.6% — 11.7%) reductions in growth rates compared
to the juvenile phase. Growth is determinate in many larger coral reef fishes such as lutjanids
and acanthurids. These fishes exhibit rapid linear growth during early life history, where
growth almost stops completely after maturation (Audzijonyte & Richards, 2018; Munday &
Molony, 2002). Herein, just 20% to 40% of growth occurs during the final 75% of the lifespan,
as energy once utilised in somatic growth is directed to reproduction (Choat & Robertson,
2002). In other larger fishes such as Plectropomus spp., somatic growth takes place across a
broader size range and decreases slowly following maturity and spawning (Fukuda & Sunobe,
2020; Fukuda, Tanazawa, et al., 2017; Manabe et al., 2008; Sakurai et al., 2009; Sunobe &
Nakazono, 1990; Sunobe et al., 2017; Wong et al., 2008). CRFs such as Trimma and Eviota
display contrasting growth patterns (Depczynski & Bellwood, 2006; Winterbottom et al., 2011;
Winterbottom & Southcott, 2008). The growth curves suggest that 77% — 83 % of growth
occurs in the last 75% of life of life. It is noteworthy that these CRFs can continue to grow
substantially and reproduce simultaneously, as reproduction requires significant energy to find
mates and sustain mature gonads (McCormick, 1998; Winterbottom et al., 2011).

Non-asymptotic growth in the three Trimma species may be beneficial in the presence
of life history hardships, such as reproductive limitations and extreme mortality. Continuous
growth may be advantageous with higher reproductive success that occurs with increasing body

size. For example, increases in female body size can lead to a larger clutch size (Depczynski
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& Bellwood, 2006; Wootton, 1998) and larger individuals of both sexes may exhibit greater
dominance when there is competition present (Fukuda & Sunobe, 2020; Fukuda, Tanazawa, et
al., 2017; Manabe et al., 2008; Sakurai et al., 2009; Sunobe & Nakazono, 1990; Sunobe et al.,
2017; Wong et al., 2008). Increases in the body size of Trimma and corresponding reproductive
advantages throughout their lives may be beneficial due to their short reproductive lifespans of
<50 days and the need to reproduce efficiently (Goldsworthy et al., 2022). Such growth patterns
may be achievable by consuming an energy rich diet, increasing feeding rates or attaining food
items that require less energy to forage (McCormick, 1998; Winterbottom et al., 2011).
Alongside reproductive benefits, this phenomenon may be an advantage with extreme
lifetime mortality on coral reefs. It is well established that early life history stages fishes exhibit
linear growth to account for the heavy predation rates that come with a small body size
(Anderson, 1988; Goatley & Bellwood, 2016; Shima & Findlay, 2002; Wilson & Meekan,
2002). This theory may be applied to CRFs throughout all life history stages as a result of their
small size. The growth curves suggest the Trimma examined mature at 15 — 15.5 mm and attain
a maximum size of < 25 mm, which is consistent with previous literature (Goldsworthy et al.,
2022; Winterbottom et al., 2011). Goatley and Bellwood (2016) demonstrate that mortality
rates decrease drastically after reaching a size threshold of 43 mm. However, the Trimma
species examined, along with many other CRFs, never reach this size limit where mortality
declines and growth asymptotes (Depczynski & Bellwood, 2006; Goldsworthy et al., 2022;
Winterbottom et al., 2011; Winterbottom & Southcott, 2008). Thus, 7rimma remain at elevated
risk of predation throughout their lives. Although predation is difficult to capture in situ, there
are several points to support this, including: 1) increased longevity of CRFs in the absence of
predators (Randall & Delbeek, 2009), i1) reproductively active individuals present even at
maximum longevities (Depczynski & Bellwood, 2006; Goldsworthy et al.,, 2022;

Winterbottom et al., 2011; Winterbottom & Southcott, 2008), iii) exhibition of extreme
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mortality rates of up to 8% per day and short lifespans <140 days (Depczynski & Bellwood,
2006; Goldsworthy et al., 2022; Winterbottom et al., 2011; Winterbottom & Southcott, 2008),
and finally, iv) CRFs are consumed by any predator that is able to catch them (Goatley et al.,
2017), which invites the possibility that these fishes are important prey species on coral reefs
(Brandl et al., 2018).

Surprisingly, the BPH back calculation model followed by the BI model outperformed
the MF model in all species, contrary to the expectation that the MF model would be superior
(Vigliola & Meekan, 2009). Indeed, the MF model produced the best estimates of size in
Elacatinus evelynae and E. prochilos (J. A. Wilson et al., 2009) and Diplodus sargus, D.
vulgaris and D. puntazzo (Vigliola et al., 2000). However, there are exceptions where other
methods were adequate. For example, the best estimates of size was obtained by the BI and
Time-varying Growth models in early life history Mogurnda adspersa (Starrs et al., 2013), and
the Age Effect model in Salvelinus leucomaenis (Morita & Matsuishi, 2001). Starrs et al.
(2013) explain that fishes with longer lifespans and more complex OSG relationships may be
more suitably modelled by the MF model, whereas simpler methods may be better where the
OSG relationship is near linear. Therefore, the superior performance of the simple BPH model
may be attributed to the linear or near-linear OSG relationships observed in the examined
Trimma species. This highlights the need for a review of the most appropriate back-calculation
model in small and short-lived coral reef fishes with atypical growth patterns compared to
larger fishes.

Extreme life history characteristics associated with a small adult body size of three
Trimma species are prevalent among other CRFs, and highlight their potential to be large
players in energy flow on coral reefs (Beeken et al., 2021; Brandl et al., 2019; Depczynski &
Bellwood, 2006; Depczynski et al., 2007; Winterbottom et al., 2011; Winterbottom &

Southcott, 2008). With >3 generations produced annually and continuous growth throughout
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life, CRFs such as Trimma may be a continuous and regenerative source of nutrients and energy
for other reef consumers (Brandl et al., 2018; Depczynski & Bellwood, 2003; Depczynski et
al., 2007; Morais & Bellwood, 2020). Investigating the spawning dynamics of 7rimma should
be a focus of future research, as a comprehensive understanding of these patterns is crucial to
for population dynamics and their ecosystem implications. When CRF life history traits and
population dynamics are considered, it is estimated juveniles and adults can deliver
productivity of up to 2.31 kg ha™! d”! on healthy coral reefs, (Brandl, Johansen, et al., 2020;
Morais & Bellwood, 2019, 2020), and account for almost 60% of fish biomass consumed on
the reef (Brandl et al., 2019). Determining growth across life history stages is a step towards
underpinning the ecosystem importance of 7rimma on coral reefs. Future studies can progress
and build upon this to better understand the many ecosystem processes that are influenced by

growth.
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Chapter 5: Trophic dynamics of three small and short-lived coral reef

fishes of the genus Trimma

5.1 Abstract

Small animals may have the ability to convert microscopic food into biomass, a form of energy
that is accessible to larger predators. Small-bodied cryptobenthic reef fishes (CRFs) exploit a
variety of food items and may be important food sources for other coral reef dwellers. However,
knowledge regarding the trophic niches of small and abundant CRFs of the genus Trimma is
lacking. The aim of this study was to investigate the trophic dynamics of Trimma benjamini,
T. capostriatum, and T. yanoi by examining their feeding behaviour, food items consumed,
food origins (benthic or pelagic), trophic interactions, and ecological morphology. The
majority of individuals (79.7% to 93.4%) were actively engaged in feeding at a rate of 2.8 to
3.2 events per minute. These species consumed pelagic items >99% of the time, where
identifiable stomach content revealed a diet consisting mostly of Mollusca larvae (Gastropoda
and Bivalvia 32% - 48.3%) and Copepoda (14.2 — 28.9 %), though there were high amounts of
unidentifiable dietary items. The physical attributes of Trimma, such as gape and eye
morphology, were well-suited for capturing small and mobile prey. Though complete predation
was not observed, 10.2% to 18.5% of Trimma individuals noticeably avoided fishes of the
family Labridae and experienced a significant decrease in feeding rate of 45.2% to 80.8% at
these times. Interferences by conspecifics or other fish species did not lead to a reduction in
feeding rate. Trimma had morphological traits that included cryptic colouration, an elongated
body shape, and a reduced caudal fin aspect ratio, which might be beneficial for predator
avoidance. This study suggests that 7Trimma may play ecological roles in importing energy

from the pelagic environment and potentially transferring it to predatory organisms.
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5.2 Introduction

The trophic niche refers to the place of an organism within the environment, regarding
both its food sources and the predators that consume it (Silvertown, 2004). It is an important
part of determining the functional group of a species (Mouillot et al., 2013), and provides
insights into resource utilisation, species interactions, nutrient and energy flow, and the
ecological roles of organisms (Bierwagen et al., 2018; Hairston & Hairston, 1993; Odum, 1968;
Rigler, 1975). There are multiple trophic pathways within ecosystems that interact to form
complex food webs (Yodzis, 2001). Among these are the dynamics that occur between predator
and prey groups. Predators exert cascading effects throughout the food web, regulating the
population dynamics and behaviour of prey species (Gaynor ef al., 2019; Terborgh & Estes,
2013), while prey contribute energy and nutrients to fuel higher trophic levels (Terborgh &
Estes, 2013). Most organisms occupy intermediate positions in the trophic web and can be both
predator and prey (Weber & Lundgren, 2009). Small animals occupying such positions can
have the ability to utilise resources that are inaccessible to higher trophic levels. These
organisms may act as important links in the chain where they convert microscopic prey into

biomass that can be utilised by larger predators (Brandl et al., 2018; Yodzis, 2001).

Coral reefs host upwards of 6000 species of fish that are heavily involved in the
movement of energy and nutrients (Brandl et al., 2018; Sale, 2002). Increasing threats to these
biodiverse systems have directed attention to determining the trophic niches of fishes, which
is a key component in understanding the ecological roles they play (Bellwood et al., 2003;
Bierwagen et al., 2018; Eurich ef al., 2019). Determining dietary items and whether food is
derived predominantly from the pelagic or benthic environment is of particular importance.
Benthic feeders may be involved in nutrient and energy recycling of reef associated material

(de Goeij et al., 2013; Marnane & Bellwood, 2002), consuming items such as benthic
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invertebrates, detritus, coral, and algae (Bellwood et al., 2003; Depczynski & Bellwood, 2003;
Eurich et al., 2019; Marnane & Bellwood, 2002). Alternatively, planktivores may consume
items such as pelagic phytoplankton, copepods, or larvae entering the reef (Brandl et al., 2019;
Depczynski & Bellwood, 2003; Hamner et al., 1988; Morais & Bellwood, 2019; Saeki et al.,
2005). Food derived from the pelagic environment constitutes the most productive trophic
pathway (Morais & Bellwood, 2019) and may contribute to net energy gain on the reef (Clarke,
1999; Emery, 1968; Hamner et al., 1988; Winterbottom et al., 2011). However, many fishes
have flexible diets, and a single species can contribute to multiple trophic functions (Eurich et

al., 2019; Morais & Bellwood, 2019).

Furthermore, the role of fishes as potential prey for other organisms is important to
understand when examining the trophic niches of fishes (Silvertown, 2004). Predation stands
as a fundamental process on coral reefs, playing a critical role in the transfer of energy from
one organism to another (Mihalitsis & Bellwood, 2021). In the presence of potential predators,
prey individuals may exhibit antipredator behaviour as the flight response is activated (Brown
et al., 1999). The threat-sensitivity hypothesis suggests that prey species will make trade-offs
between avoiding predators and other activities (e.g., foraging), depending on the level of
predator threat imposed (Helfman, 1989). This may result in decrease in activity levels,
increased shelter use, and lowered feeding rates as survival becomes the priority,
overshadowing the need to forage for food (Catano et al., 2016; Lonnstedt & McCormick,

2013; Rizzari et al., 2014).

A combination of multiple methods may be used to achieve a holistic analysis of trophic
dynamics (Bierwagen et al., 2018). Analysis of stomach content paired with observations of
predator-prey interactions can identify food items consumed, origin of prey (i.e., benthic or

pelagic), determine feeding behaviour, and identify potential predators (Bierwagen et al., 2018;
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Choat et al., 2004; Depczynski & Bellwood, 2003; Fox et al., 2009; Savino & Stein, 1989). In
addition, these methods may be supplemented with the measurement of morphological traits.
Fishes may possess physical characteristics that have been linked to the performance of several
functions, including food acquisition or predator avoidance (Goatley & Bellwood, 2009;
Mihalitsis et al., 2021; Tebbett et al., 2018). Mouth and eye size can influence the ability of
fishes to capture prey (Goatley & Bellwood, 2009). The horizontal mouth gape of a fish sets a
limit on the size of prey it can consume. Fishes with larger mouths can therefore access a wider
range of potential prey, enhancing feeding opportunities (Goatley & Bellwood, 2009;
Mihalitsis & Bellwood, 2017). Larger eyes may increase the ability of a fish to perceive prey
in low-light conditions or improve visual acuity, enabling fishes to capture microscopic prey
with greater precision (Goatley & Bellwood, 2009). Furthermore, body colour, body shape and
fin aspect ratio (the relationship of fin area to fin height) are all morphological attributes that
may assist with predator avoidance. Benthic fishes that are susceptible to predation may have
a colouration that is cryptic underwater (Depczynski & Bellwood, 2004; Marshall et al., 2019),
elongated bodies that facilitate manoeuvring through narrow spaces or remaining compressed
against the benthos (Friedman et al., 2020; Herler, 2007; Mihalitsis et al., 2021), and low fin
aspect ratios that have been linked to quick bursts of swimming and manoeuvrability (Luciani
et al., 2005). Such traits may be amplified in fishes with a small adult body size (Depczynski
& Bellwood, 2004; Herler, 2007). These fishes have high mortality levels throughout all life
history stages (Goldsworthy et al., 2022) as their small size makes them available to a wide

range of predators (Brandl et al., 2018; Goatley & Bellwood, 2016).

