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General Abstract
Tropical coral reefs are one of the most species rich ecosystems on earth. Highly diverse
reef-associated fish assemblages are characterised by a high level of specialization in relation to
environmental gradients, including temperature, water flow and turbidity. Species that are
specialized on particular environments or resources can have an advantage over generalists in their
ability to acquire and utilize resources. However, increasing human impacts on critical
environmental parameters may be pushing specialized fish species beyond the levels to which they
have evolved and can survive. Although coral reef ecosystems are regarded as thermally stable,
ocean temperatures are expected to rise by about 3ºC within the next century due to global warming.
In addition, flow conditions are expected to change due to shifting ocean currents and increasing
storm intensities, and sedimentation and turbidity are expected to increase on many reefs due to
rising coastal development, dredging and re-suspension during storms.
The overall goal of this thesis was to examine the performance of tropical coral reef fishes
under present and future conditions of temperature, water flow and turbidity. It assesses how
specialized reef fishes are for particular environmental conditions and how ability to access habitat
and food resources is affected by environmental changes. The effects of temperature, flow and
turbidity on the metabolism, swimming ability and foraging ability were assessed for 10 species of
planktivorous coral reef damselfishes (Pomacentridae). Four objectives were examined using
combinations of field and experimental protocols around Lizard Island, Northern Great Barrier Reef,
Australia: 1) To determine the degree to which planktivorous coral reef fishes are physically and
metabolically specialized for occupying particular habitat flow conditions and temperature regimes.
2) To measure how swimming performance, metabolic performance and optimum flow regime is
influenced by the elevated temperature expected under climate change. 3) To determine the degree to
which planktivorous coral reef fishes are specialized for foraging under particular habitat flow
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conditions, and their sensitivity to changes in flow. 4) To measure how foraging efficiency at
different flow speeds is influenced by changes in visual range associated with changes in turbidity
For each objective, water flow speeds were determined in-situ using automated flow meters
purposely designed for this study, whilst field temperatures and cross-shelf turbidity levels were
acquired from local weather stations and published water quality studies. Species distribution
patterns, habitat use and foraging behaviours were determined in-situ by SCUBA divers. Metabolism
and swimming performance was measured using flow tunnel respirometry at normal seasonal
temperatures as well as 3ºC above present day maximum, and foraging performance on mobile and
immobile planktonic prey was recorded experimentally in a flow chamber under different conditions
of flow speeds and turbidity.
All study species were associated with different flow regimes and varied significantly in
flow regime occupied. High flow species were found in reef habitats with flow speeds to ≤ 36 cms-1,
medium flow species to ≤ 21 cms-1 and low flow species were confined to just ≤ 13 cms-1. Flow
conditions occupied were closely linked with temperature: All species showed strong thermal
sensitivity and significant changes in metabolic performance and swimming ability between normal
seasonal temperatures of 23ºC and 29ºC, and no species occupied habitats with flow speeds higher
than their lowest recorded swimming speeds (at 23ºC or 29ºC). Standard metabolic rates were
reduced by 41.4% overall when exposed to winter temperatures, reducing energetic needs for
survival, while energy available for activity (aerobic factorial scope) increased by an average 38.4%,
thereby increasing energetic resistance to adverse conditions. At the same time maximum swimming
speeds using pectoral fins (i.e. the mode used for foraging) was reduced by an average 18.2%,
limiting the ability to conduct ecological activities, gain energy and occupy habitats under winter
conditions.
At elevated temperatures to 3ºC above present day maximum (32ºC), thermal impacts on
performance increased even further: Standard metabolic rates increased by 20% on average,
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increasing energetic needs for survival. Aerobic scopes declined by up to ~65%, limiting energy
available for overcoming challenges. Swimming speeds declined by up to ~50%, limiting the ability
to gain the extra energy needed for survival, and some species lost so much swimming capacity that
they were no longer able to overcome the flow speeds of the habitats they currently occupy.
Flow conditions occupied were also closely linked with foraging performance. All species
were specialized for foraging on plankton under particular flow speeds, and foraging efficiency (i.e.
proportion of successful attacks) rapidly declined above and below optima. Faster swimming species
were up to 2.5-fold more efficient at foraging in high flow and could maintain above average
foraging efficiency over a 2.8-fold wider range of flow speeds. Compared, slow swimming species
showed below average foraging efficiency at flow speeds > 14cms-1 and had low abundance in these
habitats. However, several slow swimming species outperformed in currents < 10 cms-1, foraging up
to 1.3-fold more efficiently than faster swimming competitors. Accordingly, individual foraging
efficiency was optimized for the same particular flow conditions as swimming performance and
metabolic performance, and strongly correlated with field abundance.
Foraging efficiency was highly dependent on water clarity with turbidity levels as low as 4
and 8 NTU (nephelometric turbidity units) causing major reductions in efficiency. At 4 NTU there
was up to ~58% loss of foraging efficiency in several species, with the greatest loss of efficiency
seen at the higher flow speeds (i.e. > 15 cms-1). At 8 NTU all species lost foraging efficiency.
However, the loss grew up to ~70% for some species, and foraging efficiency rapidly reduced at
flow speeds > 10 cms-1. Mid- and outer-reef species showed significantly greater sensitivity to
changes in turbidity than inner-reef species: In particular, there appeared to be a threshold limit of <
4 NTU for mid- to outer-reef species and < 8 NTU for inner-reef species above which foraging
efficiency was significantly compromised. With turbidity in areas of frequent human activity often
reaching levels well above 10 NTU, results provide a reasonable explanation for the lack of many
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planktivores fishes at inshore reefs and highlight sensitivity to turbidity similar to that seen in many
corals.
In conclusion, it appears planktivorous coral reef damselfishes are specialized in relation to
metabolic, swimming and foraging performance. The optimum environmental conditions for each
species established in the laboratory closely matched the distribution patterns in the field. While
physical and physiological specialization is often a superior evolutionary strategy for ecological
performance in environmentally stable ecosystems, this study emphasises the compounding
problems of such a strategy in an environment de-stabilized by anthropogenic disturbance. Given the
level of specialization, performance is quickly lost following even minor changes in environmental
conditions. The close links between performance and habitat use in these species mean that even
minor changes in environmental condition may significantly impact on patterns of distribution and
abundance. Consequently, planktivorous coral reef fishes may be more sensitive to environmental
change than initially thought and unless adaptation is possible, significant problems may be expected
for many of these tropical reef fishes in the years to come.
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Chapter 1: General Introduction

Niche theory predicts that species that specialize on particular environmental
conditions or resources can gain a selective advantage and competitive edge over sympatric
organisms within their niche (Futuyama & Moreno 1988; MacNally 1995; Devictor et al
2010; Pörtner et al 2010). However, there is an expected trade-off between costs and
benefits of specialization (MacNally 1995). Under optimal environmental conditions,
specialization on a narrow range of resources can increase performance through increased
efficiency of energy acquisition, thereby leaving more energy available for growth,
reproduction, and maintenance (MacNally 1995; Clarke 2003; Pankhurst & Porter 2003;
Pörtner et al 2006, 2010; Devictor et al 2010). On the other hand, when conditions are suboptimal for the specialists, they may be out-performed by generalist species capable of
exploiting wider ranges of resources (e.g. Huey & Hertz 1984; Johnson & Steiner 2000;
Rana et al 2002; Tewksbury et al 2008; Pörtner et al 2010). In natural ecosystems,
specialization is thought to be particularly advantageous in stable environments (MacNally
1995; Tewksbury et al 2008; Clavel et al 2010; Pörtner et al 2010). However, while
organisms can adapt to changing environmental condition over evolutionary timescales,
their ability to adapt to change over smaller temporal scales appears limited (Davis et al
2005). Over the last 200 years, anthropogenic disturbances have rapidly increased the rate of
change of many environmental factors (e.g. McCullock et al 2003; IPCC 2007). Indeed,
anthropogenic disturbances have been linked to high extinction risk of many specialised
species (McKinney 1997; IPCC 2007; Colles et al 2009; Clavel et al 2010). Given predicted
increases in the diversity, intensity and frequency of anthropogenic disturbances (e.g.
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Sheppard 2003; Donner et al 2005) there is an urgent need to understand how species will
respond to changing environmental conditions.