Fishes with a maximum adult body length of less than 50 mm, benthic lifestyles, and
cryptic characteristics are known as cryptobenthic reef fishes (CRFs) (Brandl et al., 2018;
Goatley & Brandl, 2017). The trophodynamics of this group is gaining research interest for

several reasons. Firstly, CRFs possess the ability to exploit various trophic modes, including
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predatory, herbivorous, and detritivorous pathways (Depczynski & Bellwood, 2003). CRFs
have high energy requirements due to their small size, with exponentially greater mass-specific
metabolisms compared to larger fishes with similar lifestyles, resulting in increased food
uptake (Brandl et al., 2018). Additionally, CRFs are numerically abundant, exhibit continuous
growth patterns, have short lifespans, and fast generational turnover rates, making them highly
productive over time (Depczynski et al., 2007; Morais & Bellwood, 2019). The small size of
CRFs also subject them to extreme mortality due to predation, underscoring their significance
as potential prey species (Goatley et al., 2017; Goldsworthy et al., 2022). For these reasons
among others, CRFs may act as productive “trophic bridges” between microscopic food and
larger predators, with emerging evidence suggesting they are important conduits of energy and
nutrient transfer on coral reefs (Brandl et al., 2019). However, the small size of CRFs leads to
low biomass on the reef, which has historically led to their trophic contributions to coral reef
ecosystems being undervalued (Ackerman & Bellwood, 2000). Consequently, the fundamental

ecology, including the trophic niches, of most CRF species is not known (Winterbottom, 2019).

The genus Trimma (family Gobiidae) represents a remarkably diverse group of CRFs,
encompassing 105 species (Winterbottom, 2019). Members of this genus attain a small body
size of <30 mm, live less than 140 days, and have extreme daily mortality (Goldsworthy et al.,
2022; Winterbottom et al., 2011; Winterbottom & Southcott, 2008). Trimma is highly abundant
on Indo-Pacific coral reefs, and several species adopt a benthic lifestyle where they perch on
hard substrata, predominantly in coral rock caves or reef walls (Depczynski & Bellwood, 2004;
Goldsworthy, unpublished data; Herler, 2007). There is evidence to suggest that some members
of this genus are planktivores, feeding primarily on copepods (Depczynski & Bellwood, 2003;
Saeki et al., 2005) however, this knowledge is restricted to a few species and locations. For
such a diverse, abundant, and potentially ecologically important group in the Indo-Pacific

region, further knowledge of Trimma trophodynamics is necessary.
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The aim of this study was to examine the trophic ecology of three Trimma species:
Trimma benjamini, T. capostriatum and T. yanoi on coral reefs in Kimbe Bay, Papua New
Guinea. Herein, stomach content analysis, direct observational studies, and the measurements
of specific morphological traits were used to determine: 1) the proportion and feeding rate of
actively feeding individuals and the benthic vs pelagic feeding methods; 2) dietary
composition; 3) morphological features Trimma possess that may be beneficial for capturing
prey; and 4) potential predators and how Trimma may avoid predation. Since Trimma likely
have high mass-specific metabolic demands due to their small body size, it was expected that
the majority of individuals would be actively feeding and ingesting food at a high rate. |
predicted that they may be consuming pelagic and microscopic food items from previous
research on other Trimma species. However, food items consumed may differ as no studies
have examined 7Trimma diets in this location. If indeed 77imma species are consuming plankton
at a high rate, I expected that they will have morphological traits that may be advantageous for
capturing small and mobile food items. Finally, due to their small size and high mortality,
Trimma may be subjected to predation pressure from other animals, possess specific
morphological traits that could be beneficial for evading predators, and display anti-predator

responses in the presence of threats.

5.3 Methods

5.3.1 Study site, specimen collection, and sample processing

Large samples of each species (120 7. benjamini, 82 T. capostriatum, and 131 T. yanoi)
were collected between 08:00 and 16:00 (06/12/2022 — 10/12/2022) across six different reefs
in Kimbe Bay, Papua New Guinea (5.1667° S, 150.5000° E). Fish were collected via random
encounter with clove oil anaesthetic solution (5:1 ethanol: clove oil) and a 2 mm hand net on

SCUBA. After surfacing, fish were immediately euthanised in a slurry of ice (1:1 ice: water).
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Samples were transported to the laboratory, where they were blotted dry and photographed
perpendicular to the camera alongside a measurement scale. Fish heads were sectioned from
the body and photographed alongside a scale, with mouths spread open without any distortion,
and directly facing the camera. All photographs were taken using the super-macro function of

an Olympus TG 6 camera. Specimens were preserved in 70% ethanol after being photographed.

5.3.2 Observational studies

To investigate feeding behaviour and identify potential predators, observational studies
were conducted between 08:00 and 16:00. 369 T. benjamini, 167 T. capostriatum, and 259 T.
yanoi were observed and were selected by haphazard encounters over a variety of depths
between 4 m and 10 m. Each individual was observed for two minutes, and the following
behaviour was recorded. To identify feeding modes, the number of times each individual
engaged in feeding strikes, and whether they fed from the pelagic or benthic environment was
recorded. A pelagic feeding event was defined by an individual making rapid advances from
their position on the substratum to capture prey suspended in the water column. A benthic
feeding event was noted when an individual selected an item from the reef substratum. When
benthic feeding modes were exhibited, the type of substratum each individual fed from was

recorded (turf or crustose coralline algae-covered rock, encrusting sponge, encrusting coral).

To determine potential predators, whether an individual under observation experienced
interferences by other animals was also documented. In this study, an interference was defined
as aggressive behaviour exhibited by intruder-like animals within the territories of the observed
Trimma. Interferences were documented at the family level and were subsequently grouped for
analysis according to sample size. The final analysis comprised three interference categories:
"Conspecifics", "Labridae", and "Other" which encompassed individuals of the families

Pomacentridae, Blennidae, and other Gobiidae.
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5.3.3 Dietary composition

A subsample of 15 individuals per species were selected randomly from the sample
pool to analyse stomach content. For each specimen selected, stomachs were removed from
the body cavity, dissected, and emptied into zooplankton counting trays containing 70%
ethanol. The entire content of the stomach was examined with a binocular microscope and the
numerical abundance of each of the following food groups were recorded: Copepods, Mollusc
larvae (Bivalvia and Gastropod), unidentifiable animal fragments, plant matter, unidentifiable
digested material. Other animal food items were incorporated into one category “other animal”

due to minimal observations of other animals in the stomachs.

5.3.4 Morphological traits

Body length, eye diameter, horizontal mouth gape, body depth, and tail area and height
were measured from photographed specimens in image J (Schneider et al., 2012) for all
specimens. Body length was measured as standard length (Ls). Eye diameter was taken as the
largest anterior— posterior measurement of the eye. Horizontal gape was taken as the largest
horizontal measurement of the fish’s open mouth. Eye diameter and horizontal gape were
divided by Ls to get relative measurements to remove the effect of fish size (Goatley &
Bellwood, 2009). Body depth was determined by the maximum vertical measurement of the
body, excluding fins. Ls was divided by body depth to determine the body elongation index
(Claverie & Wainwright, 2014). Caudal fin aspect ratio was determined by fin height squared,
divided by fin area (Sambilay, 1990). Only caudal fins with fully extended rays were measured.

Live macro photos of each species were taken in situ to display these traits in action.

5.3.5 Data processing and analysis

The proportion of actively feeding individuals, feeding rate per minute, and pelagic

relative to benthic contributions were modelled separately among species using a series of
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generalised linear models (glms) and generalised linear mixed effect models (glmms). These
models assessed the random effects of site and depth and/or tested different statistical

distributions to determine the optimum model for each response variable.

Throughout this study, optimum models were selected by Akaike Information Criterion
(AIC., Sakamoto et al., 1986). Lower AIC scores indicated superior model fit, given a
minimum difference of two AIC units, along with satisfactory residual distributions. All glms
and glmms in this study were conducted in R (R Core Team, 2021) using the gImmTMB
package (Brooks ef al., 2017). Model assumptions were assessed using residual distributions

(Hartig, 2021).

Analysis of stomach content incorporated the frequency of occurrence, relative
numerical abundance, and the relative size of each food group for each species (Hyslop, 1980;

Saeki et al., 2005). Frequency of occurrence of each food group was calculated for each species
by: %F = % x 100 where: %F = Frequency of occurrence of a specific food group, N; =

number of stomachs containing a specific food group, and N = total number of stomachs
containing food in the sample (Loto et al., 2021). Numerical abundance of each food group
was modelled using a glm with a Negative Binomial family for each species and each food
item was expressed as a percentage of the total mean abundances. Sizes of each food group
were derived from a subsample of food items that were photographed alongside a measurement
scale. Lengths and widths of food items were measured in image J and were multiplied together
to get the approximate size of each food item. For each species, the mean size of each food
group was modelled using a glm with a gaussian distribution and was expressed as a percentage
of the total to get relative sizes. A modified version of the index of relative importance for each
food group for each species was calculated as IRI = (%N + %S) X %F, where IRI = the index

of relative importance, %N = relative numerical abundance, %S = relative size, and %F =
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relative frequency of occurrence (Hyslop, 1980; Saeki et al., 2005; Sagar et al., 2019). This
formula has been adapted in this study to include relative sizes instead traditional methods that
use relative weights or volumes. This is because sizes were determined from two-dimensional
photographs and therefore height was not measured to calculate volume, and food items were

microscopic and therefore could not be weighed efficiently.

To identify potential predators, firstly, the proportion of individuals in interference
categories ‘Conspecifics’, ‘Labridae’, and ‘Other’ was modelled by glms and glmms (including
site and depth effects) with a Binomial family (logit link) for each species separately. The same
was done to model the feeding rate per minute in each category compared to individuals that
did not experience interferences, however comparing the fit of Gaussian (identity link), Poisson
(log link), and Negative Binomial (log link) distributions to determine the most suitable model.
For T. capostriatum, categories “Other” and “Conspecific” were removed prior to analysis due
to <1 individual present in these categories, and hence models were run separately for each
species due to empty factor levels. Mean feeding rates of individuals in each interaction
category was compared to the mean feeding rate of individuals that did not interact using

pairwise comparisons.

To analyse morphological trait measurements, mean eye diameter, horizontal gape,
elongation, and caudal fin aspect ratio were estimated for each species using multiple glms.
Mean measurements for each trait were compared among species using pairwise comparisons.
Relative eye diameter and horizontal gape measurements were combined into a biplot, with the
diurnal, nocturnal and overall relative eye and horizontal gape averages for fishes retrieved
from Goatley and Bellwood (2009). Here, the mean relative eye diameters were 7.8 mm, 11.7
mm, and 8.4 mm and mean relative horizontal gape measurements were 6.6 mm, 10.4 mm, and

7.2 mm for diurnal fishes, nocturnal fishes, and for fishes overall, respectively.
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5.4 Results

a)
Trimma yanoi A @
Trimma capostriatum 4 Ferene— g
Trimma benjamini 4 —_—
70% 80% 90% 100%
Proportion of actively feeding individuals
b)
Trimma yanoi 1 @
Trimma capostriatum - @
Trimma benjamini 1 @
92 2.6 3.0 3.4
Feeding rate per minute
c)
Trimma yanoi 1 @
Trimma capostriatum A @
Trimma benjamini 4 @
98.5% 99.0% 99.5% 100.C

Proportion of feeding events
from the pelagic environment

Figure 5.1: a) Proportion of individuals that were actively feeding during the observation period.
Error bars represent the 95 % confidence intervals derived from a Binomial distribution (logit link)
(McKeon et al., 2012). b) Mean feeding rate per minute = 95% Negative Binomial confidence
intervals. ¢) Predicted proportion of feeding events that were pelagic, where food items were
captured from the water column. 95 % confidence intervals were derived from a Binomial
distribution (McKeon et al., 2012). For a and b, n = 369 T. benjamini, 167 T. capostriatum, and
259 T. yanoi individuals. For ¢, n = 2152 T. benjamini, 974 T. capostriatum, and 1178 T. yanoi
feeding events.
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5.4.1 Proportion actively feeding, feeding rate, and pelagic vs. benthic contributions

A total of 2152 feeding events were observed in 7. benjamini, 974 in T. capostriatum
and 1178 in T. yanoi individuals. To determine the proportion of actively feeding individuals
in each species, the optimum model had a Binomial family (logit link) and no random effects
(Table A4. 1). Most individuals (79.9 - 93.4%) were actively feeding during the observation

period (Figure 5.1a).

The optimum model to determine feeding rate among species accounted for variance
among sites and utilised Negative Binomial distribution (Table A4. 2). The mean feeding rate
of actively feeding individuals was similar among species at 2.8 - 3.2 feeding events per minute
(Figure 5.1b), and reached a maximum of 11.5, 10, and 13 feeding events per minute in 7.

benjamini, T. capostriatum, T. yanoi, respectively.

To estimate the proportion of feeding events that were pelagic relative to benthic for
each species, the optimal model did not include random effects and a Binomial family with a
logit link (Table A4. 3). Majority of feeding events were pelagic (>99.5%, Figure 5.1c), where
individuals were perched on the substratum and made rapid advances to grab a microscopic
food item that was suspended in the water column. <0.5% of feeding events were benthic and
involved an individual selecting a food item from the reef substratum (Table A4. 4). In T.
benjamini, 6 benthic feeding events were from turf algae-covered coral rock, one feeding event
was from encrusting coral, and one from an encrusting sponge. In 7. capostriatum, both benthic
feeding events were from encrusting sponge. In 7. yanoi all 6 feeding events were from turf
algae-covered coral rock. In all benthic feeding observations, whether the benthic substratum
itself was ingested or if the individual picked an item (e.g., benthic invertebrate) off the

substratum was unknown.
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5.4.2 Dietary composition

According to the index of relative importance (IRI), mollusc veligers were the most
important food group for each species, accounting for 32- 48.3 % of the diet. Within the
mollusc complex, bivalve larvae accounted for 13% - 24.1% of the diet and gastropod larvae
comprised 19 — 24.2% of the diet (Table 5.1).Copepods were a significant food group,
accounting for 14.2 — 28.9 % of the diet (Table 5.1). The importance of animals other than
mollusc and copepods was low at 1.3% — 1.7% (Table 5.1). The Trimma species examined
were predominantly carnivorous, and plant material made up a low proportion (0% - 4.8%) of
the diet in each species (Table 5.1). There was a large volume of unidentifiable material.
Animal fragments comprised 3.2% — 22.3% of the diet, and unidentifiable digested material
had a high IRI in each species, comprising 15.5 — 23% of the (Table 5.1). While numerical
abundances were relatively low in this group (8.4 — 12%), the mean relative size of this food

group was the largest in each species at 27.6 - 33.3% (Table 5.1).

Table 5.1: Dietary composition of Trimma benjamini, T. capostriatum, and T. yanoi. Mean
relative numerical abundance (%N), mean relative size (%S), relative frequency of occurrence
(%F), and the index of relative importance (%IRI) of each food group. n = 15 individuals per
species

Numerical . Frequency of
. . Size of food o
Species Food items abundance roup (%S) occurrence  %IRI
(oN) SRR (%F)
Trimma Copepod 25.2 14.9 91.7 21.6
benjamini
Bivalvia larvae 18.3 22.7 100.0 24.1
(Mollusca)
Gastropoda larvae 26.8 22.5 83.3 24.2
(Mollusca)
Other animal 3.5 55 25.0 1.3

Plant material 10.1 0.7 75.0 4.8
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Unidentifiable animal 6.9 0.4 75.0 3.2
fragments
Unidentifiable 9.1 333 83.3 20.8
digested material

Trimma Copepod 30.2 14.5 81.8 28.9
capostriatum
Bivalvia larvae 7.3 15.3 72.7 13.0
(Mollusca)
Gastropoda larvae 19.6 24.6 54.5 19.0
(Mollusca)
Other animal 0.6 17.7 9.1 1.3
Plant material 0.0 0.0 0.0 0.0
Unidentifiable animal 34.1 0.3 81.8 22.3
fragments
Unidentifiable 8.4 27.6 54.5 15.5
digested material
Trimma Copepod 17.3 9.4 91.7 14.2
yanoi
Bivalvia larvae 22.3 21.1 83.3 20.9
(Mollusca)
Gastropoda larvae 15.9 28.5 91.7 23.5
(Mollusca)
Other animal 2.8 6.0 333 1.7
Plant material 6.0 1.6 50.0 2.2
Unidentifiable animal 23.7 0.4 83.3 11.6
fragments
Unidentifiable 12.0 33.0 100.0 26.0

digested material
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5.4.3 Interferences

The optimum models to determine the proportion of individuals in each interference
category had no random effects for each species and utilised a Binomial (logit link) distribution
(Table A4. 5). All individuals made reactions when interfered with by intruders, either by
hiding or darting to another location on the substratum. 15.2% of 7. benjamini observed were
interfered with by individuals of the family Labridae, 1.5% by conspecifics, and 5.4% by other
fish species. 10.2% of T. capostriatum were interfered with by labrids and <1% by another fish
species. No T. capostriatum individuals were interfered with by conspecifics. 18.5% of T.
yanoi individuals were interfered with by labrids, 4.2% by conspecifics, and 2.3% by other

species (Figure 5.2a).

No complete predation events were witnessed during the observation period.
Interferences by labrids were assumed to be attempted predation events, where labrids were
actively searching the reef substratum and made rapid advances for 7Trimma individuals,
prompting them to retreat into cervices/ holes in the reef. Interferences by conspecifics or other

fishes were territorial chasing behaviours.

The optimum models used to determine the feeding rate of individuals in different
interference categories varied by species. The optimum model for 7. benjamini included no
random effects, while the model for 7. capostriatum accounted for variation among sites, and
the model for 7. yanoi considered depth variations. In each species, a Negative Binomial

distribution with a log link was used (Table A4. 6a).

The mean feeding rates of those interfered with by labrid individuals was 1.5 ,1.7, and
0.5 feeding events per minute in 7. benjamini, T. capostriatum, and T. yanoi, respectively
(Figure 5.2b). On average, this represented significant percentage decreases of 53.1% in 7.

benjamini, 45.2% in T. capostriatum, and 80.8% in T. yanoi when compared to the mean
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feeding rate of individuals that did not experience interferences (Figure 5.2c, Table A4. 6b).
For each species, there was no significant difference in the mean feeding rate of individuals
that were interfered with by conspecifics or other fish species when compared to individuals

that did not experience interferences (Figure 5.2c, Table A4. 6b)
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Figure 5.2: a) Proportion of individuals (%) that were interfered with by a conspecific, Labridae,
or other fish during the observation period. Error bars represent the 95% confidence intervals
derived from a Binomial distribution (McKeon et al., 2012). n represents the number of individuals
in each category. b) Mean feeding rate per minute (+ 95% Negative Binomial distribution derived
confidence intervals) for each interference category. c) Pairwise comparisons showing the mean
differences (= 95% confidence intervals) of the feeding rate of individuals that experienced
interferences compared to those that did not. Ratio represents fold differences, where mean values
and confidence levels crossing 1 hence indicate no significant difference. For a and b shapes
represent the interference category. For a, b, and c, colour represents each species Trimma
benjamini (n = 369), T. capostriatum (n = 166), and T. yanoi (n = 259).
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5.4.4 Morphological traits

The optimum model to determine traits mean relative horizontal gape, elongation index
and caudal fin aspect ratio had a gaussian (identity link) distribution and accounted for variation
among sites. Mean relative eye diameter was also modelled under a gaussian (identity link)

distribution but had no random effects (Table A4. 7a).

Eye diameter ranged from 1.4 — 2.8 mm in 7. benjamini, 1.0 — 2.6 mm in T.
capostriatum, and 1.0 — 2.7 mm in 7. yanoi. Mean eye diameter ranged from 11.7 — 13.1% of
the Ls (Figure 5.3a, Figure 5.3b). Horizontal gape ranged from 0.9 — 1.8 mm in 7. benjamini
and 0.8 — 2.0 mm in 7. capostriatum and T. yanoi. Relative horizontal gape measurements were
between 7.7 — 9% of the Ls (Figure 5.3b). T. benjamini and T. capostriatum had a similar
relative eye and horizontal gape sizes, while 7. yanoi had a significantly larger relative eye and
horizontal gape size than 7. benjamini and T. capostriatum (Table A4. 7b). Each species had a
larger relative eye size and average - larger relative horizontal gape size than the overall
average for fishes (eye 8.4, gape 7.2: Goatley & Bellwood, 2009). Mean measurements of the
species examined were closer to the nocturnal average measurements (eye 11.7, gape 10.4:
Goatley & Bellwood, 2009) than the diurnal average measurements (eye 7.8, gape 6.6: Goatley

& Bellwood, 2009), despite being active during the day (Figure 5.3¢).
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Figure 5.4: a) Images of live Trimma benjamini, T. capostriatum, and T. yanoi. Graph below images
shows the mean elongation values (Ls /maximum body depth) of each species b) Macro images of
Trimma benjamini, T. capostriatum, and T. yanoi caudal fins. Graph below images shows the mean
caudal fin aspect ratios (fin height?/ fin area) of each species. For a and b, error bars represent the 95%
confidence intervals derived from a gaussian distribution. Scale bars =2 mm.
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Body colour of the Trimma examined consisted of warm, low frequency, and long
wavelength colours. The body of 7. benjamini individuals was red-orange, 7. capostriatum
individuals were red-pink, and 7. yanoi was a combination of yellow and orange (Figure 5.4a).
Body shape was elongated in all species. Ls was an average of 3.7, 4.1 and 3.5 times the
maximum body depth in 7. benjamini, T. capostriatum, and T. yanoi, respectively. T.
capostriatum had the most elongated shape, and was 9.4% more elongated than 7. benjamini,
and 15.8% more elongated then 7. yanoi. T. benjamini was 5.9% more elongated than 7. yanoi
(Figure 5.4a, Table A4. 7b). Caudal fins were paddle shaped, with low mean caudal fin aspect

ratios of 1.1 in all species (Figure 5.4b, Table A4. 7b).

5.5 Discussion

This study aimed to investigate the trophic niches of 7. benjamini, T. capostriatum, and
T. yanoi by determining their feeding behaviour, food items consumed, food origin (benthic or
pelagic), trophic interactions, and ecological morphology. The majority of individuals (79.7%
to 93.4%) were actively feeding, displaying a rapid feeding rate of 2.8 to 3.2 bouts per minute.
The identifiable dietary items of these species in Kimbe Bay primarily consisted of the larvae
of molluscs, with bivalve and gastropod larvae accounting for 32% to 48.3%, and copepods
which accounted for 14.2% to 28.9 % of the diet according to the IRI values, though there was
a high proportion of unidentifiable dietary items. Almost all feeding events (<99%) involved
prey acquisition from the pelagic environment. 7rimma gape and eye morphological attributes
were consistent with the effective capture of microscopic and mobile prey. Although no
complete predation events were witnessed, 10.2% to 18.5% of Trimma observed experienced
interferences by labrid individuals. Individuals interfered with by labrids showed a significant
decrease in feeding rate of 44.5% to 81.7%, whereas those that were interfered with by

conspecifics or other fishes did not have a lowered feeding rate. Additionally, specific attributes
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of Trimma were identified that may aid in predator evasion, including cryptic colouration, an
elongated body shape, and a low caudal fin aspect ratio. In the subsequent discussion, I delve
into these findings and discuss their potential in determining the trophic function of Trimma

on Indo-Pacific coral reefs.

A significant proportion of individuals actively engaged in high rate feeding on pelagic
food items. With their small adult body size of <25 mm, the Trimma species examined are
among the smallest vertebrate carnivores on the reef (Mihalitsis et al., 2022), with high
percentage occurrences of pelagic bivalve and gastropod veligers and copepods in their diets.
Our results conform to a previous study on Trimma caudomaculata and T. caesiura, which fed
primarily on copepods (Saeki et al., 2005). Many CRFs rely on the consumption of zooplankton
(Brandl et al., 2018; Herler et al., 2011), with crustaceans, including copepods, accounting for
45.6% of CRF diets (Brandl et al., 2018). Bivalve and gastropod larvae are also significant
prey, although to a lesser extent than crustaceans (Brandl et al., 2018; Depczynski & Bellwood,
2003). In contrast, many CRFs are dependent on benthos where they consume detritus as a
primary food source (Depczynski & Bellwood, 2003). Plankton feeding in Trimma may be
related to their microhabitat use (Depczynski & Bellwood, 2004). Zooplankton often aggregate
in large quantities, particularly in areas with low water motion such as cave structures (Emery,
1968), which are frequently inhabited by species like Trimma (Depczynski & Bellwood, 2004;
Herler, 2007). Trimma species may utilise cave ceilings, openings, and reef walls as vantage
points to capture prey (Depczynski & Bellwood, 2004). Therefore, zooplankton may be highly
accessible for these fishes, and they may not be able to utilise detritus like other CRFs in benthic
habitats (Herler et al., 2011). In addition, these micro-invertebrates serve as an energy-rich and
high-protein source of food (Brandl et al., 2018; Herler et al., 2011; Kotrschal & Thomson,
1986; Kramer et al., 2013). Feeding on lower quality food, such as primary production, would

require an even higher feeding rate to obtain enough energy, diverting attention from other
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crucial life activities like predator avoidance and reproduction (Hernaman et al., 2009). Clarke
(1999) demonstrated that Acanthemblemaria spinosa, positioned in elevated locations on
branching corals to capture pelagic Calanoid copepods, may play ecological roles in
assimilating energy from the pelagic environment. Likewise, the Trimma species examined

might also serve as significant micro-predators contributing to the energy influx onto the reef.