Coral reefs: specialization and response to disturbance

Tropical coral reefs are one of the most diverse ecosystems on earth, providing
habitat to over 35% of all known marine species (e.g. Randall et al 1997; Veron 2000; Wells
2000; Allen 2007; Knowlton et al 2010) and several million species in total (see review by
Knowlton et al 2010). This diversity, coupled with physically stable environmental
conditions has provided a favourable setting for the evolution of specialization (Sale 1977;
Nyström et al 2000; Bellwood et al 2004). Specialization is evident in relation to prominent
environmental conditions on coral reefs, including water flow, temperature and
sedimentation levels (e.g. Chappell 1980; Randall et al 1997; Hoegh-Guldberg 1999; Veron
2000). Large gradients of water flow occur across reef systems (Chappell 1980; Young
1989; Kench 1998), but flow conditions within individual coral reef habitats are relatively
consistent. The reef structure fundamentally exposes some areas to ocean currents and
waves, while others are sheltered (Bradbury & Young 1981; Done 1983; Madin & Connolly
2006), with most species occupying habitats characterised by particular flow conditions
(Chappell 1980; Fulton & Bellwood 2005; Tod 2008; Hoogenboom & Connolly 2009).
Coral reefs are also regarded as relatively thermally-stable environments. Worldwide, coral
reefs are largely restricted to temperature ranges between 18 and 30°C, and within a given
reef ecosystem, seasonal fluctuations in water temperature rarely exceed 6°C (Veron 1986;
Thunnell et al 1994; Hoegh-Guldberg 1999; Hoegh-Guldberg et al 2007). Low
sedimentation and clear water also allow most reef-building corals to thrive largely on
photosynthesis (Muscatine 1990; Gattuso et al 1999; Hoegh-Guldberg 1999). Few studies
2

have examined the extent of physiological specialization across all these key parameters or
the ability of species to cope with a range of rapid environmental changes.
Many coral reefs are now subject to accelerating environmental changes from global
warming and direct anthropogenic disturbances such as ocean acidification, sedimentation,
pollution and overfishing (Sebens 1994; Jackson et al 2001; Bellwood et al 2004; IPCC
2007; Hoegh-Guldberg et al 2007). Predictions are that global warming will increase ocean
temperatures by >3ºC within the next century (Hoegh-Guldberg 1999; IPCC 2007 [RCP 4.5
and above]; Lough 2007); flow conditions on coral reef will change due to changing ocean
currents and storm intensities (Bindoff et al 2007; Webster et al 2005, Hoegh-Guldberg &
Bruno 2010); and sediment deposition from human development and farming activity in
coastal communities will continue to rise globally (McCulloch et al 2003; Syvitski et al
2005; Oost et al 2007). Reef organisms face these environmental changes and the level to
which they will be impacted hinges on their ability to acclimate and adapt to the new
conditions. Unfortunately, extreme specialization and dependence on particular resources or
conditions may also render many species severely disadvantaged (Hoegh-Guldberg et al
2007; Munday et al 2008; Tewksbury et al 2008), and high frequency of specialization may
endanger whole community biodiversity (Clavel et al 2010).
Addressing how sensitive coral reef organisms are to changes in environmental
conditions will aid in evaluating the resilience of coral reef ecosystems to global climate
change and anthropogenic disturbances. Several reviews have synthesised the effects on
corals (e.g. Fabricius 2005; Hoegh-guldberg et al 2007; De’ath & Fabricius 2008; Anthony
et al 2011). Most corals are physiologically optimized to operate at the specific and narrow
range of temperatures they commonly encounter on tropical coral reefs (Fitt et al 2001;
3

Sotka & Thacker 2005; Berkelmans & van Oppen 2006; Lesser 2007), and minor increases
of <2ºC can result in severe bleaching and death (Hoegh-Guldberg et al 2007). Many
shallow water reef-building corals are also optimized for clear water conditions to facilitate
photosynthesis (Muscatine 1990; Gattuso et al 1999; Hoegh-Guldberg 1999), and even low
levels of sedimentation and turbidity can significantly reduce coral settlement success,
growth and cover (see Fabricius 2005; Cooper et al 2008; De’ath & Fabricius 2008). As loss
of coral can lead to large-scale changes to reef communities (e.g. Jones et al 2004; Pratchett
et al 2008), it follows that these specific anthropogenic disturbances are currently recognized
as some of the main causes for habitat degradation on tropical coral reefs worldwide
(Hoegh-guldberg 1999; Bellwood et al 2004; Fabricius 2005).

Coral reef fishes: specialization and response to disturbance

Given the high sensitivity of coral to environmental change and the favourable
setting of coral reefs environments for specialization, similar specialization and sensitivity
may be expected in reef fish. Coral reef fishes can be extremely specialized within multiple
aspects of their ecology, in e.g. shelter use, diet, morphology, locomotor performance and
reproductive output (e.g. Munday 2000, 2004; Blake 2004; Bellwood et al 2006; Berumen &
Pratchett 2008), and these specializations directly determine where on the reef a species can
survive. Species within the Gobiodon genus, for example, are particularly specialized for
shelter and food on specific corals (Munday et al 1997; Munday 2000, 2004). Here,
Gobiodon spp. grow faster and survive better when compared to generalists (MacNally

1995; Munday 2000). Similarly, corallivorous butterflyfishes are specialized to forage on
live coral and this provide individuals with an ample and constant supply of food on healthy
reefs (Berumen & Pratchett 2008; Pratchett et al 2008).
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As a consequence of reef fish specialization, substantial physical and physiological
sensitivity to changing environmental conditions is probable (Hoegh-Guldberg et al 2007;
Munday et al 2008; Tewksbury et al 2008, Pörtner & Farrell 2008). However, to date, reef
fish sensitivity to environmental change has been largely viewed as an artefact of the
problems facing corals, e.g. loss of coral habitat, rather than a direct loss of essential
physical or physiological performance such as locomotor performance or reproduction
(Jones et al 2004; Munday 2004). Yet, the capacity for fishes to survive and thrive on the
reef directly depends on their inherent physical and physiological performance relative to the
requirements of their environment.

Key environmental factors for coral reef fishes: water flow, temperature and turbidity

Water flow is arguably the most dominant environmental force affecting reef fish
because it directly impinges on their ability to move within their habitat, which is
fundamental to most ecological activities that determine fitness, including foraging, predator
evasion and reproduction (Bellwood and Wainwright 2001; Fisher & Bellwood 2003; Blake
2004; Domenici et al 2008). It follows that water flow may also significantly impact of
species diversity and abundance within different habitats (Fulton & Bellwood 2005;
Johansen et al 2007). Reef fish occupy habitats with vastly different flow conditions (e.g.
Hamner et al 1988), and individuals require swimming performance adequate to support
ecological performance. Species with limited swimming performance are typically restricted
to habitats with lower rates of flow, such as sheltered lagoons or deeper habitat, than their
fast-swimming counterparts that occupy high flow environments (i.e., shallow, more
exposed habitats) (Williams & Hatcher 1983; Hamner et al 1988; Williams & Bax 2001;
Fulton & Bellwood 2005).
5

As ectotherms, reef fishes depend on the thermal performance of vital physical and
physiological processes to swim and carry out essential daily activities (Fields 2001; Pörtner
et al 2006, 2010). Thermally optimised fish may possess stronger and faster muscles,
increased oxygen delivery to tissues, and therefore increased swimming performance
(Altringham et al 1997; Sänger et al 2005; Pörtner et al 2006, 2010, Munday et al 2008).
However, thermal specialization may also limit an organism to only function in a narrow
range of temperatures. Tolerance ranges as narrow as 6ºC have been reported for some
teleosts (Somero & DeVries 1967; Peck et al 2004), and coral reef fishes are therefore
expected to exhibit enhanced performance within their encountered temperature range but
reduced performance at sub-optimal temperatures.
Most fish also rely on vision for finding food and shelter (Guthrie & Muntz 1993)
making them susceptible to changes in visual field. In particular, a fish’s ability to visually
identify and capture prey is proportional to their range of vision (Aksnes & Utne 1997;
Donohue & Molinos 2009).

Visual range is inversely proportional to sediment

concentration and turbidity (Utne-Palm 1997, 2002). It follows that many predatory fishes
have reduced foraging efficiency in turbid water (e.g. Donohue & Molinos 2009; Hazelton
& Grossman 2009; Wellington et al 2010), and species richness and abundance are low on
turbid near-shore reefs (Williams 1982; Fabricius et al. 2005; Mallela et al 2007; Malcolm et
al 2010). Yet, the interaction between environmental gradients and physical or physiological
performance in reef fish has received little attention. Furthermore, sensitivity to shifting
environmental conditions such as water flow, temperature and turbidity is virtually
unknown.
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Planktivorous coral reef fishes

Planktivorous coral reef fishes represent an ideal system for addressing levels of
specialization and sensitivity to environmental gradients with respect to water flow,
temperature and turbidity. These fishes constitute the largest fish guild on coral reefs,
representing over 22% of all coral reef teleosts, and account for more than 60% of the total
fish biomass on coral reefs (Bellwood & Hughes 2001; Bellwood et al 2004). They are
regarded as a major nutrient plenishing food source that facilitates high primary production
rates on coral reefs (Erez 1990; Hamner et al 1988, 2007). Swimming abilities and visual
acuity is critical for these fishes when foraging in the water column where they are directly
exposed to ambient flow conditions (e.g. Hamner et al 1988).
Planktivorous fish assemblages are generally abundant and diverse in habitats with
significant water movement and clear water, but depauperate in reduced water flow and high
turbidity (e.g. Williams 1982; Hamner et al 1988, 2007; Genin 2004; Fabricius et al. 2005).
This higher abundance is assumed to be related to increased food availability and their
ability to capture prey (e.g. Hamner et al 1988, 2007; Genin 2004). The swimming
performance and visual acuity of planktivorous coral reef fishes must, therefore, match the
specific conditions of their microhabitat. Swimming is also one of the most challenging and
energetically-costly activities that fish perform (e.g. Schmidt-Nielsen 1972; Blake 2004).
The energetic cost of swimming and the ability to visually find and catch prey while
swimming should, therefore, be optimized for maximum competitive advantage in the
specific microhabitat occupied (Houston et al 1993; MacNally 1995; Pörtner et al 2010).
Specialization in swimming performance and foraging efficiency are expected such that
energy utilization and acquisition is optimized for maximum growth, reproduction and
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survival. However, these specializations may also increase a species’ sensitivity to climate
change and anthropogenic disturbances, such as temperature and turbidity (Utne-Palm 2002;
Pörtner et al 2006, 2010). That is, temperature may directly influences physical and
physiological performance (Pörtner et al 2006, 2010), and sediment-induced turbidity may
reduce the visual range and reaction time for a species during foraging (Utne-Palm 2002).
Together, these disturbances may ultimately lead to reductions in foraging efficiency and an
inability to survive in current preferred habitats.

Main objective and outline of study

The overall objective of this dissertation was to examine the impact of water flow,
temperature and sediment-induced turbidity on the ecological and physiological
performance of planktivorous coral reef fishes. Both present day conditions and likely future
conditions were examined to elucidate levels of specialization in these fishes, and sensitivity
to disturbance. Specialization was examined in relation to three key performance indicators:
swimming, metabolic and foraging performance. These parameters are all essential to
ecological and evolutionary survival and can all be measured and manipulated under
controlled experimental conditions. In particular, swimming performance and metabolic
performance were examined in relation to flow and temperature, whilst foraging
performance was examined in relation to flow and turbidity.

The main objective was accomplished by addressing four specific questions:
1: To what degree is planktivorous coral reef fishes physically and metabolically
specialized for occupying particular habitat flow conditions and temperature regimes?
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2: How is swimming performance, metabolic performance and optimum flow regime
influenced by the elevated temperature expected under climate change?
3: To what degree is planktivorous coral reef fishes specialized for foraging under
particular habitat flow conditions, and what is their sensitivity to changes in flow?
4: How is optimum foraging efficiency at different flow speeds influenced by changes in
visual range associated with changes in turbidity?
These key questions and others were dealt with in four separate studies following the
chapters outlined below. All chapters correspond directly with the publications derived from
this thesis (See Appendix G).
The first two data chapters addresses the potential energetic cost of habitat use in
planktivorous reef fishes by comparing swimming performance and metabolic

performance to the requirements of conditions occupied in the field under present day
temperatures and elevated temperatures:

Question 1: To what degree are planktivorous coral reef fishes physically and metabolically
specialized for occupying particular habitat flow conditions and temperature regimes?
Chapter 2 explores the effect of present day seasonal temperatures on swimming

performance and metabolism across a range of site-attached species within the family
Pomacentridae. Performance is compared to the specific habitat flow conditions occupied by
each individual species in the field. It was hypothesized that species will be thermally
specialized and have greater swimming performance and metabolic performance in the
particular seasonal temperature more often encountered within their distribution range (i.e.
closer to their theoretical optimum temperature). It was also hypothesized that if there are
9

differences between seasons, the habitats occupied by site attached species will directly
depend on their lowest seasonal performance. That is, site-attached species can only persist
in a habitat in which they can maintain adequate metabolic performance and swimming
ability all year round.

Question 2: How is swimming performance, metabolic performance and optimum flow
regime influenced by elevated temperature?
Chapter 3 examines the effects of increasing ocean temperatures on the swimming

ability and aerobic metabolism of planktivorous coral reef fishes. This chapter tests how a
3ºC temperature increase similar to that predicted by the IPCC (2007) for global warming at
the end of the century may affect the capacity of reef fishes to maintain functional and
ecological performance. This temperature change follows the predictions of a weak climate
change mitigation scenario (i.e. Representative Concentration Pathway 4.5), rather than the
more pessimistic business as usual scenarios (RCP 8.5, IPCC 2007) which could see
temperatures increase even furhter. It was hypothesized that a 3ºC increase in temperature
will cause significant reductions in both swimming performance and aerobic metabolic
performance of coral reef fishes. Furthermore, in order to assess variation in sensitivity
between species, a range of planktivorous damselfishes (family Pomacentridae) were
examined that differed in terms of ecology and phylogenetic relatedness. It was predicted
that closely related species would exhibit greater congruency in physiological performance
under thermal rise and that species more specialized for swimming at current seasonal
temperatures would be those most negatively affected by thermal rise.
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Following exploration of species performance relative to habitat requirements, Chapters 4
and 5 addresses the potential energetic gains from habitat use in planktivorous reef
fishes. These chapters compare foraging efficiency of planktivorous fishes under the range

of flow conditions normally encountered on coral reefs, and under sediment induced
turbidity levels equal to those found on natural and disturbed reefs:

Question 3: To what degree are planktivorous coral reef fishes specialized for foraging
under particular habitat flow conditions, and what is their sensitivity to changes in flow?

The capacity of planktivorous fishes to forage in the water column is directly
dependent on the ability to swim and manoeuvre efficiently relative to the flow speed they
are facing and the mobility of the prey they are chasing (e.g. Hamner et al 1988; Coughlin &
Strickler 1990; MacKenzie & Miller 1994; Kiørboe & Visser 1999; Mussi et al 2005).
Chapter 4 therefore examines the degree of specialization between foraging efficiency,

swimming ability and environmental gradients of water flow in planktivorous coral reef
damselfishes. The aim of this chapter was to elucidate how specializations to environmental
resource gradients may drive relative competitive advantages and species distributions. In
particular, foraging efficiency is compared to the specific habitat flow conditions occupied
by each species, as well as flow conditions above and below those specialized for, to
determine sensitivity to changes in flow. It was expected that maximum foraging efficiency
would differ between species on the basis of both swimming performance and prey mobility.
It was also expected that distribution patterns in the field would closely reflect the relative
sensitivity in foraging efficiency to flow, with reduced abundance in sub-optimum flow
conditions.
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Question 4: How is optimum foraging efficiency at different flow speeds influenced by
changes in visual range associated with changes in turbidity?
Chapter 5 examines the effect of sediment induced turbidity and habitat flow on the

foraging efficiency of planktivorous coral reef fishes. The main aim was to determine the
threshold sensitivity and magnitude of the effect of sediment induced turbidity on foraging
efficiency in planktivorous coral reef fishes. It was predicted that all species would lose
foraging efficiency at turbidity levels above those they may frequently encounter in the
field, and that the effect of turbidity would be greater at higher flow speeds, and therefore
greater on species occupying high-flow habitats.
Chapter 6 reviews the four data chapters and provides an overview of specialization in

planktivorous coral reef fishes as well as sensitivity to changing environmental conditions.
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Chapter 2: Sensitivity of metabolic performance and swimming
ability in coral reef fishes to seasonal temperatures
Prepared for publication in Functional Ecology