Trimma feeding mode is likely a reflection of their high energy requirements (Brandl
et al., 2018) and there are several factors that can contribute to these high energy needs. Firstly,
small body size and high size-related metabolic demands. Following allometric scaling
properties (West et al., 1997), small organisms such as CRFs use exponentially more metabolic
energy per unit of body mass relative to their larger counterparts of similar activity levels
(Ackerman & Bellwood, 2000; Brandl et al., 2018). Secondly, although the benthic predatory
lifestyle of Trimma is considered to expend less energy than those that exhibit continuous
swimming (Brandl et al., 2018; Fu et al., 2009), very few individuals were fully sedentary
during observations. 10.2% to 18.5% of individuals were disturbed by labrids, which resulted
in subsequent flight responses. Moreover, 79.7% to 93.4% of individuals were actively feeding,
where they exhibited regular bouts of outward swimming from the reef to capture prey,
averaging around three times per minute, and reaching a maximum of 13 times per minute.
These frequent episodes of rapid swimming due to foraging effort or antipredator responses
would require energy to perform (Helfman, 1989; Whiterod, 2013), which is amplified by the
energetic costs of swimming in small fishes being high due to opposing hydrodynamic forces
(Toki¢ & Yue, 2019). Additionally, Growth in these fishes does not asymptote in adulthood as
typically seen in larger fishes and remains at near linear rates following maturation
(Goldsworthy, unpublished data; Winterbottom et al., 2011). Sustaining growth rates and
carrying out reproduction simultaneously may be energetically demanding, as the latter

requires energy to source mates and maintain reproductive structures (Audzijonyte & Richards,
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2018; Munday & Molony, 2002). Finally, the Trimma species examined possess energetically
expensive traits and behaviours. For example, large eyes relative to Trimma body size may
impose significant costs, as the vertebrate retina is among the most metabolically demanding
tissue, exhibiting energetic costs greater than the brain (Protas et al., 2007). Additionally,
ovarian structures in the gonads of functional males (Goldsworthy et al., 2022), impose
significant energetic costs to develop and maintain (Audzijonyte & Richards, 2018; Munday
& Molony, 2002). Moreover, Trimma may exhibit parental care and mate guarding, which
could also be costly and divert feeding attention (Fukuda, Manabe, et al., 2017). Consequently,
these factors, among others, may contribute to the high energy demands of these fishes, making
them less tolerant of starvation periods, decreased food intake, or low-quality food (Brandl et

al., 2018; Depczynski & Bellwood, 2003).

Trimma exhibited morphological traits that may assist with the acquisition of their prey
(Goatley & Bellwood, 2009). Each Trimma species possessed larger relative eye size than the
average relative size for fishes. These measurements resembled the average size found in
nocturnal fishes more closely than diurnal fishes, despite being active during the day. Trimma
inhabit low-light environments, such as caves or steep reef structures (Depczynski & Bellwood,
2004; Herler, 2007). The relatively larger eye diameters of these fishes likely enhance the
capacity of Trimma to perceive microscopic and mobile prey in these dark habitats (Goatley &
Bellwood, 2009; Herler, 2007). Furthermore, each species displayed a slightly larger horizontal
mouth gape relative to their size compared to the average, however, overall gape size was still
small at 0.8 — 2.0 mm. As mouth gape limits prey size, this restricts their prey to microscopic
items, such as zooplankton (Brandl et al., 2018; Goatley & Bellwood, 2009; Mihalitsis &
Bellwood, 2017). Alternatively, several studies have suggested that traits such as large eyes or
gapes in small fishes may be related to the negative allometric relationship of these

morphologies with increasing body size (Job & Bellwood, 2000; Santos-Santos ef al., 2015).
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However, this may not be the case for CRFs in general, as they have diverse diets (Depczynski
& Bellwood, 2003) and their morphologies reflect this variability in similar ways to their larger

counterparts (Goatley & Bellwood, 2009).

In addition to their roles as micro-predators, 77imma might also be an important food
source for other animals on the reef (Brandl et al., 2018; Winterbottom et al., 2011). This study
suggested that interferences by labrid individuals were attempted predation events. Labrids
continually patrolled the reef walls in Kimbe Bay and would rapidly approach a Trimma
individual, prompting them to seek refuge in crevices or holes in the reef and re-emerge
cautiously once the threat had passed. Individuals subjected to these events displayed a
decreased feeding rate compared to those that did not experience interferences. This alteration
of behaviour suggests that labrids may be potential predators of Trimma (Brown et al., 1999),
however further experiments and observations are required to confirm this. Predators inducing
shifts in prey behaviour is common across animal species, including coral reef fishes (Brown
et al.,, 1999; Catano et al., 2016; Magnhagen, 1988). For example, large herbivorous fishes
consumed 90% less food in the presence of predators, and made trade-offs between feeding
and predator avoidance (Catano et al., 2016). Likewise, the Trimma species examined must
reconcile the opposing, yet equally crucial requirements of evading predators and obtaining
enough food to survive (Magnhagen, 1988; Ryer & Olla, 1998). Feeding methods and body
size are among factors that can contribute to predation risk (Goatley & Bellwood, 2016;
Goatley et al., 2017; Magnhagen, 1988). Momentary ventures away from the safety of the reef
benthos is required for these Trimma species to capture pelagic prey. While 7rimma generally
stayed close to the reef, the frequent departures from secure habitats may expose them to

predators (Balaban-Feld et al., 2019).
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Though no complete predation events were witnessed, there are several points of
evidence to suggest that Trimma and other CRFs are preyed upon. Firstly, Trimma have
extreme mortality rates of 3-7 % per day (Goldsworthy et al., 2022; Winterbottom et al., 2011).
Mortality in coral reef fishes declines exponentially following settlement as recruits learn to
avoid predators and becomes low when a fish reaches 43 mm in length. However, with a body
size of less than 25 mm, Trimma experience high mortality throughout their lives (Goatley &
Bellwood, 2016). Their small body size also renders them available to a suite of predators
(Mihalitsis & Bellwood, 2017), and ecologically similar CRFs are consumed opportunistically
by any predator that can capture them (Goatley et al., 2017). Finally, CRFs have increased
longevity in the absence of predators (Randall & Delbeek, 2009) and individuals are
reproductively active even at maximum ages (Depczynski & Bellwood, 2006; Goldsworthy et
al., 2022; Winterbottom et al., 2011; Winterbottom & Southcott, 2008). Accordingly, CRFs
may account for 60% of consumed reef fish biomass (Brandl et al., 2019). However, predation
is rarely seen and is difficult to quantify, as majority of piscivore stomachs are empty, events
usually only last a few milliseconds, and predation rate is often non-uniform throughout the
day (Mihalitsis et al., 2022). The lack of predation incidents during the observation period
could be attributed to piscivory occurring during dusk, dawn, or at night (Danilowicz & Sale,
1999; Shoji et al., 2017). For example, predatory Cephalopholis cyanostigma have crepuscular
activity, with the highest number of feeding strikes at dusk (Bosiger & McCormick, 2014).
This study demonstrates that 7rimma live under constant threat of being consumed, and
individuals that are not in optimal physical condition or lack vigilance may face increased risks

to their survival.

In contrast, The Trimma species examined display several features that make them appear
cryptic. The body colouration of the 7Trimma species examined consisted of red, orange, and

yellow tones. These colours are cryptic by camouflage with the benthos which is frequently
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coated in pink-red crustose coralline algae, or at depths where low frequency and long
wavelength light is filtered, making these colours appear dull underwater (Figure 5.5)
(Depczynski & Bellwood, 2004; Marshall et al., 2019). Each species also had an elongated
body shape, which is a common shape in fishes (Claverie & Wainwright, 2014). In benthic
species, elongation may be beneficial to remain inconspicuous to predators, as decreased
dimensionality is more cryptic against the reef benthos (Herler, 2007; Mihalitsis et al., 2021).
It could also be an advantage to enable movement through small crevices or holes in the reef
matrix which 7rimma frequent to escape predators (Depczynski & Bellwood, 2004; Friedman
et al., 2020). Interestingly, despite having the lowest proportion of actively feeding individuals,
T. yanoi exhibited a stockier body shape than the other two species, which could reflect
variations in habitats (Herler, 2007). 7. yanoi primarily inhabits large cave structures or sloping
inward sections of the reef. The highly rugose and low light characteristics of large cave
habitats may reduce the need for elongation in 7. yanoi compared to the other species. In
contrast, 7. benjamini inhabits more open areas and 7. capostriatum occupies smaller spaces,
potentially favouring a depressed body shape due to crypsis and manoeuvrability, respectively
(Depczynski & Bellwood, 2004). However, this is speculative, and further investigation is
necessary to confirm these hypotheses. Finally, each species had a low mean caudal fin aspect
ratio of 1.1, indicating a large fin area relative to its height. Paddle shaped tails seen in these
species are common among CRFs and reflect their benthic lifestyle. While not well-suited for
sustained swimming, paddle-shaped tails offer an advantage for quick bursts of acceleration
(Luciani et al., 2005). This contrasts to pelagic fishes with higher fin aspect ratios, which are
better suited for prolonged, continuous swimming (Magnuson, 1978). A combination of these
eco-morphological traits, among others, might make healthy 7rimma harder to detect or catch
than species without these characteristics (Depczynski & Bellwood, 2004; Herler et al., 2011).

Nonetheless, predation still imposes an intense and constant threat regardless of these traits
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(Brandl et al., 2018; Goldsworthy et al., 2022). Moreover, while these traits may have
advantages, it may not be the underlying cause of their evolution. Body colourations of other
ecologically similar CRFs are not always red/orange (Winterbottom, 2019), and elongated
body structures and paddle shaped caudal fins are common in many fishes (Claverie &

Wainwright, 2014; Mihalitsis & Bellwood, 2019). Evolutionary adaptations are often

multifaceted and elusive without concrete experimental evidence.

Figure 5.5: Conceptual image of 7. benjamini in situ displaying how body colour can assist
with crypsis by camouflage with the substratum (right), or at depths (9 m, left) where low
frequency and long wavelength colours are filtered.

Stomach content analysis, while a valuable tool in understanding the dietary
composition of fishes, has its limitations. One significant challenge is the occurrences of
unidentifiable material within stomach contents, often in the form of heavily digested or
fragmented items, which makes it difficult to precisely identify these items in the diet

(Bierwagen et al., 2018; Sagar et al., 2019). DNA metabarcoding has the potential to address
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this issue by providing more detailed genetic information on such items (Brandl, Casey, et al.,
2020; Casey et al., 2019), however a detailed DNA library is not yet available for use in Kimbe
Bay. Additionally, stomach content analysis tends to be biased toward recently consumed food
items. To mitigate these limitations, future research avenues could explore stable isotopes of
both these fishes and end-members, which has lower resolution but offers insights into dietary
assimilation over a more extended period, providing a more comprehensive understanding of
an organism's diet when used alongside stomach content analysis (Bierwagen et al., 2018;

Cocheret de la Moriniere et al., 2003; Eurich et al., 2019).

The trophic dynamics of the Trimma species examined suggests significance as both
micro-predators and potential prey for other animals within the reef ecosystem. These fishes
likely contribute to the "wall of mouths," which captures incoming plankton and thus facilitates
the influx of energy onto the reef (Clarke, 1999; Hamner et al., 1988). Notably, the small body
size of Trimma positions them as possible prey for various piscivorous reef fishes (Goatley &
Bellwood, 2016), thereby highlighting their potential to channel assimilated energy to higher
trophic levels (Brandl et al., 2018). Trimma trophic dynamics in combination with high
abundances on Indo-Pacific coral reefs (Winterbottom, 2019), continuous growth patterns
(Goldsworthy, unpublished data; Winterbottom et al., 2011), efficient reproductive methods
(Goldsworthy et al., 2022), and rapid generational turnover rates (Goldsworthy, unpublished
data), may emerge them as a productive and replenishing source of nutrition for consumers.
Nonetheless, further exploration is required to confirm the ecological function of Trimma. 1
suggest a Stable Isotope Analysis of prey end-members of 7rimma from nearshore and offshore
sources, a dietary analysis of potential predators of 7rimma via stable isotope or DNA
metabarcoding in combination with gut contents, and quantification of productivity within the
genus (Brandl, Casey, et al., 2020; Morais & Bellwood, 2020; Winterbottom, 2019). Such

studies could unveil the extent to which Trimma facilitate energy assimilation from the
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plankton and its subsequent transfer to other organisms, ultimately determining the ecological

roles and significance of the genus Trimma within coral reef ecosystems.
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Chapter 6: Conclusions and Future Directions

In my research, I have delved into the fundamental ecology and life history of the genus
Trimma, identifying key components of their habitat, reproduction, growth, and trophic
dynamics. The overarching aim of Chapter 2 was to answer the question: How do ecologically
similar Trimma species partition habitats and does this occur at small spatial scales? To
summarise the main results of this chapter, separation of habitats occurred on broad spatial
scales, with variation in distributions according to factors reef location, aspect, and depth. Co-
existence was observed in many quadrats, but microhabitat differences minimized overlap,
resulting in spatial separation on fine scales and rare interactions among 7rimma species. Such
spatial separation can allow for the coexistence of multiple ecologically similar species,

potentially contributing to the exceptional local diversity within the genus.

Chapter 3 aimed to answer: What life history constraints and reproductive strategies
do Trimma have? In this chapter, I illustrated that the Trimma species were small-bodied, had
short lifespans, and faced high daily mortality rates. The pelagic larval phase and juvenile phase
comprised a significant portion of the maximum lifespan, leaving a short window available for
reproduction. All mature individuals exhibited bidirectional sex change, with bisexual gonads.
These findings shed light on the life history challenges Trimma face and how such reproductive

strategies are beneficial for fishes with high mortality rates and short reproductive lifespans.

Chapter 4 asked: What are the larval, juvenile, and adult growth patterns, and
generational turnover rates of Trimma? Here, I demonstrated that growth was fastest in the
larval phase, decreased in the juvenile stage, and slowed further in the adult phase, though
growth differences among life history stages were small compared to the patterns seen in larger

fishes. In addition, their short lifespans were coupled with high generational turnover rates.
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Finally, the aim of Chapter 5 was to answer the question: What are the food items
consumed, food origin, feeding methods, and predation pressures of Trimma? Do Trimma
possess morphological traits that may assist feeding or predator avoidance? 1 demonstrated
Trimma's ability to consume microscopic and planktonic food at a rapid rate and highlighted
their position as potential prey for other reef-dwellers. The eye and gape morphology that
Trimma possess may be beneficial for their feeding methods, while their cryptic colours,

elongated body, and paddle shaped tails may be beneficial to evade predators.