2.1. Abstract
Tropical marine ecosystems are regarded as relatively thermally stable aquatic
environments and ectotherms are predicted to exhibit narrow thermal optima. However,
thermal specialization can also heighten sensitivity to seasonal fluctuations in temperature.
Here I hypothesized that the distributions of site-attached coral reef fishes relative to water
flow is limited by their ability to maintain adequate metabolic performance and swimming
ability year round. I document significant thermal sensitivity in 10 species of damselfishes
exposed to normal seasonal temperatures on the Northern Great Barrier Reef, Australia
(29ºC and 23ºC) and compared their performance capacity to habitat flows occupied. Seven
ecologically important performance indicators differed between seasonal temperatures: 1)
Standard aerobic metabolic rate (SMR); 2) Active aerobic metabolic rate (AMR); 3) Aerobic
factorial scope (ASC); 4) Total-cost-of-transport (the energetic cost of swimming a certain
distance at different speeds, TCOT); 5) Optimum swimming speed (the energetically most
efficient swimming speed, Uopt); 6) Gait transition speed (the speed of change from strictly
pectoral to pectoral-and-caudal swimming, Up-c); and 7) Critical swimming speed (Ucrit).
Overall metabolic performance increased under winter temperatures

whilst swimming

performance reduced: 70% of species had ASC increased by 34.4 - 78.8%; Uopt and
associated TCOT were reduced by 16.5% and 28.6% overall; and 50% of species had UP-C
and Ucrit reduced by 18.6 - 41.7%. Importantly, no species occupied habitat flow speeds
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higher than their lowest swimming performance recoded under winter temperatures: rather,
in the majority of species the highest flow speeds occupied were statistically
indistinguishable from Uopt and Up-c (the swimming mode used for foraging), whilst Ucrit was
consistently higher than habitat flow. In 30% of species, however, Ucrit reduced under winter
temperatures to levels equivalent to habitat flow. This ability to maintain swimming speeds
at near maximum capacity under winter temperatures was facilitated by increased ASC and
reduced TCOT substantially improving energetic capacity to maintain sub-optimum
swimming speeds. Consequently, thermal sensitivity limits the local distribution of tropical
teleosts to flow speeds ≤ Ucrit, but is moderated by the opposing seasonal temperature effects
of metabolic costs and swimming performance.

2.2. Introduction
Niche theory predicts that thermally optimised ectotherms can gain a selective
advantage over phenotypic plasticity in terms of overall growth, reproduction and functional
performance (Huey & Slatkin 1976; Huey & Hertz 1984; Wood & McDonald 1997; Clarke
2003; Pankhurst & Porter 2003; Pörtner et al 2005, 2010). Such ectothermic optimization is
likely to be most extreme in thermally stable environments, where species do not need the
physiological capacity to cope with large temperature fluctuations (e.g. Pörtner & Farrell
2008; Tewksbury et al 2008; Pörtner et al 2010).
Tropical coral reefs are considered to be highly thermally stable and significant
thermal optimization is therefore expected in reef ectotherms (Hoegh-Guldberg et al 2007;
Munday et al 2008; Pörtner & Farrell 2008; Tewksbury et al 2008). Coral reef fishes can be
considered model organisms for thermal optimization and performance due to their
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ectothermic physiology and often narrow thermal windows. In particular, thermal tolerance
can be as little as 6ºC for some teleosts (Somero & DeVries 1967; Peck et al 2004)
demonstrating a significant capacity for physiological specialization in this group.
Nevertheless, the majority of tropical coral reefs do exhibit seasonal temperature cycles and
physiological specialization in resident ectotherms could therefore cause significant
differences in performance during summer and winter.
Two critical and interrelated aspects of performance in fishes are metabolic
performance and swimming ability, which in combination may influence where on the reef a
species can persist. The capacity to carry out essential daily activities directly depends on
the thermal performance of vital physiological and metabolic processes (Fields 2001;
Pörtner et al 2005, 2010). In particular, the energy available for activity is reflected by
“aerobic scope” which is the range in between the minimum and maximum aerobic
metabolic rate that delivers a surplus of energy which can then be directed towards critical
behavioural tasks (Clarke 2003; Korsmeyer & Dewar 2005; Pörtner 2009). At optimum
temperature aerobic scope is at its maximum (Clarke 2003; Pörtner 2009) and oxygen
delivery to tissues is increased allowing more strenuous activities to be performed (Wells
2005). Recent studies have shown significantly reduced aerobic scopes in tropical coral reef
fishes exposed to elevated temperatures similar to those expected under Global Climate
Change scenarios (e.g. Munday et al 2008; Nilsson et al 2009). Such studies suggest that
these tropical fishes exhibit significant thermal sensitivity. However, no studies to date have
examined physical and physiological performance in tropical fishes under the full range of
seasonal temperatures commonly encountered by individuals on coral reefs.
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Swimming is fundamental to most ecological activities of reef fishes, including
settlement, distribution, foraging and predator evasion (Fisher & Bellwood 2003; Blake
2004; Domenici et al 2008). However, habitats on tropical coral reefs are largely defined by
water flow which can vary over 15-fold between individual habitats and reach flow speeds >
100cms-1 in areas exposed to winds and waves (Supplement 1). Resident fishes therefore
require adequate swimming performance to manoeuvre and overcome the particular ambient
flow conditions occupied. Most coral reef fishes swim using their pectoral fins when
conducting routine activities such as foraging (Wainwright et al 2002; Fulton & Bellwood
2005), but change gait to body and caudal fins when faster and more critical swimming
speeds are required (e.g. for evading predators, Blake 2004). Gait transition speed (Up-c)
therefore reflects the highest flow a species can tolerate for day to day activities, whilst the
critical swimming speed (Ucrit) reflects the highest flow a species can tolerate for short
periods, and both must be adequate to overcome the flow conditions encountered.
Swimming performance is also one of the most metabolically expensive and
challenging activities that coral reef fish perform, and these metabolic costs are directly
influenced by ambient temperatures (e.g. Lee et al 2003). A species distribution in relation
to water flow may therefore be limited by an interaction between swimming ability and
aerobic scope, which may change on a seasonal basis. Coral reef fishes should ideally have
swimming performance that match habitat flow conditions, and metabolic performance
optimised for the particular span of temperatures and flow speeds occupied. However, the
level to which coral reef fishes are optimized for performance under different seasonal
thermal conditions and flow conditions have never previously been examined. Yet, a
thorough understanding of this relationship would help clarify the impact of reduced aerobic
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scope similar to that reported under global climate changes scenarios (Munday et al 2008;
Nilsson et al 2009).
This study explores the degree to which tropical coral reef fishes are specialized for
occupying particular temperature regimes and habitat flow conditions. In particular, it aims
to examine the effect of present day seasonal temperatures on metabolism and swimming
performance and compare this to the particular habitat flow conditions occupied. It is
hypothesized that species will be thermally optimized for a particular temperature and have
both greater metabolic performance and swimming performance in the particular seasonal
temperature more often encountered within their distribution range (i.e. closer to their
theoretical optimum temperature). It is also hypothesized that if there are differences
between seasonal temperatures, the habitats occupied by site attached species will directly
dependent on their lowest seasonal performance. That is, they can only persist in a habitat in
which they can maintain adequate metabolic performance and swimming ability all year
round.

2.3. Materials and Methods
Study species and location

This study focussed on 10 species of planktivorous damselfish (Pomacentridae), one
of the most speciose groups of coral reef fishes: Chromis atripectoralis, C. ternatensis,
Dascyllus aruanus, D. reticulatus, Neopomacentrus azysron, N. bankieri, N. cyanomos,
Pomacentrus coelestis, P. lepidogenys, P. moluccensis (Cooper et al 2008a). These species

were selected because they are all abundant and represent the full range of habitat use, from
sheltered to highly exposed coral reef habitats, and so have different levels of swimming
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performance requirements when foraging in the water column (Randall et al 1997). They are
also all relatively site attached and territorial (Randall et al 1997) and their thermal
adaptation and performance capacity must, therefore, match individual habitat conditions.
Fish collections and field studies on patterns of distribution relative to habitat flow
were carried out at Lizard Island, Northern Great Barrier Reef, Queensland, Australia (14°40
S, 145°28 E). Lizard Island has average seasonal water temperatures of 23°C in winter and
29°C in summer. As 29°C is common throughout the distribution range of all 10 study
species (Global Biodiversity Information Facility, http://data.gbif.org; NOA), this should be
the seasonal temperature closer to the optimum for all species examined, and the
temperature at which I would expect both greater metabolic performance and swimming
performance.

Performance measures

For laboratory assessment of metabolic rates and swimming abilities, a minimum of
10 individuals of each species (6.18 ± 0.09 cm TL, n = 118, mean ± S.E., range 4.3 to 8.8
cm) were collected with clove oil and barrier nets from February to March 2008. Only adult
fish were used in this study to avoid ontogenetic differences and all individuals of each
species examined were within the same size range to facilitate direct comparisons between
temperatures (2-way ANOVA, F = 0.699, P = 0.708). Fish were held in 40 x 80 x 40 cm
tanks under a 13-11 hrs light-dark regime (subjected to sunrise as beginning of daylight) and
fed twice daily with commercial fish foods. Tanks were continuously supplied with filtered
seawater (salinity 34 ± 0.7 ppt) at a temperature of 23 ± 0.5ºC or 29 ± 0.6ºC (mean ± S.E.) in
a flow-through system (controlled using automated aquarium heaters in the feeder sump
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tanks). All individuals were acclimated for a minimum of 3 weeks (average ~4.5 weeks)
before trials began to ensure full metabolic acclimation. Test subjects were fasted for 24 hrs
before experimental trials to ensure a post-absorptive state that maximised the energy
available for swimming (Niimi & Beamish 1974). All trials were conducted within the 13
hrs of daily light regime in order to match the diurnal activities of the study species.

Respirometry

At each temperature the metabolic performance (i.e. oxygen consumption) and
swimming ability (mode and speed) was measured for a minimum of 5 individuals of each
species swimming solitary in an 8.31 L clear Plexiglas swimming respirometer with a
working section of 9.0 x 26.0 x 10.0 cm (width x length x depth). The entire respirometer
was placed withn a temperature controlled bath (± 0.1°C) to ensure stable temperatures
during measures. Flow within the working section of the respirometer was calibrated from 0
to 80 ± 0.5 cms-1 using a digital Höntzsch TAD W30 flow-meter (mean ± S.E.). Solid
blocking effects of the fish in the working section were corrected following Bell & Terhune
(1970) and were kept below 5% for all individuals.
At the beginning of each trial, the respirometer was filled with temperature
controlled (23 or 29 ± 0.1ºC, mean ± S.E.), filtered and fully aerated seawater. Next, a fish
was placed in the respirometer and left to acclimatize for 4 - 8 hrs at a swimming speed of 8
cm per second (cms-1) until oxygen consumption of the test subject reached a steady state
level and the fish had settled into a continuous swimming rhythm. The trial was then started
and the oxygen consumption of the test subject was measured at increasing swimming
speeds, with 1.0 body length per second (bls-1) speed increments and a total of 20 min
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swimming at every speed. The maximum critical swimming speed tested was dependent on
the swimming ability of the individual fish, with flow speed increments steadily increasing
until the fish could no longer keep up and was swept downstream with the flow onto a
retaining grid for longer than 5 sec. At this point the total swimming time and flow speed
was recorded, the experiment was stopped and the fish was returned to its holding tank.
During the trial, the fish was continuously monitored for swimming mode (i.e. gait
transition, Up-c) and the total swimming time and flow speed was recorded at the point of
change from strictly pectoral swimming to pectoral-and-caudal propulsion for longer than 5
sec continuously. Gait transition was determined because pectoral swimming is the
swimming mode most commonly used by these species for routine tasks such as foraging.
For every oxygen measure a 180 sec flush, 300 sec wait and 720 sec measurement
period was applied following the intermittent flow respirometry methodology of Steffensen
et al 1984 and Steffensen 1989. The flushing period ensured the oxygen concentration
throughout the trial did not decrease below 85% of air saturation and removed any CO2
build-up. Oxygen levels within the swimming respirometer were measured using a fibre
optic oxygen meter (Fibox 3, Presens Precision Sensing) and monitored with Oxyview
v.5.31 (Presens) and LoliResp v.1.0 software. To reduce bacterial growth and respiration
within the system, the respirometer was treated with a chlorox solution and thoroughly
flushed in freshwater at the completion of every trial. This procedure ensured background
respiration remained below 5 - 10% of the oxygen consumed by each fish during swimming
trials (measured at the end of each trial). In particular, after the fish had been returned to its
holding tank the respirometer was run for one additional 20 min cycle at 8 cms-1 during
which the oxygen consumption of the empty respirometer was measured.
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Distribution and abundance