Collectively, these findings suggest that Trimma is a potentially ecologically important
group on Indo-Pacific coral reefs. The continuous growth, efficient reproduction, and short
lifespans, paired with extreme natural mortality of Trimma result in exceptionally high
population regeneration rates. When coupled with the high abundance of Trimma on coral reefs
of the Indo-Pacific (Winterbottom, 2019), this likely contributes to substantial energy
productivity over time (Brandl et al., 2019; Depczynski et al., 2007; Morais & Bellwood,
2019). Moreover, Trimma may play central ecological roles in importing energy and nutrients
from the pelagic environment and its transfer to other reef organisms (Brandl et al., 2018;
Depczynski & Bellwood, 2003; Goatley et al., 2017). All of these traits could be related to their
small body size (Depczynski & Bellwood, 2006). There is increasing recognition of the
functional roles of small-bodied CRFs in coral reef ecosystems, with CRFs constituting 60%
of consumed fish biomass (Brandl et al., 2019). In the Indo-Pacific, the genus Trimma could
make up a substantial proportion of this consumed biomass, as they are a dominant CRF in this
area (Winterbottom, 2019). These contributions, which were not considered in the past, could
have significant implications for the conservation and management of present and future coral

reefs (Ackerman & Bellwood, 2000; Brandl et al., 2019; Winterbottom, 2019).
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Despite representing a dominant and speciose genus, the ecological aspects of Trimma,
beyond mating systems and sex change, have been relatively underexplored in existing
literature (Winterbottom, 2019). Understanding features of Trimma ecology and life history, as
demonstrated in this thesis, marks an essential step towards assessing their present and future
ecological significance. Nevertheless, further quantification of 7rimma ecology is imperative
to grasp their niches and roles in an ecosystem and there are limitations to the present data. An
initial limitation involves the unique challenges of studying CRFs, due to their small body size
and cryptic nature. Standard underwater visual census methods regularly have low detectability
of CRFs, potentially leading to an underestimation of their abundance and diversity (Ackerman
& Bellwood, 2000). While I ensured that additional measures were made to minimize such
biases, the abundance of fishes in the smaller size classes may have been underestimated.
Furthermore, static mortality calculations used in this study, although widely employed for
CRFs throughout the literature (Hernaman & Munday, 2005b; Winterbottom et al., 2011),
remain estimates and likely vary across life history stages. Future research should investigate
how mortality impacts CRFs throughout their life stages, particularly considering the
exponential decrease in mortality after settlement as fishes learn to avoid predators (Goatley &
Bellwood, 2016). This is a gap in the literature that is seldom addressed but could have wider
implications for population dynamics. Understanding the ecological niche of Trimma species
in Kimbe Bay requires more information on population dynamics, including individual
reproductive success, spawning season, spawning interval, number of eggs per spawning bout,
sex ratio, mating system, and timing and number of juvenile settlements. It is important to
examine both population dynamics and community structure surrounding 7rimma to

comprehensively understanding their ecological roles.

In addition, I propose that future research should focus on furthering investigations into

the trophodynamics of Trimma. Firstly, conducting stable isotope analysis on multiple Trimma
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species across various regions of the Indo-Pacific could enhance insights into their
trophodynamics (Winterbottom, 2019). Carbon and Nitrogen stable isotopes are being
increasingly used in ecological studies. Although low resolution, it can assist with discerning
broad groups of food items, trophic position, and the origins of food items, such as benthic
versus pelagic and inshore versus offshore (Cocheret de la Moriniere et al., 2003; Eurich et al.,
2019). For Trimma, examining isotope ratios of plankton samples from various nearshore and
offshore sources, as well as assessing benthic invertebrates that migrate into the water column,
can help determine whether the plankton consumed by 7rimma originates from local or
offshore sources. Such an investigation could shed light on whether Trimma species function
as net importers of energy and nutrients onto the reef or contribute to nutrient recycling

localised within the reef ecosystem (Winterbottom, 2019).

A future productivity study could quantify how much energy Trimma is contributing to
reef ecosystems. There is increasing recognition that biomass is not adequate for measuring
productivity as it disregards important life history characteristics (Morais & Bellwood, 2019,
2020; terHorst & Munguia, 2008). Morais and Bellwood (2020) developed a leading method
for estimating productivity that incorporates both field data and life history characteristics.
They have also provided an R package rfishprod that incorporates features for performing all
calculations, predicting essential life-history information for fishes, or retrieving such data
from FishBase if required. Productivity assessments for 7rimma could be conducted at both
healthy and degraded reef environments. This could emulate shifts in community composition
and population levels that may result from habitat alterations associated with climate change

(Morais & Bellwood, 2019).

Moreover, it may be beneficial to include larval dynamics in productivity

quantifications. The dynamics of CRF larvae may contribute to coral reefs energy demands via
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the extensive inputs of larval fishes from the pelagic environment (Brandl et al., 2019). The
larval input from CRFs significantly surmounts larger reef fish larvae at nearshore reefs, which
can be attributed to a high abundance of CRF adults, their success in converting gametes into
larvae, and the retention of larvae close to natal reefs (Ackerman & Bellwood, 2000; Brandl et
al., 2019; Galland et al., 2017). Their larval dynamics may contribute to the high levels of
biomass produced by CRFs (Brandl et al., 2019). In addition, larval fish may supply extensive
amounts of essential nutrients (carbon, nitrogen and phosphorous) to the reef, and can bolster
productivity levels (Allgeier ef al., 2018). Yet, the dynamics of Trimma larvae, aside from
larval growth examined in this thesis, is currently unknown and presents research challenges
(Hogan et al., 2017; Vigliola & Meekan, 2009). Nonetheless, as Trimma abundances are high
on Indo-Pacific coral reefs (Winterbottom, 2019), it would be interesting to investigate their
larval dynamics. Such information could be used to provide holistic estimates of productivity

by including all life history stages (Brandl et al., 2019; Shima et al., 2021).

The final research suggestion I have concerns the involvement of Trimma in energy
transfer to higher trophic levels via predation. Evidence suggesting that 7Trimma is subjected to
predation arises from their elevated mortality rates, anti-predator behaviours, and the
consumption of similar species in controlled aquaria settings (Goatley et al., 2017;
Goldsworthy et al., 2022; Winterbottom et al., 2011). Accordingly, since direct predation was
not observed in my research, conducting a comprehensive dietary investigation is warranted.
It would be beneficial to include both a stomach content and stable isotope analysis on
piscivorous species that roam the reef walls, which could determine if Trimma is being ingested
and the specific species that are consuming them (Bierwagen et al., 2018; Eurich et al., 2019).
This could be supplemented with diver or video observations of predation during nocturnal and
crepuscular activity periods, which are times when many predators are most active (Bosiger &

McCormick, 2014; Danilowicz & Sale, 1999; Shoji et al., 2017).
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The multifaceted approach to study the trophodynamics of 7rimma suggested here has
potential to yield significant results. It has the capacity to quantify the overall energy
production of Trimma, whether said energy is gained from offshore sources or recycled from
local sources on the reef, and the extent of energy transfer to higher trophic levels (Brandl et
al., 2018; Winterbottom, 2019). This research could clarify the connection between the ecology
and life history traits of Trimma, as outlined in this thesis, and elucidate the functional

significance of these fishes within coral reef ecosystems (Bierwagen et al., 2018).

Looking ahead, the ecological significance of the genus Trimma may increase with
climate change. With their short generation times, CRFs like Trimma may possess a unique
ability to adapt quickly to rising ocean temperatures (Munday et al., 2017). Moreover, a
combination of both natural and anthropogenic environmental changes is causing the loss of
Scleractinia corals, which drastically alters fish community structure and habitat complexity
(Hoegh-Guldberg et al., 2007; Hughes et al., 2017; Jones et al., 2004). Given that many CRFs
exhibit a high selectivity for corals, the loss or reduction of these habitats puts a substantial
portion of CRF diversity at risk, which could have drastic ecological consequences (Bellwood
et al., 2006; Brandl et al., 2018; Doll et al., 2021; Munday, 2004). On a brighter note, Trimma
predominantly inhabit non-living coral rock. Intricate spatial partitioning in the genus may
enable them to sustain high diversity in these non-coral habitats, and accordingly, they may be
largely robust to climate-related habitat alterations (Tornabene et al., 2013). Consequently, the
ecological roles of hard substrata-associated genera like Trimma may gain further importance

with the evolving landscapes of coral reefs.

After spending a very long time contemplating three small fish species and exploring
their incredible quirks, it has left me wondering about other animals that are small, and as a

consequence, overlooked. Trimma is emblematic of a broader issue encompassing small
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species being underrepresented, understudied, and undervalued in both the scientific
community and everyday society. We as humans tend to favour the larger, more visually
appealing, and charismatic members of the animal kingdom, inadvertently failing to notice the
less conspicuous. It has become evident that studying these small species presents substantial
challenges, as they tend to be cryptic, frustrating, and difficult to secure research funding for.
However, this journey has proven immensely rewarding, exposing unique and intriguing
findings at every turn. I now find myself seeking out and celebrating the underdogs of the
animal kingdom, from tiny insects to little brown skinks. Great things indeed come in small

packages, and their worthiness of our attention and effort cannot be overstated.
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Appendix 1: Supplementary Information for Chapter 2

Other data, code, and output available on request from the author

Table Al. 1a) Comparison by Akaike information criterion (AIC) of nine different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) of Trimma benjamini
abundance per 20 x 1 m using AIC. All models included three fixed effects (location, aspect,
and depth) and a three-way interaction term. Different random effects (site and transect
number) and distributions (Poisson, Negative Binomial, and Tweedie) were tested against each
other to determine if their addition significantly improved model fit. The optimum model is
indicated in bold. b) Analysis of Variance table assessing the significance of interactions of the
optimum model determined in a. Main effects are greyed out if there are significant interactions
involving this variable. c¢) Pairwise comparisons for significant interaction terms in b. Estimate
represents mean differences (LCL = 95% lower confidence level, UCL = 95% upper
confidence level). df = degrees of freedom. * represents significant p values (a = 0.05).

a)
. g Link

Model #  Fixed effects Random effects  Distribution function df AIC
1 None 12 1629.70
2 Transect number  Poisson Log 15 1300.71
3 Site 13 1367.06
4 Location X Aspect None 13 79541
5 . X Depth Transect number N.e gatlye Log 14 797.41

(includes 3-way Binomial

6 interaction term) = gjte 14 792.56
7 None 14 769.43
8 Transect number  Tweedie Log 15 771.43
9 Site 15 759.88

Note: Random effects had variable intercept and fixed slope parameters. Random effects with
variable intercept and variable slope parameters were not included due to model convergence
issues.

b)

Term df Sum sq Mean sq F p

Location 1 243.00 243.00 1.10 0.30
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Location : Aspect 1 249.04 249.04 1.12 0.29
Location : Depth 2 20.17 10.08 0.05 0.96
Aspect : Depth 2 2035.39 1017.69 4.59 0.01*
Location : Aspect : 2 391.69 195.84 0.88 0.42
Depth

c)

Interaction Contrast Estimate LCL UCL p
Aspect:Depth Wall 6m-4m 21.56 7.12 35.99 0.00*
Aspect:Depth Wall I0m-6m -10.94 -25.38 3.49 0.24
Aspect:Depth Wall I0m-4m 10.61 -3.83 25.05 0.28
Aspect:Depth Slope 6m—4m 3.28 -11.16 17.72 0.99
Aspect:Depth Slope I0m—-6m 7.61 -6.83 22.05 0.64
Aspect:Depth Slope I0m-4m 10.89 -3.55 25.33 0.25
Aspect:Depth 4m Wall - Slope 22.78 8.34 37.22 0.00*
Aspect:Depth 6 m Wall - Slope 41.06 26.62 55.49 0.00*
Aspect:Depth 10 m Wall - Slope 22.50 8.06 36.94 0.00*
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Table Al. 2 a) Comparison by Akaike information criterion (AIC) of six different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) of Trimma
capostriatum abundance per 20 x 1 m using AIC. All models included three fixed effects
(location, aspect, and depth) and a three-way interaction term. Different random effects (site
and transect number) and distributions (Poisson and Negative Binomial) were tested against
each other to determine if their addition significantly improved model fit. Note the Tweedie
distribution was not assessed due to model convergence issues. The optimum model is
indicated in bold. b) Analysis of Variance table assessing the significance of interactions of the
optimum model determined in a. Main effects are greyed out if there are significant interactions
involving this variable. c¢) Pairwise comparisons for significant interaction terms in b. Estimate
represents mean differences (LCL = 95% lower confidence level, UCL = 95% upper
confidence level). df = degrees of freedom. * represents significant p values (a = 0.05).

a)
. g Link

Model # Fixed effects ~ Random effects Distribution function df AIC
1 None 12 508.05
2 Transect number Poisson Log 13 461.31

Location X Aspect .
3 X Depth Site 13 482.24
4  (ncludes3-way g 13 45836
interaction term) .
5 Transect number N.e gatlye Log 14 460.36
Binomial

6 Site 14 455.64

Note: Random effects had variable intercept and fixed slope parameters. Random effects with
variable intercept and variable slope parameters were not included due to model convergence
issues.

b)

Term df Sum sq Mean sq F p
Location:Aspect 1 327.26 327.26 32.98 0.00*
Location:Depth 2 56.06 28.03 2.82 0.06