To verify the swimming performance requirements of each species in the field, the
abundance and habitat use of all 10 species was recorded relative to ambient water flow
between December and March of 2008 to 2009. Specifically, a total of 54 locations were
examined for fish abundance across three habitat exposures, with six sites in each habitat
and three depth zones in each site. The three habitat exposures consisted of either an
exposed, oblique or sheltered reef slope (sensu Choat & Bellwood 1985) relative to the
prevailing south-easterly trade winds for this location. Sites were spaced by ~200 – 800 m
and depth zones were 3, 6 and 9 m depth at mid tide following the approximate depth of the
crest, mid-slope and deep-slope of these habitats (see Fig 2.1). In each location, all adult
individuals were counted following 30 x 3 m transect lines. Based on the comprehensive
profile of water flow measured for these same exact locations and habitats by Johansen
(Supplement 1), the flow conditions occupied by each species could then be estimated:
Reported flow conditions for this location, measured using automated dynamometers, varies
significantly between habitats and seasons (i.e. 1.3 to 36.4 cms-1, Supplement 1).
Consequently, the highest flow within which more than 95% of individuals in a species
could be found was accepted as the highest flow condition occupied, and therefore the
lowest swimming performance required by the species for ecological survival.
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Fig 2.1. Study sites and species around Lizard Island, Northern Great Barrier Reef, Queensland,
Australia (14°40 S, 145°28 E). Fish abundance was examined in 54 locations across three habitat
exposures, with six sites in each habitat and three depth zones in each site. Habitats were defined as
exposed, oblique or sheltered relative to the prevailing south-easterly trade winds. Sites were spaced
by ~200 – 800 m and depth zones were 3, 6 and 9 m depth at mid tide following the approximate
depth of the crest, mid-slope and deep-slope of these habitats. Species list (from top to bottom) are
Chromis atripectoralis, C. ternatensis, Dascyllus aruanus, D. reticulatus, Neopomacentrus azysron,
N. bankieri, N. cyanomos, Pomacentrus coelestis, P. lepidogenys and C. moluccensis. Picture was
sourced from Lizard Island Research Station.
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Analyses
Gait transition (Up-c) and critical swimming speed (Ucrit) was calculated following
Brett (1964): Up-c or crit = U + Ui * (t / ti), with U = the penultimate flow speed before the fish
changed gait from strictly pectoral to pectoral-and-caudal swimming for > 5 sec (Up-c) or
before the fish stopped swimming and was pinned to the downstream grid for > 5 sec (Ucrit),
Ui = each swimming speed increment (1 bls-1), t = the length of time in the final increment
where fatigue or gait change occurred, and ti = the set time interval of each swimming speed
increment (20 min).
Measures of swimming performance were plotted as swimming speed (bls-1) on the
x-axis and oxygen consumption (mg O2 kg-1 hr-1, MO2) on the y-axis. This allowed
maximum “active metabolic rate” (AMR) to be determined at the Ucrit swimming speed and
the minimum “standard metabolic rate” (SMR) to be extrapolated from a non-linear
regression of oxygen consumption measures (following y = aebx). Aerobic factorial scope
was then calculated as ASC (%) = 100 x (AMR – SMR) / SMR.
Total-cost-of-transport (TCOT) was used to assess the efficiency of swimming at
different temperatures and speeds relative to ambient flow conditions (Tucker 1970;
Schmidt-Nielsen 1972; Fish 1992). Specifically, TCOT is the amount of oxygen used per
unit mass per unit distance swum and is calculated for each species from the non-linear
relationships between oxygen consumption and swimming speed. In particular, TCOT (mg
O2 kg-1 km-1) = MO2 / (0.036 x U x LT) for each swimming speed, where MO2 = mg O2 kg-1
hr-1, U = swimming speed in bls-1 and LT = total length of the fish in cm. The relationship
between TCOT and swimming speed is typically U-shaped, with the swimming speed where
TCOT is at a minimum (mTCOT) defined as the optimal speed (Uopt). Finally, mTCOT was
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compared to the actual cost of transport for swimming at the flow speeds of habitats
occupied (aTCOT).
The effect of temperature on active metabolic rate (AMR, ASC) and swimming
performance (Up-c, Ucrit) was examined using a repeated measures ANOVA with
temperature and species as the fixed factors, followed by a planned comparison for Least
Squares means for specific differences within species (using FDR correction for Type I
errors; Benjamini & Hochberg 1995). The effect of temperature on SMR, mTCOT and Uopt
was examined using 2-way ANOVA with temperature and measure as fixed factors,
followed by planned comparison for Least Squares means. Similarly, mTCOT and aTCOT
was then compared during summer and winter using ANOVA with temperature and TCOT
measure as fixed factors, followed by a Post Hoc Tukey HSD Test for individual
differences. Next the swimming performance of each species (Up-c, Ucrit and Uopt) during
summer and winter was compared to habitat flow speeds using a 2-way ANOVA with
measurement and grouping as fixed factors followed by a planned comparison for Least
Squares means for specific differences between swimming measures and habitat flow speed
and corrected using FDR. Finally, the aTCOT incurred by species in different habitats were
compared using a 2-way ANOVA with habitat and temperature as fixed factors. All data
analysis was conducted using Statistica v.8.0 and SigmaPlot v.12.0 and data was square-root
or log transformed where appropriate to meet assumptions for ANOVA.
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2.4. Results
Seasonal effects on aerobic metabolic performance
As hypothesised, aerobic metabolic performance differed between seasonal
temperatures within all four performance indicators examined. In particular, standard
oxygen consumption (SMR), active oxygen consumption (AMR) and minimum total cost of
transport (mTCOT at Uopt) were all significantly affect by temperature (SMR: Planned
comparison, t9 = 6.51, P < 0.01; AMR: ANOVA, F1 = 51.70, P < 0.01; mTCOT: Planned
comparison, t9 = 4.20, P < 0.01) while aerobic factorial scope was affected by an interaction
between temperature and species (ASC: ANOVA, F9,1 = 2.01, P = 0.045).
Contrary to expectations, metabolic performance within these species was overall greater
under the colder winter temperatures: In total, SMR was reduced by 41.4 ± 4.0% whilst
AMR was reduced by only 25.7 ± 2.4%, and although the difference between SMR and
AMR was larger under summer temperatures this discrepancy lead to a 38.4 ± 8.2% increase
in aerobic factorial scope (ASC) at 23ºC and a 28.6 ± 2.2% reduction in minimum cost of
transport relative to 29ºC conditions (mTCOT, mean ± S.E., Fig 2.2). Significant reductions
in AMR ranged from 24.6 to 34.6% and was found within seven species (P. moluccensis <
N. cyanomos < N. azysron < C. atripectoralis < P. coelestis < N. bankieri < D.
reticulatus) whilst ASC was increased by 34.4 to 78.8% within another set of 7 species (P.
coelestis 34.4 < P. moluccensis 40.9 < D. reticulatus 46.5 < C. atripectoralis 55.7 < N.
azysron 55.8 < D. aruanus 56.5 < P. lepidogenys 78.8) (Fig 2.2, Table 2.1).
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Fig 2.2. The effect of seasonal temperatures on the metabolic performance of 10 species of coral
reef damselfishes (Pomacentridae). White and Grey bars denote performance at 23ºC and 29ºC
respectively. On the x-axis, MO2 (mg O2 kg-1 hr-1) shows the standard metabolic rate (SMR) and the
active metabolic rate (AMR) as striped and clear bars respectively. Likewise, ASC shows the aerobic
factorial scope (i.e. 100 x (AMR – SMR) / SMR), while TCOT (mg O2 kg-1 km-1) shows the
minimum-total-cost-of-transport (mTCOT) overlaid on the actual cost for swimming at habitat flow
speeds (aTCOT) as clear and striped bars respectively. Error bars are S.E. Significant differences
within species are marked with an asterix * for P < 0.05 and ** for P < 0.01.
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Table 2.1. Post hoc planned comparisons of active metabolic rate (AMR), aerobic factorial scope (ASC), gait transitions speed (Up-c) and critical
swimming speed (Ucrit) between seasonal temperatures of 23 and 29ºC. At 23ºC, 70% of species showed significant reductions AMR as well as
significant increases in aerobic factorial scope. Likewise, 50% had reductions in swimming performance, with two species (C. atripectoralis and D.
reticulatus) showing significant reductions in Up-c and Ucrit at 23ºC, and Up-c significantly reduced in a further three species: D. aruanus, N. cyanomos
and P. coelestis. Significance was accepted at P < 0.03 for AMR, P = 0.03 for ASC, P = 0.02 for Up-c and P < 0.01 for Ucrit following FDR corrections
(Benjamini & Hochberg 1995).
Post Hoc Planned Comparison between summer and winter performance
AMR
Up-c
Ucrit
Asc

species
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C. atripectoralis
N. azysron
P. coelestis
P. lepidogenys
C. ternatensis
D. reticulatus
P. moluccensis
D. aruanus
N. bankieri
N. cyanomos

t-value

P

t-value

P

t-value

P

t-value

P

N

2.70
2.62
2.36
0.27
1.90
4.04
2.17
1.57
2.67
2.43

<0.01
0.01
0.02
0.79
0.06
<0.01
0.03
0.12
<0.01
0.02

3.10
2.77
2.28
3.15
0.63
2.19
2.37
3.17
1.16
1.36

<0.01
<0.01
0.02
<0.01
0.53
0.03
0.02
<0.01
0.25
0.18

2.67
1.05
2.39
0.10
0.07
6.07
0.30
3.05
2.03
2.85

0.01
0.30
0.02
0.92
0.95
<0.01
0.76
<0.01
0.04
<0.01

2.90
1.21
2.17
1.64
0.03
4.02
0.85
1.39
0.11
1.30

<0.01
0.23
0.03
0.10
0.98
<0.01
0.40
0.17
0.91
0.20

12
12
10
14
10
13
12
11
12
12
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Seasonal temperature effects on swimming performance
Similar to metabolic performance, swimming performance differed between seasonal
temperatures (23ºC and 29ºC) across all performance indicators and species examined:
Optimum swimming speed changed significantly as temperature changed from 23ºC to 29ºC
(Uopt, Planned comparison, t9 = 2.26, P = 0.03); gait transition speed was affected by an
interaction of temperature and species (Up-c, ANOVA: F9,1 = 3.30, P < 0.01); and critical
swimming speed was strongly affected by temperature (Ucrit, ANOVA, F1 = 24.82, P < 0.01).
Contrary to metabolic performance however, swimming performance in these species was
reduced at the colder winter temperature, with Uopt reduced by 16.5 ± 4.5%, Up-c reduced by
18.2 ± 3.6%, and Ucrit reduced by 12.1 ± 2.5% overall (mean ± S.E., Fig 2.3). Post hoc tests
revealed that these reductions were found within 50% of the species examined: D. aruanus,
N. cyanomos and P. coelestis all had significant reductions in Up-c (25.8, 23.5 and 20.7%
respectively), whilst C. atripectoralis and D. reticulatus had reductions in Up-c of 19.2 and
41.7% and in Ucrit of 18.6 and 24.0% (Table 2.1, Fig 2.3).

Distribution and abundance relative to habitat flow
Transect data revealed that the distribution and abundance of all 10 species examined varied
with habitat flow: Chromis atripectoralis, N. azysron, P. coelestis and P. lepidogenys were
all high flow species, as these all had > 95% of their abundance in habitats with water flow
speeds ≤ 36.4cms-1; medium flow species encompassed C. ternatensis, D. reticulatus, D.
aruanus and P. moluccensis as these had > 95% of their abundance at ≤ 21.2 cms-1; whilst
low flow species were N. bankieri and N. cyanomos, being only found at ≤ 13.5 cms-1 (Table
2.2).
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Fig 2.3. The effect of seasonal temperatures on the swimming performance of 10 species of coral
reef damselfishes (Pomacentridae). White and Grey bars denote 23ºC and 29ºC respectively. For
each species the optimum swimming speed (Uopt), gait transistion speed (Up-c) and critical swimming
speed (Ucrit) is depicted as swimming speed in cms-1. Horizontal dashed lines represent the habitat
flows occupied by > 95% of all individuals in the field. Arrows around Uopt indicate the flow speeds
which are within 5% of the most energetically efficient swimming performance. Error bars are S.E.
and significant differences within species are marked with an asterix * for P < 0.05 and ** for P <
0.01.
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Table 2.2. Abundance of 10 species of site-attached Pomacentridae relative to habitat flow around
Lizard Island, Northern Great Barrier Reef, Queensland, Australia. Habitats flows are measured at 3,
6 and 9 m depth within Exposed (E), Oblique (O) and Sheltered (S) sites relative to the prevailing SE
trade winds (see Fig 2.1) and are extrapolated from Supplement 1. The habitat flow experienced by >
95% of all individuals within a species is marked with an asterix *, and is here accepted as the
highest flow speed occupied by a species. Data is based on a total of 54 transects (3 exposure
regimes x 6 sites x 3 different depths) and values represents the likelihood (%) of finding a species
within a specific habitat flow (note that zero values only demonstrate that no individuals were
observed during transects, i.e. these species may still be present in low numbers within the habitat.

habitat flow (cms-1)
Species abundance (%)
C. atripectoralis
N. azysron
P. coelestis
P. lepidogenys
C. ternatensis
D. reticulatus
P. moluccensis
D. aruanus
N. bankieri
N. cyanomos
Flow designation
Flow range (25th to 75th percentile)

36.4 ± 1.6

21.2 ± 2.5

13.5 ± 2.7

9.3 *
21.5 *
21.8 *
33.2 *
4.9
3.8
4.8
0.4
0.0
0.0
high
27 - 47

28.4
41.8
18.6
35.9
41.2 *
14.7 *
26.3 *
4.7 *
0.0
0.0
medium
14 - 27

62.2
36.7
59.6
30.9
54.0
81.5
68.9
94.9
100.0 *
100.0 *
low
7 - 19

total count
2097
2983
769
1546
1023
1527
5138
795
18
74

Performance relative to habitat flow
Aerobic metabolic performance was directly optimized for minimizing the energetic
cost of swimming at the specific habitat flow speeds occupied: Regardless of seasonal
temperature, these species showed no significant difference between their minimum and
actual cost of transport at habitat flow speeds (mTCOT versus aTCOT: F1 = 0.07, P = 0.80;
HSD Tukey29ºC, P = 0.91; HSD Tukey23ºC, P = 0.73; Fig 2.2). Surprisingly, all species
attained near equal cost of transport regardless of the particular habitat flow speeds
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specialized for, and there was no significant difference in aTCOT among species living in
high, medium or low flow conditions (ANOVA: F2 = 0.18, P = 0.84).
Regardless of seasonal temperature and habitat flow occupied, swimming speed
performance either equalled or surpassed habitat flow speed for all species examined,
highlighting that no species was occupying habitats with flow speeds greater than their
lowest swimming performance (recoded under winter temperatures, see Fig 2.3): In
particular, while there was a significant interaction between swimming ability and habitat
flow speed (ANOVA: F15 = 2.03, P = 0.03), these species had Uopt (i.e. the most
energetically efficient swimming speed) indistinguishable from habitat flow both during the
summer and winter temperatures, with only the high flow species demonstrating Uopt below
habitat flow speed during the winter temperature when swimming performance was reduced
(Table 2.3, Fig 2.3). Likewise, Up-c (the swimming mode used for foraging) was statistically
indistinguishable from habitat flow both during summer and winter temperatures (Table 2.3,
significance accepted at P < 0.027). Importantly, Ucrit (critical swimming speed) was
significantly higher than the particular habitat flow speeds occupied across all species, again
with only the high flow species during winter temperature showing Ucrit indistinguishable
from habitat flow (Table 2.3, Fig. 2.3).
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Table 2.3. Planned comparisons of the energetically most optimum swimming speed (Uopt), gait transitions speed (Up-c) and critical swimming
speed (Ucrit) relative to habitat flow speed occupied across all species examined. Low and medium flow species had Uopt and Up-c statistically
indistinguishable from habitat flow both during summer and winter temperature, while high flow species had Uopt below habitat flow under winter
temperature when swimming performance is reduced. Importantly, Ucrit was above habitat flow speed across all low and medium flow species
examined, while high flow species showed Ucrit indistinguishable from habitat flow under winter temperature. Significance was accepted at P <
0.01 for Uopt and P = 0.03 for Ucrit.

Post Hoc Planned Comparison between swimming speed and habitat flow
Uopt
-1
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Temperature Habitat flow (cms )
13.5
21.2
23
36.4
13.5
21.5
29
36.4