Aspect:Depth 2 120.13 60.06 6.05 0.00*



Ecology and Life-History of Coral Reef Fishes of the Genus 7rimma 180
Location:Aspect:Depth 2 15.35 7.68 0.77 0.46
¢)

Interaction Contrast Estimate LCL UCL p
Location:Aspect Wall Offshore - -3.70 -5.95 -1.46 0.00*
Inshore
Location:Aspect Slope Offshore - 3.26 1.02 5.50 0.00*
Inshore
Location:Aspect  Inshore Wall - Slope 0.07 -2.17 2.32 1.00
Location:Aspect Offshore  Wall - Slope -6.89 -9.13 -4.65 0.00*
Aspect:Depth Wall 6m—-4m -0.39 -3.45 2.67 1.00
Aspect:Depth Wall I0m—-6m -0.94 -4.00 2.11 0.95
Aspect:Depth Wall 10m-4m -1.33 -4.39 1.72 0.80
Aspect:Depth Slope 6m—-4m -0.56 -3.61 2.50 0.99
Aspect:Depth Slope 10 m—-6m 3.61 0.55 6.67 0.01
Aspect:Depth Slope I0m—-4m 3.06 -0.00 6.11 0.05
Aspect:Depth 4 m Wall - Slope -2.00 -5.06 1.06 0.41
Aspect:Depth 6 m Wall - Slope -1.83 -4.89 1.22 0.51
Aspect:Depth 10 m Wall - Slope -6.39 -9.45 -3.33 0.00
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Table Al. 3 a) Comparison by Akaike information criterion (AIC) of six different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) of Trimma yanoi
abundance per 20 x 1 m using AIC. All models included three fixed effects (location, aspect,
and depth) and a three-way interaction term. Different random effects (site and transect
number) and distributions (Poisson and Negative Binomial) were tested against each other to
determine if their addition significantly improved model fit. Note the Tweedie distribution was
not assessed due to model convergence issues. The optimum model is indicated in bold. b)
Analysis of Variance table assessing the significance of interactions of the optimum model
determined in a. Main effects are greyed out if there are significant interactions involving this
variable. ¢) Pairwise comparisons for significant interaction terms in b. Estimate represents
mean differences (LCL = 95% lower confidence level, UCL = 95% upper confidence level).
df = degrees of freedom. * represents significant p values (o = 0.05).

Link

Model # Fixed effects  Random effects Distribution function df AIC

1 None 12 1209.05

2 Transect number Poisson Log 13 471.99
Location X .

3 Aspect X Depth Site 13 1122.79

g4 (includes 3-way o, 13 469.15
interaction term) _

5 Transect number Ne gative Log 14 473.99

Binomial
6 Site 14 470.94

Note: Random effects had variable intercept and fixed slope parameters. Random effects with
variable intercept and variable slope parameters were not included due to model convergence
issues.

b)

Term df Sum sq Mean sq F p
Location : Aspect 1 2966.26 2966.26 10.50 0.00*
Location : Depth 2 1668.07 834.04 2.95 0.06

Aspect : Depth 2 7293.85 3646.93 12.91 0.00*
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Location : Aspect : Depth 2 1668.07 834.04 2.95 0.06
c)
Interaction Contrast Estimate  LCL UCL p
Location:Aspect  Wall Offshore - 20.96 9.00 32.92 0.00*
Inshore
Location: Aspect Slope Offshore - 0.00 -11.96 11.96 1.00
Inshore

Location:Aspect Inshore Wall - Slope 14.59 2.63 26.55 0.01*

Location:Aspect Offshore = Wall - Slope 35.56 23.60 47.52 0.00*

Aspect:Depth Wall 6m-4m 24.67 8.37 40.96 0.00*
Aspect:Depth Wall 10 m-6 m 15.22 -1.07 31.51 0.08
Aspect:Depth Wall 10m-4m 39.89 23.60 56.18 0.00*
Aspect:Depth Slope 6m—-4m 0.00 -16.29 16.29 1.00
Aspect:Depth Slope I0m-6m 0.00 -16.29 16.29 1.00
Aspect:Depth Slope l10m-4m 0.00 -16.29 16.29 1.00
Aspect:Depth 4m Wall - Slope 3.56 -12.74 19.85 0.99
Aspect:Depth 6 m Wall - Slope 28.22 11.93 44.51 0.00*

Aspect:Depth 10 m Wall - Slope 43.44 27.15 59.74 0.00*
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Figure Al. 1 Visual representation of clustering in 7. benjamini. Each point represents an individual fish.
On the x axis is the distance along the transect where each fish was found. Single points represent solitary
individuals. The number above each plot is the transect number. Empty transects are not included.
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Figure A1l. 2 Visual representation of group structure in 7. capostriatum. Each point represents an individual
fish. On the x axis is the distance along the transect where each fish was found. Single points represent
solitary individuals. The number above each plot is the transect number. Empty transects are not included.
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Figure Al. 3 Visual representation of group structure in 7. yanoi. Each point represents an individual fish.
On the x axis is the distance along the transect where each fish was found. Single points represent solitary
individuals. The number above each plot is the transect number. Empty transects are not included.
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Table Al. 4 a) Comparison by Akaike information criterion (AIC) of 14 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model mean cluster
size in each species. Different random effects (cluster number, transect number and site) and
distributions (Poisson and Negative Binomial) were tested against each other to determine if
their addition significantly improved model fit. The optimum model is indicated in bold. b)
Pairwise comparisons of cluster size between species, determined using the optimum model in
a. Mean differences are represented on a ratio scale (LCL = 95% lower confidence level, UCL
= 95% upper confidence level). * represents significant p values (a = 0.05).

a)
Model Response ~ g Link
4 Fived effects Random effects Distribution function df  AIC
1 None Poisson Log 3 418145
Cluster number (variable intercept 4 3081.49
2
& fixed slope parameters)
Cluster number (variable intercept 9 257191
3 .
& variable slope parameters)
Transect number (variable intercept 4 3597.30
4
& fixed slope parameters)
Transect number (variable intercept 9 3417.79
5 .
& variable slope parameters)
6 ,§ Site (variable intercept & fixed 4 4107.04
é slope parameters)
)
7 Oz) Site (variable intercept & variable 9 4071.04
= slope parameters)
8 % None Negative Log 4 2646.01
O Binomial
Cluster number (variable intercept 5 2630.58
9
& fixed slope parameters)
Cluster number (variable intercept 10 2574.01
10 .
& variable slope parameters)
Transect number (variable intercept 5 2624.05
11
& fixed slope parameters)
12 Transect number (variable intercept 10 2623.26
& variable slope parameter)
13 Site (variable intercept & fixed 5 2641.00

slope parameters)
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14 Site (variable intercept & variable 10 2649.59
slope parameters)
b)
Contrast Ratio LCL UCL df t p

Trimma benjamini / 200 426 173 252 923 0.00*

Trimma capostriatum
Trimma benjamini / 077 426 061 098 252 0.03*

Trimma yanoi

Trimma capostriatum / 037 426 028 049 859  0.00%

Trimma yanoi
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Table Al. 5 a) Comparison by Akaike information criterion (AIC) of 10 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model mean cluster
density (number of individuals per cluster per m?) in each species. Different random effects
(transect number and site) and distributions (Poisson and Negative Binomial) were tested
against each other to determine if their addition significantly improved model fit. The optimum
model is indicated in bold. b) Pairwise comparisons of cluster density between species,
determined using the optimum model in a. Mean differences are represented on a ratio scale
(LCL = 95% lower confidence level, UCL = 95% upper confidence level). * represents
significant p values (o = 0.05).

a)
Response
Model ~ g Link
y Fixed Random effects Distribution function df AIC
effects
1 None Poisson Log 3 193243
2 Transect number (variable intercept & 4 1878.60
fixed slope parameters)
3 Transect number (variable intercept & 9 NAT
variable slope parameters)

4 " Site (variable intercept & variable slope 4 1923.47
9 parameters)
8
Q.

5 n Site (variable intercept & fixed slope 9 1925.14
; parameters)

6 _a§ None Negative Log 4 1893.49
5 Binomial

7 ‘%' Transect number (variable intercept & 5 1868.48
) fixed slope parameters)

8 Transect number (variable intercept & 10 NAT

variable slope parameters)
9 Site (variable intercept & variable slope 5 1890.78
parameters)
10 Site (variable intercept & fixed slope 10  NAT
parameters)

TModel convergence issue

b)

Contrast Ratio LCL UCL df t p
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Trimma benjamini / 179 144 221 430 644  0.00 *
Trimma capostriatum
Trimma benjamini / 0.67 058 078 430 -639 0.00*
Trimma yanoi
Trimma capostriatum / 038 030 048 430 -9.87 0.00*

Trimma yanoi

Table Al. 6 a) Comparison by Akaike information criterion (AIC) of 5 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of individuals that were solitary in each species. Different random effects (transect number and
site) were tested against each other to determine if their addition significantly improved model
fit. The optimum model is indicated in bold. b) Pairwise comparisons of the proportion of
solitary individuals between species, determined using the optimum model. Mean differences
are represented on an odds ratio scale (LCL = 95% lower confidence level, UCL = 95% upper
confidence level). df = degrees of freedom. * represents significant p values (a = 0.05).

a)
Model Response Random effects Distribution  Link
~ Fixed Function df AIC
effects
1 None Binomial Logit 3 925.77
2 > @ Transect number (variable intercept & 4 906.60
S % fixed slope parameters)
o &
3 "2 UZJ Transect number (variable intercept & 9 884.48
s 2 variable slope parameters)
= 32
4 g E Site (variable intercept & fixed slope 4 910.25
E é parameters)
5 Site (variable intercept & variable 9 913.59
slope parameters)
b)
Odds
Contrast Ratio LCL UCL df t p
Trimma benjamini / 0.04 0.01 0.13 3827 -6.72 0.00*
Trimma capostriatum
Trimma benjamini / 4.92 0.77 31.66 3827 2.01 0.11
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Trimma yanoi

Trimma capostriatum / 114.59 2423 541.87 3827 7.16 0.00%
Trimma yanoi

Table Al. 7 a) Comparison by Akaike information criterion (AIC) of 3 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of individuals that were present in each microhabitat category in each species. Different
random effects (transect number and site) were tested against each other to determine if their
addition significantly improved model fit. The optimum model is indicated in bold. b) Analysis
of Variance table assessing the significance of interactions of the optimum model determined
in a. Main effects are greyed out if there are significant interactions involving this variable. ¢)
Pairwise comparisons for significant interaction terms in b. Mean differences are shown on an
odds ratio scale (LCL = 95% lower confidence level, UCL = 95% upper confidence level). df
= degrees of freedom. * represents significant p values (o = 0.05).

a)
Response ~ Random effects  Distribution  Link

Model # Fixed effects Function a AlC

1 Proportion of None Binomial = Logit 18 11504.22

individuals per

2 m? ~ Species X Transect number 19 11506.22
Microhabitat .

3 Site 19 11506.22

Note: Models with random effects with variable intercept & variable slope parameters did
not converge and are therefore not included

b)

Term df Sum sq Mean sq F p

Species : 10 610.44 61.04 218.93 0.00*
Microhabitat
category

c)

. Odds LCL UCL
Species contrast atio df t p
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Trimma Overhang / Vertical 0.02 0.01 0.03 6066 -2698  0.00%
benjamini
Overhang / Sloping 0.12 0.08 0.18 6066 -14.03 0.00*
inwards
Overhang / Sloping 0.09 0.06 0.14 6066 -1593 0.00*
outwards
Overhang / 3.99 1.64 9.73 6066 4.44 0.00*
Mounding coral
Overhang / Other 3D 1.78 0.91 347 6066 2.45 0.14
structure
Vertical / Sloping 6.40 5.22 7.86 6066 25.80  0.00%
inwards
Vertical / Sloping 491 4.04 597 6066 23.26  0.00*
outwards
Vertical / Mounding 21822  97.79 486.99 6066 19.12  0.00%
coral
Vertical / Other 3D 97.09  56.17 167.83 6066 23.83  0.00*
structure
Sloping inwards / 0.77 0.61 0.96 6066 -3.40  0.01*
Sloping outwards
Sloping inwards / 34.08 15.17 76.58 6066 1242  0.00*
Mounding coral
Sloping inwards / 15.16 8.68 2648 6066 13.91  0.00%
Other 3D structure
Sloping outwards / 44.41 19.81 99.55 6066 13.40  0.00*
Mounding coral
Sloping outwards / 19.76 11.36 3438 6066 1536  0.00*
Other 3D structure
Mounding coral / 0.44 0.17 1.16 6066 -2.42 0.15
Other 3D structure
Trimma Overhang / Vertical 14.31 6.98 29.31 6066 10.57  0.00*
capostriatum
Overhang / Sloping 5.78 3.38 9.87 6066 9.34 0.00*
inwards
Overhang / Sloping 99.83 18.64 534.60 6066  7.82 0.00*

outwards
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Overhang / 1.84 1.19 2.83 6066 4.02 0.00*
Mounding coral
Overhang / Other 3D 8.95 4.87 1646 6066 10.26 0.00*
structure
Vertical / Sloping 0.40 0.18 0.89 6066 -3.26 0.01*
iwards
Vertical / Sloping 6.98 1.18 4127 6066 3.12 0.02*
outwards
Vertical / Mounding 0.13 0.06 0.27 6066 -8.04 0.00*
coral
Vertical / Other 3D 0.63 0.27 1.46 6066 -1.58 0.61
structure
Sloping inwards / 17.28 3.12 95.75 6066 4.75 0.00*
Sloping outwards
Sloping inwards / 0.32 0.18 0.55 6066 -594  0.00*
Mounding coral
Sloping inwards / 1.55 0.77 3.11 6066 1.79 0.47
Other 3D structure
Sloping outwards / 0.02 0.00 0.10 6066 -6.77 0.00*
Mounding coral
Sloping outwards / 0.09 0.02 0.51 6066 -3.96 0.00*
Other 3D structure
Mounding coral / 4.87 2.62 9.06 6066 7.26 0.00*
Other 3D structure

Trimma Overhang / Vertical 22.20 1475 3340 6066 21.63 0.00*

yanoi
Overhang / Sloping 1.41 1.13 1.76 6066 4.35 0.00*
mwards
Overhang / Sloping 34797 82.76 1463.12 6066 11.62 0.00*
outwards
Overhang / 1395.15 80.21 24266.42 6066 7.23 0.00*
Mounding coral
Overhang / Other 3D 1395.11 80.21 24264.74 6066  7.23 0.00*
structure
Vertical / Sloping 0.06 0.04 0.10 6066 -19.21  0.00*

inwards
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Vertical / Sloping
outwards

Vertical / Mounding
coral

Vertical / Other 3D
structure

Sloping inwards /
Sloping outwards

Sloping inwards /
Mounding coral

Sloping inwards /
Other 3D structure

Sloping outwards /
Mounding coral

Sloping outwards /
Other 3D structure

Mounding coral /
Other 3D structure

15.68

62.85

62.85

247.07

990.58

990.55

4.01

4.01

1.00

3.58

3.54

3.54

58.75

56.95

56.95

0.17

0.17

0.02

68.61

1115.68

1115.61

1039.00

17230.89

17229.70

97.29

97.28

56.42

6066

6066

6066

6066

6066

6066

6066

6066

6066

5.31

4.10

4.10

10.93

6.88

6.88

1.24

1.24

-0.00
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0.00*

0.00*

0.00*

0.00*

0.00*

0.00*

0.82

0.82

1.00
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Table Al. 8 Comparison by Akaike information criterion (AIC) of 3 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of m? quadrats that were occupied by lone species relative to the proportion of m? quadrats
occupied by multiple species. Different random effects (transect number and site) were tested
against each other to determine if their addition significantly improved model fit. The optimum
model is indicated in bold.

Model Response ~ Fixed effects Random Distribution  Link df 4IC
# effects Function
1 Presence/ absence per m? None 7 3724.96
quadrat ~ Lone and co-
isti i Transect
2 eXlStlng Species . . . 8 373938
categories (i.e., B, C, Y, number Binomial  Logit
B&C, B&Y, C&Y and
3 B&C&Y)* Site 8 3739.38

Note: Models with random effects with variable intercept & variable slope parameters did
not converge and are therefore not included
*B = Trimma benjamini, C = T. capostriatum,Y = T. yanoi

Table Al. 9 Comparison by Akaike information criterion (AIC) of 5 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of individuals per m? quadrats that inhabited the same microhabitat category (overlap) vs
different (no overlap) in m? quadrats where species co-existed. Different random effects
(transect number and site) were tested against each other to determine if their addition
significantly improved model fit. The optimum model is indicated in bold.

Model Response ~ . Link
y Fixed effects Random effects Distribution Function df AlIC
1 None 3 353.90
Individuals Transect number (variable
inhabit the same intercept & fixed slope 4 357.90
microhabitat parameters for each species)
(oi/i[fl%logyvs Transect number (variable
3 . P intercept & variable slope 9 367.57
different (no arameters for each species) Binomial Logit
overlap) p p =08k
~ co-existing Site (variable intercept &
4 Species fixed slope parameters for 4 356.67
categories (i.e., each species)
B&C, B&Y,
C&Y)* Site (variable intercept &
5 variable slope parameters 9 363.25

for each species)




Ecology and Life-History of Coral Reef Fishes of the Genus 7rimma 195

Table Al. 10 Comparison by Akaike information criterion (AIC) of 3 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of individuals that interacted vs did not interact with another Trimma species, for each species
examined. The random effect of site was tested to determine if their accounting for its variation
significantly improved model fit. The optimum model is indicated in bold.

Model Response ~ Fixed Random effects  Distribution Link

# effects Function a Alc

1 None 3 84.32
155?\233;?;1 tﬁi ¢ Site (variable intercept &

2 fixed slope parameters for 4 86.29

interacted vs did
not interact with
another Trimma
3 species ~ Species

each species) Binomial  Logit

Site (variable intercept &
variable slope parameters 9 96.24
for each species)
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Appendix 2: Supplementary Information for Chapter 3

Other data, code, and output available on request from the author
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Figure A2. 1 Boxplots of standard length (mm) and age (days) of Trimma benjamini, T.
capostriatum and T. yanoi.
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Appendix 3: Supplementary Information for Chapter 4

Other data, code, and output available on request from the author

Table A3. 1 Model equations, explanation of model ferms, and R functions and packages used

polynomial.

Model and equation Explanation of terms R
function()
R Package
1. Generational turnover GT: Generational turnover: Base R
The potential number of (R Core Team,
GT = AM + (Tmax — AM ) generations able to be 2021)
- 2 produced annually.
AM: The female age at
maturity.
Tinax: The maximum age
recorded.
2. Generalised linear model L;: The response variable, glmQ
standard length at age i. stats
x;: The predictor variable (age | (R Core Team,
Li = Bo+ Pix; or otolith radius) at 2021)
observation i.
Bo and B;: The coefficients
for the intercept and the linear
term of x;.
3. Polynomial model L;: The response variable poly()
(standard length at age i). glmQ
x;: The predictor variable (age stats
Li= Bo + Brxi+Box® o + Brxi" or otolith radius) at (R Core Team,
observation i. 2021)
, B4, ... B: The
c'f)oeffﬁ:lientsﬁﬁ)r the intercept gImmTMB()
and polynomial terms of x;, glimmTMB
where n is The degree of (Brooks et al.,
2017)
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4. Akaike information criterion

AIC = 2k — 21n(L)

e AIC: Akaike information
criterion.

e k: The number of parameters
in the model, penalising
models with more parameters
to prevent overfitting.

e [: The maximum likelihood of
the model and is a measure of
how well the model predicts
the observed data.

e [n: The natural logarithm

A difference in AIC scores of >2
units indicated a significant
difference in model fit, with a
lower AIC score indicated a better
fitting model. If AIC scores were
equal, the most conservative
model was used.

AICO
stats

(R Core Team,
2021)

5. Experimental Modified Fry
(MF) model

[In (cht_ a)—In (Lop - a)] [ln(Ri)_ln(ROp))
[ln(cht)_ln(Rop))

ln(LOp - a) >

The MF model (Vigliola et al.,
2000) has an allometric growth
component that allows the
otolith—somatic growth
relationship to vary with size and
includes biologically determined
parameters.

e [L; and R;: Fish length and
otolith radius at age i.

® L¢pe and Rgy,: Fish length and
otolith radius at the time of
capture.

® Ly, and Ry,: The biologically
determined intercepts of fish
length and otolith radius at
hatch. Lo, was taken as 1.855
mm, which is the mean size of
T. okinawae (2.01 mm) and T.
grammistes (1.7 mm) at
hatching (Sunobe, 1995). R,
was taken as the mean radius
of the first increment for each
species.

e a: The regression parameter.
The experimental version of
the model was utilised
therefore a was taken as
0.75Lop (Vigliola & Meekan,
2009).

backCalc(Q)
RFishBC

(Ogle, 2019).
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e [n: The natural logarithm
6. Biological Intercept (BI) The BI model (Campana, 1990) backCalc()
model assumes each individual has a RFishBC

(L t“Lo )
Li = Lepe + (Ri + Rept) —2 P

(cht - ROp)

unique length—radius relationship

that passes through fish length

and otolith radius at hatching and
capture.

e [L; and R;: Fish length and
otolith radius at age i.

® Ly and Repe: Fish length and
otolith radius at the time of
capture.

e Loy, and Ry,: The biologically
determined intercepts of fish
length and otolith radius at
hatch. Ly, was taken as 1.855
mm, which is the mean size of
T. okinawae (2.01 mm) and T.
grammistes (1.7 mm) at
hatching (Sunobe, 1995). Ry,
was taken as the mean radius
of the first increment for each
species.

(Ogle, 2019).

7. Linear Body Proportional
Hypothesis (BPH)

cht

Li = (a + le)m
cpt

The BPH model (Francis, 1990)
assumes there is a constant
proportional deviation from the
mean body size, and the length —
otolith radius lines for each
individual passes through fish
length and radius at capture

e [L; and R;: Fish length and
otolith radius at age i.

® Ly and Ry Fish length and
otolith radius at the time of
capture.

e aand b: The regression
parameters statistically
estimated from the fish length
— otolith radius regression.

backCalc(Q)
RFishBC

(Ogle, 2019).

&. Growth rate

dL;

Gi = = Bl + 2B2x1: + 353){:1'2

dxi
+nf,x;" 1

Growth rate was determined by
differentiating the optimum
growth equation (Vigliola et al.,
2000), which followed the
formula L; = [y + fix; +
Baxi® o + Bpx™

glmmTMB()
glmmTMB
(Brooks et al.,
2017)
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e x;: The predictor variable age
at observation i

e (;: Growth rate at age i,
representing the instantaneous
rate of change of standard
length with respect to age x;.

dL; o
. d—L‘_ : Derivative of length L;

Xi
with respect to age x;

L 181 ) Bz, 1871: The
coefficients of the polynomial
terms of x;, where n is the
degree of polynomial

Table A3. 2 AIC scores and consumed degrees of freedom for otolith radius and somatic growth
models. The optimum model is indicated in bold.

Species Model df AIC
Trimma benjamini Generalised linear 3.0 402.1
(n=128) 2" degree polynomial 4.0 398.0
Trimma capostriatum Generalised linear 3.0 340.9
(n=95) 21 degree polynomial 4.0 341.9
Trimma yanoi Generalised linear 3.0 352.9

(n=116) 2"d degree polynomial 4.0 341.6
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a) Experimental Modified-Fry b) Biological Intercept Model c) Linear Body Proportional
Model Hypothesis Model
1
0.50 4
0.20 1 0.20 1
0.30 1
0.0 0.10 1 0.10
2]
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) - ]
=005 0.07 0.07
‘; 12 3 45 6 7 8 910 12 3 45 6 7 8 910
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o
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o
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0.10 1
0.07 4 0.07 1
0.05 1
; 0.051 : 0.05-
12345678910 12345678 910 12345678 910
Polynomial degree
Trimma benjamini 8] Trimma capostriatum Trimma yanoi

Figure A3. 1 Cross validated mean squared error MSE (k = 10 folds) for linear and polynomial
population growth models for MF, BI, and BPH back calculated datasets for 7rimma
benjamini, T. capostriatum, and T. yanoi. On the x-axis, n = 1 signifies a generalised linear
model with no polynomial terms (Table A3. 1.2), while n =2 : 10 represents polynomial models
of the n” degree (Table A3. 1.3). Red dashed lines indicate the selected optimal polynomial
degree along the x-axis and the corresponding MSE on the y-axis. Decreases in MSE greater
than 0.01 between polynomial degrees suggest a more suitable model. Note: The y-axis is
presented on a logarithmic scale to better visualize the substantial differences in MSE between
linear and higher polynomial degrees.
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Table A3. 3 Difference in cross-validated mean squared error (MSE) between polynomial
degrees for the Experimental Modified Fry model (MF), Biological Intercept model (BI), and
the Body Proportional Hypothesis model (BPH). Decreases in MSE greater than 0.01 between
polynomial degrees suggest a more suitable model, highlighted in bold.

Difference in MSE between polynomial

degrees
Species Po}l)}g;c;g;ial MF model BI model BPH model
1-2 -0.5904 -0.1841 -0.1869
2-3 -0.0315 0.0000 0.0000
3-4 -0.0002 -0.0120 -0.0124
4-5 -0.0005 -0.0043 -0.0043
Trimma benjamini 5-6 -0.0005 -0.0000 -0.0001
6-7 -0.0012 -0.0006 -0.0007
7-8 -0.0003 -0.0002 -0.0001
8-9 0.0000 0.0001 -0.0000
9-10 -0.0000 -0.0002 -0.0001
1-2 -0.4607 -0.1324 -0.1520
2-3 -0.0121 -0.0010 -0.0010
3-4 -0.0045 -0.0190 -0.0220
4-5 -0.0021 -0.0054 -0.0063
» pTOr ;’;’;qum 5-6 -0.0016 -0.0010 -0.0011
6-7 -0.0049 -0.0038 -0.0045
7-8 -0.0011 -0.0006 -0.0007
8-9 0.0000 -0.0001 -0.0000
9-10 -0.0004 -0.0006 -0.0007
1-2 -0.3570 -0.0990 -0.0987
Trimma yanoi 2-3 -0.0103 -0.0011 -0.0011

3-4 -0.0042 -0.0185 -0.0184
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4-5

5-6

7-8
8-9

9-10

0.0000
-0.0028
-0.0014
-0.0001
-0.0001

-0.0001

-0.0007
-0.0020
-0.0008
-0.0000
-0.0002

-0.0001

-0.0007
-0.0020
-0.0008
0.0000
-0.0002

-0.0001
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a) b)
arval growth  Juvenile growth Adult growth Larval growth  Juvenile growth Adult growth
i = i : 4t degree polynomial:
W y=1.563+1.847e-1x
+1.451e-3x? - 2.899e-5 x3
+1.306e-7 x*

Residuals
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+2.394e-3x2- 3.853e-5x°
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Population growth model: Trimma benjamini ‘ | Trimma capostriatum Trimma yanoi

[ Individual growth Age-length at

L trajectories L capture

Figure A3. 3 a & b) Modelled population growth curves across larval, juvenile, and adult life
history stages for Trimma benjamini, T. capostriatum, and T. yanoi. Solid regression lines and
shaded ribbons represent polynomial mixed-effects models of the 4th degree + 95% confidence
intervals (model equations for each species are displayed in a box). Dashed and dotted lines
represent the age at settlement and maturity for each species, respectively. a) Displays growth
curves fitted to individual fish growth trajectories, back-calculated using the Biological
Intercept model. b) Illustrates growth curves against the ages (days) and standard lengths (mm)
of individuals at the time of capture. Residual plots depict the deviations between the population
growth model and observed ages and lengths at capture, with lines showing a locally weighted
regression smoother applied to these residuals.
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Table A3. 4 Residual sum of squares (RSS) and mean squared error (MSE) of modelled

population growth curves compared to ages and standard lengths at capture, for the
Experimental Modified Fry model (MF), the Biological Intercept model (BI), and the Body

Proportional Hypothesis model (BPH). Trimma benjamini (n = 128), T. capostriatum (n = 95)
and 7. yanoi (n = 116).

205

Residual sum of squares Mean squared error

MF BI BPH MF BI BPH

Trimma 388.35 164.21 162.43 3.01 1.27 1.26
benjamini
Trimma 284.50 123.81 106.41 2.79 1.21 1.04
capostriatum
Trimma 296.47 150.67 149.81 243 1.24 1.23
yanoi

Table A3. 5 Pairwise comparisons of growth rate among life history stages (Larvae, Juvenile,
and Adult). Estimate represents mean differences (LCL = 95% lower confidence level, UCL =
95% upper confidence level). df = degrees of freedom. * Represents significant p values (o =

0.05).
Species contrast estimate df LCL UCL t p
Adult - -0.020 129 -0.032 -0.007 -3.707 0.001*
Juvenile
Trimma Adult - -0.056 129  -0.070 -0.043  -9.928  0.000%
benjamini
Larvae
Juvenile - -0.037 129 -0.051 -0.022 -6.058 0.000%*
Larvae
Adult - -0.014 124 -0.024 -0.003 -3.102 0.007*
Juvenile
Trimma Adult - -0.061 124 -0072  -0.050 -13.100  0.000%
capostriatum
Larvae
Juvenile - -0.047 124 -0.058 -0.036  -10.167  0.000*
Larvae
Trimma Adult - -0.014 125 -0.025 -0.003 -2.990 0.009*
yanoi Juvenile
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Adult - -0.059 125 -0.071 -0.048 -11.918 0.000*
Larvae
Juvenile - -0.045 125 -0.057 -0.034 -9.203 0.000*

Larvae
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Appendix 4: Supplementary Information for Chapter 5

Other data, code, and output available on request from the author

Table A4. 1 Comparison by Akaike information criterion (AIC) of 5 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
of individuals that were actively feeding in each species. Different random effects were tested
against each other to determine if their addition significantly improved model fit. The optimum
model is indicated in bold.

. PP Link
Model #  Fixed effects Random effects Distribution function df AIC

1 None 3 578.3

Site (variable intercept
& fixed slope
parameters for each
species)

4 580.1

Depth (variable
Proportion of  intercept & fixed slope 4 530.0
individuals that ~ parameters for each '
were actively species) Binomial  Logit

feeding vs. not
feeding ~ Species Site (variable intercept

& variable slope .
parameters for each 9 NA
species)

Depth (variable
intercept & variable
slope parameters for

each species)

O

588.4

"Model convergence issue
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Table A4. 2 Comparison by Akaike information criterion (AIC) of 10 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model feeding rate
per minute in each species. Different random effects and different distributions were tested
against each other to determine if their addition significantly improved model fit. The optimum
model is indicated in bold.

. . Link
Model # Fixed effects Random effects Distribution function df AIC

1 None 4 2927.0

Site (variable intercept & 5 2907.5
2 fixed slope parameters
for each species)

Depth (variable intercept 5 2912.7
3 & fixed slope parameters  Gaussian  Identity
for each species)

Site (variable intercept & 10 NAT
4 variable slope parameters
for each species)

Depth (variable intercept 10 2920.3
& variable slope
parameters for each
species)

Feeding rate per
6 minute ~ None 3 2814.3
Species
Site (variable intercept &
7 fixed slope parameters 4 2787.5
for each species)

Depth (variable intercept
8 & fixed slope parameters 4 2792.6

for each species) Poisson Log

Site (variable intercept &
9 variable slope parameters 5 2786.8
for each species)

Depth (variable intercept
& variable slope
parameters for each
species)

10 5 2912.7

11 None Log 4 2801.4
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Site (variable intercept &
12 fixed slope parameters 5 2780.6
for each species)

Depth (variable intercept
13 & fixed slope parameters 5 2786.8
for each species)
Negative
Site (variable intercept & Binomial
14 variable slope parameters 4 2792.6
for each species)

Depth (variable intercept
& variable slope
10
parameters for each
species)

15 2794.5

"Model convergence issue

Table A4. 3 Comparison by Akaike information criterion (AIC) of 5 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) to model the proportion
pelagic vs benthic feeding events in each species. Different random effects were tested against
each other to determine if their addition significantly improved model fit. The optimum model
is indicated in bold.

. g Link
Model # Fixed effects Random effects Distribution function df AIC
1 None 3 215.5
Site (variable intercept & 4 217.3
2 fixed slope parameters for
each species)
Proportion of Depth (variable intercept & 4 215.1
3 pelagic vs  fixed slope parameters for
benthic feeding each species) Binomial  Logit
events ~
Species Site (variable intercept & 9 222.5
4 variable slope parameters
for each species)
Depth (variable intercept & 9 218.6

5 variable slope parameters
for each species)
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Table A4. 4 Proportion of feeding events where food items were pelagic (items floating in the
water column captured) or benthic (items picked from the benthos). Predicted proportions are
shown in bold and 95 % LCL (lower confidence level) and UCL (upper confidence levels)
positioned below were derived from a Binomial distribution (logit link). n represents the
number of feeding events observed

Proportion of feeding events
(95% LCL, UCL)

Species

Pelagic

Benthic

Trimma benjamini
(n=2152)

Trimma capostriatum

(n="974)

Trimma yanoi
(n=1178)

99.6 %
(99.3 %, 99.8 %)

99.8 %
(99.2 %, 99.9 %)

99.5 %
(98.9 %, 99.8 %)

0.4 %
(0.7 %, 0.2 %)

0.2 %
(0.8 %, 0.1 %)

0.5 %
(1.1 %, 0.2 %)

Table A4. 5 Comparison of 3 different generalized linear models (glms) / generalized linear
mixed-effect models (glmms) for each species to model the proportion of individuals in each
interference category. Different random effects were tested against each other to determine if

their addition significantly improved model fit. The optimum model is indicated in bold.

Model . . Random . Link
u Species Fixed effects effects Distribution function df AIC
1 Proportion of individuals ~ None 49300
Trimma interference categories . . . .
2 benjamini ‘Conspecifics’, ‘Labridae’, Site Binomial - Logit 5 932.0
3 or ‘Other’ Depth 5 9320
1 None 3 2423
Trimma Proportion of individuals ~
. interference category Site Binomial Logit 4 2443
capostriatum « . v
Labridae
3 Depth 4 2429
1 N 4 696.3
Proportion of individuals ~ one
Trimma interference categories . . . .
2 yano ‘Conspecifics’, ‘Labridae’, Site Binomial Logit 5 698.3
‘Other’
3 or et Depth 5 6983

Note: Random effects had variable intercept and fixed slope parameter. Random effects with
variable intercept and variable slope parameters were not included due to model convergence

1SSues.
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Table A4. 6 a) Comparison by Akaike information criterion (AIC) of 9 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) for each species to
model the feeding rate of individuals in each interference category. Different random effects
and distributions were tested against each other to determine if their addition significantly
improved model fit. The optimum model is indicated in bold. b) Pairwise comparisons of
feeding rate of Trimma individuals that were interfered with by a conspecific, Labridae, or
other animal, compared to the feeding rate of individuals that did not experience interferences
by other animals. Ratio represents fold differences (LCL = 95% lower confidence level, UCL
= 95% upper confidence level). df = degrees of freedom. * Represents significant p values (a
=0.05).

a)
Model . . Random T Link
u Species Fixed effects effects Distribution function df AlC
1 None 5 15823
2 Site Gaussian Identity 6  1580.0
3 Depth 6 15834
Feeding rate ~
4 interference categories None 4 15254
5 Tn.m mna. Conspeclﬁc ’ I’Jabrldae ’ Site Poisson Log 5 15185
benjamini Other
6 and baseline category Depth 5 15164
‘No interferences’
7 None 5 1503.5
. Negative
8 Site Binomial Log 6 1501.5
9 Depth 6 15045
1 None 3 7059
2 Site Gaussian Identity 4  706.5
3 Depth 4  696.7
4 Feeding rate ~ None 2 6809
Trimma interference category
5 . ‘Labridae’ and baseline Site Poisson Log 3 6789
capostriatum
category
6 “No interferences’ Depth 36722
7 None 3 6752
. Negative
8 Site Binomial Log 4 6752
9 Depth 4 666.5

1 None 5 1058.1
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Trimma yanoi

8

9

Feeding rate ~
interference categories
‘Conspecifics’,
‘Labridae’, ‘Other’, and
baseline category
‘No interferences’

212

Site Gaussian Identity 6  1053.5
Depth 6 1058.5
None 4 9644

Site Poisson Log 5 9545
Depth 5 9541
None 5 9484

. Negative

Site Binomial og 6 9449

Depth 6 949.0

Note: Random effects had variable intercept and fixed slope parameter. Random effects with
variable intercept and variable slope parameters were not included due to model convergence

1ssues.
b)
Species Contrast Ratio  df LCL UCL t p
Conspecific 0.80 0.37 1.74 -0.73 0.88
Trimma Labridae 047 364 034 065 -597  0.00%
benjamini
Other 0.80 0.52 1.23 -1.34 0.54
Trimma Labridae 055 13 037 084 280  o0.01*
capostriatum
Conspecific 1.36 0.80 2.33 1.49 0.44
Trimma Labridae 0.18 253  0.10 032 -770  0.00*
yanoi
Other 0.69 0.28 1.70 -1.06 0.72
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Table A4. 7 a) Comparison by Akaike information criterion (AIC) of 6 different generalized
linear models (glms) / generalized linear mixed-effect models (glmms) per trait to model the
mean relative eye diameter (% Ls), relative horizontal gape, elongation index, and caudal fin
aspect ratio among species. Different random effects and distributions were tested against each
other to determine if their addition significantly improved model fit. The optimum model for
each trait is indicated in bold. b) Pairwise comparisons the four traits among Trimma species.
Estimate represents mean differences (LCL = 95% lower confidence level, UCL = 95% upper
confidence level). df = degrees of freedom. * Represents significant p values (o = 0.05).

Model Random Link

4 Fixed effects effects Distribution Sfunction df  AIC
1 None 4  649.8
Gaussian  Identity
2 Site 5 6518
3 Relative eye diameter None 3  1183.0
(% Ls) Poisson Log
4 ~ Species Site 4 11850
5 None Negative Log 4 1185.0
6 Site Binomial 5 1187.0
1 None 4 7363
Gaussian  Identity
2 Site 5 7313
3 Relative horizontal gape None 3 1091.0
(% Ls) Poisson Log
4 ~ Species Site 4 1093.0
5 None Negative Lo 4 1093.0
6 Site Binomial 5 1095.0
1 None 4 18.2
Gaussian  Identity
2 Site 5 9.6
3 Elongation index None . 3. 9780
Speci Poisson Log
4 ~ Species Site 4 980.0
5 None Negative Log 4 980.0
6 Site Binomial 5 982.0
1 None 4 -109.1

Caudal fin aspect ratio Gaussian  Identity

2 ~ Species Site 5 -195.1
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None 3 641.0
Poisson Log
Site 4 643.1
None Negative 4 643.1
. Binomial Log
Site 5 645.1

Note: Random effects had variable intercept and fixed slope parameter. Random effects with
variable intercept and variable slope parameters were not included due to model convergence

issues.
b)
Trait Contrast Estimate  df LCL UCL t P
I benjamini/ o 15 264 017 042 099 059
T capostriatum
Relative eye L.
diameter : I;‘en{;”;;m/ -1.18 264 -1.46 -091 -10.16  0.00*
(% Ls) "y
T. capostrmfum/ -1.31 264 -1.60 -1.02  -10.52  0.00*
T. yanoi
T benjamini/ 15964 023 046 078 0.71
T’ capostriatum
Relative
horizontal T. benjamini/ 114 264  -147 -0.82  -8.35  0.00*
gape T. yanoi
(% Ls) .
T. capostrla{um/ 126 264 _1.61 20.92 862 0.00*
T. yanoi
T benjamini/ 35 298 043 026 965  0.00%
T. capostriatum
Elqngatlon T. benjamt.m/ 021 208 0.13 0.28 6.35 0.00*
index T. yanoi
T. capostrza{um/ 055 208 0.47 0.63 16.02 0.00%
T. yanoi
T benjamini/ 001 298 -0.06 008 027 096
T’ capostriatum
Caudalfin 1. benjamini/ g3 598 009 004 097  0.60
aspect ratio T. yanoi
T. capostriatum/ 2003 298 20.10 0.03 -1.20 0.46

T. yanoi
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