Up-c

Ucrit

t-value

P

t-value

P

t-value

P

N

1.39
0.65
3.65
1.72
0.26
2.06

0.17
0.52
<0.01
0.09
0.79
0.04

0.68
0.27
1.08
1.75
0.88
0.12

0.50
0.79
0.28
0.09
0.38
0.90

5.35
3.06
1.05
5.79
4.07
2.25

<0.01
<0.01
0.30
<0.01
<0.01
0.03

6
6
8
6
6
8
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2.5. Discussion
Physical and physiological specialization to particular environmental conditions
is thought essential for the relative distribution and selective advantage of tropical coral
reef teleosts. Specialization, however, may equally increase sensitivity to changes in
environmental condition. Here I demonstrate that thermal sensitivity can cause
significant seasonal changes in metabolic performance and swimming performance in
tropical coral reef fishes, and illustrate how these differences in performance have vital
implications for the distribution and ecology of individual species. In particular, the
aerobic metabolic performances of site-attached damselfishes is here shown to be
optimised for the specific flow conditions occupied, with the greatest energetic
efficiency for swimming reached at the particular habitat flow speeds occupied.
Furthermore, maximum flow speeds occupied in the field were similar to maximum
swimming speeds during foraging and no species occupied habitats where prevalent
flow conditions surpassed their lowest swimming speed capacity (recorded under winter
temperatures). Consequently, the relative habitat usage and distributions of these species
are closely correlated with performance capacity, which in turn directly depends on
thermal sensitivity and seasonal temperatures.
Changes in metabolic performance and swimming performance between
summer and winter seasonal temperatures may limit the ability of individuals to conduct
energetically demanding tasks and swim against ambient habitat flow conditions.
Consequently, thermal sensitivity and seasonal limitations on performance may directly
determine the maximum habitat flow that species can occupy. Indeed, across all ten
species examined there was a close relationship between swimming performance and
field distribution and no species were found occupying habitat flows higher than their
lowest apparent seasonal swimming performance (i.e. recoded under winter
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temperatures, Fig 2.3). Of particular importance for ecological survival and habitat use
were optimum swimming speed (i.e. the energetically most efficient swimming speed,
Uopt) and gait transition speed (Up-c, i.e. the swimming mode commonly used for
foraging): The habitats occupied by individual species generally had maximum flow
conditions equal to the lowest Uopt and Up-c recorded (i.e. under winter temperatures),
thereby allowing year-round functional performance at minimum energetic cost. The
only outlier was Neopomacentrus azysron, which had Up-c significantly below habitat
flow both under summer and winter temperatures. However, this species was able to
swim at speeds significantly above Up-c without notable increases in energetic cost of
transport, still ensuring energetically efficient performance at habitat flow (see Uopt Fig
2.3). Consequently, in spite of high thermal sensitivity all ten species examined appear
to have attained near maximal energetic optimization for the particular habitat flow
conditions occupied, highlighting a strong inter-dependence between species specific
habitat usage and thermal performance in these tropical ectotherms.
Coral reef habitats are largely defined by wave driven water flow, and many reef
species are therefore exposed to highly variable flow speeds pending on weather
condition and wave movement (see Supplement 1). In these habitats, species would
benefit from energetic optimization to a relatively wide range of flow speeds, and
indeed, for the species examined there is a mean ± 7 cms-1 range of flow speeds around
Uopt for which the energetic efficiency of swimming remains within 5% of lowest cost
possible (mTCOT). Importantly, this range is especially wide for species in exposed
high flow habitats (e.g. ± 11 cms-1 in C. atripectoralis versus ± 6 cms-1 in N. cyanomos
at 29ºC) befitting the greater variation in flow encountered (Supplement 1). This range
also amply spans gait transition speed in the majority of species examined, allowing
high energetic efficiency at swimming speeds substantially above Up-c. Therefore, in
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addition to being optimised for specific temperature ranges and habitat flow conditions,
reef fishes are also capable of dealing efficiently with highly variable and higher than
optimal flow conditions without compromising energetic performance or ecological
resilience.
While species in high flow habitats had significantly faster swimming speed
requirements than those in low flow habitats, there was no additional energetic cost of
transport for species accustomed for swimming at these higher habitat flow speeds. The
reason for equal energetic cost of transport for species optimized for high or low flow
habitats is unclear but could be a result of natural limitations in energetic efficiency.
Ectotherms of equal size and temperature will often have very similar basal energy
requirements (Gillooly et al 2001). Optimum energetic efficiency may therefore
naturally reach comparable levels in maximally optimised species, with each species
reaching optimum efficiency at the particular swimming speeds befitting their specific
habitat usage.
These findings are consistent with expectations of high specialization in tropical
coral reef ectotherms, and suggests near maximal energetic optimization in all species
examined. Such optimised performance would particularly suit the feeding ecology of
these planktivorous fishes (Randall et al 1997): Plankton concentrations on coral reefs,
whilst patchier, are often significantly greater on exposed reef slopes than sheltered
back reefs (Hamner et al 2007). Consequently, species foraging in exposed high flow
habitats may rapidly achieve very high levels of energy intake during periods of high
plankton density, but may also have to endure low intake when flow conditions
regularly turn unfavourable (see Supplement 1). Theoretically, the end result may
therefore be a near equal energy intake over time for species in both high and low flow
habitats, appropriate for their equal cost of transport. However, this would require
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species to be equally capable of catching planktonic organisms under high and low flow
conditions, something which has yet to be examined in detail (e.g. Pörtner et al 2010).
Additional studies of foraging in flow are needed before the full ecological implications
of equal energetic cost of transport between species in high and low flow habitats can be
ascertained.
Contrary to expectations, there was a mismatch between optimum temperature
for swimming and for metabolic performance. Half the species examined demonstrated
significantly greater swimming performance at 29ºC, whilst at the same time showing
significantly higher cost-of-transport and reduced aerobic factorial scope relative to
23ºC conditions. Such differences in performance between seasonal temperatures have
never previously been described for tropical teleosts and highlight a significant
physiological optimisation to ecological functioning and a surprising reliance on stable
thermal conditions: Increasing temperatures and increasing swimming speeds both incur
exponentially rising metabolic costs in ectotherms (here 75% increase in the standard
metabolic rate and 40% increased cost-of-transport at optimum swimming speed
following a 6ºC increase in temperature, see also Tewksbury et al 2008). As one of the
most energetically expensive activities fish perform, swimming performance should
therefore be optimised for the highest common temperature encountered within the
distribution range of the species to minimize overall energetic costs of performance
(similar to that demonstrated here). However, functional and energetic performance
must also be upheld when sub-optimal temperatures or flow speeds are encountered.
Interestingly, under winter conditions when swimming performance is compromised
and flow speeds frequently reach above the ecologically important Up-c, these fish
demonstrate significantly reduced costs-of-transport and increased aerobic factorial
scopes, which in turn allow swimming speeds to be maintained at higher than optimum
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speeds without increasing energetic costs above those found under summer
temperatures. The combined effect appears to be an astounding ability to maintain low
energetic cost of performance year round within the habitat flows speeds encountered
by using optimised swimming performance in summer and sub-optimal but
energetically more efficient swimming performance in winter. Consequently, in
accordance with current niche theories the physiological performance of tropical coral
reef fish is indeed extremely thermally sensitive, but results here demonstrate a
surprising adaptation to maintain performance at a far broader range of temperatures
and flow speeds than would be expected from thermal sensitivity or individual
performance indicators alone.
Results are directly comparable to other ecosystems. For instance, previous
studies have shown extensive thermal sensitivity in arctic stenotherms with significant
metabolic changes within a 3 - 6ºC range (Somero & DeVries 1967; Peck et al 2004).
Conversely, in temperate zones, species are generally exposed to a much broader range
of temperatures and are consequently less sensitive to small temperature rises (e.g.
Pörtner & Knust 2007; Pörtner and Farrell 2008; Tewksbury et al 2008). Here, I show
thermal sensitivity in tropical marine teleosts similar to that found in antarctic
ecosystems, but complicated by the effect of exponentially rising metabolic costs of
activity at elevated temperatures (Dillon et al 2010). Specializations to stable thermal
conditions allow optimized performance but also leave tropical ectotherms exceedingly
exposed to even slight thermal changes, and under threat of global warming reveal a
serious potential problem for many species reliant on an otherwise sound evolutionary
strategy. For instance, temperature increases just 2ºC above current maxima is known to
substantially compromise many tropical coral species (Hoegh-Guldberg et al 2007), and
significant sensitivity may also be expected in reef teleosts. Consequently, such reliance
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on stable temperatures for ecological performance may be a severe disadvantage for
multiple species and evolutionary lineages in a rapidly warming world, and warrant
further research on this topic.
It may be worth noting that some coral reef fishes have previously been found to
live within habitats where flow conditions often reach speeds significantly higher than
their inherent swimming abilities (e.g. Johansen et al 2007, 2008), but that these species
do so by utilising the substratum for refuging. The species examined here are
planktivorous and have to be in the water column to forage effectively and therefore
have a greater need to match swimming speeds to habitat flow than e.g. bottom
scavengers (Johnansen et al 2007, 2008; but see also Appendix A).
In conclusion, this is the first demonstration of the close interaction between
seasonal temperature and functional performance in tropical marine teleosts.
Performance differences between seasonal temperatures have never previously been
described for tropical teleosts, and results display how numerous species are
significantly dependent on specific temperatures for their functional performance,
ecology and habitat usage. An interesting question arising from this study is whether
those species with greatly reduced swimming performance during winter conditions are
restricted to more sheltered habitats in colder regions (i.e. at lower or higher latitudes).
This will depend on phenotypic plasticity with low plasticity likely causing a narrowing
of the flow conditions occupied toward the thermal distribution limits of the species.
However, while thermal optimisation is generally considered a sound evolutionary
strategy for thermally stable environments, this study emphasises the compounding
problems of such a strategy under increasing anthropogenic disturbance, and highlights
the need for further studies of thermal dependence in tropical ectotherms.
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Chapter 3: Increasing ocean temperature reduces the
metabolic performance and swimming ability of coral reef
damselfishes
Published in Global Change Biology 17: 2971-2979

3.1. Abstract
Tropical coral reef teleosts are exclusively ectotherms and their capacity for
physical and physiological performance is therefore directly influenced by ambient
temperature. This study examined the effect of increased water temperature to 3ºC
above ambient on the swimming and metabolic performance of 10 species of
damselfishes (Pomacentridae) representing evolutionary lineages from 2 sub-families
and 4 genera. Five distinct performance measures were tested: a) maximum swimming
speed (Ucrit), b) gait-transition speed (the speed at which they change from strictly
pectoral to pectoral-and-caudal swimming, Up-c), c) active aerobic metabolic rate
(AMR), d) standard metabolic rate (SMR), and e) aerobic factorial scope (ratio of AMR
to SMR, ASC). Relative to the control (29ºC), increased temperature (32ºC) had a
significant negative effect across all performance measures examined, with the
magnitude of the effect varying greatly among closely related species and genera.
Specifically, 5 species spanning three genera (Dascyllus, Neopomacentrus and
Pomacentrus) showed severe reductions in swimming performance with Ucrit reduced in
these species by 21.3 - 27.9% and Up-c by 32.6 - 51.3%. Furthermore, 5 species
spanning all 4 genera showed significant reductions in metabolic performance with
aerobic scope reduced by 24.3 - 64.9%. Comparisons of remaining performance
capacities with field conditions indicate that 32ºC water temperatures will leave
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multiple species with less swimming capacity than required to overcome the water
flows commonly found in their respective coral reef habitats. Consequently, unless
adaptation is possible, significant loss of species may occur if ocean warming of ≥ 3ºC
arises.

3.2. Introduction
Organisms living in tropical marine environments reside in relatively thermostable environments and are therefore often physiologically optimized for a narrow
thermal range (Tewksbury et al 2008). It follows that many tropical organisms live
relatively close to their optimum temperature as well as their maximum thermal
tolerance (Huey & Hertz 1984; Tewksbury et al 2008). On coral reefs subject to normal
thermal regimes, optimizing performance to a narrow range of temperatures is thought
to provide a selective advantage over phenotypic flexibility in terms of overall growth
and reproduction (Huey & Slatkin 1976; Huey & Hertz 1984; Wood & McDonald 1997;
Clarke 2003; Pankhurst & Porter 2003). However, such specialization may become a
severe disadvantage if significant thermal changes should occur (Hoegh-Guldberg et al
2007; Munday et al 2008; Tewksbury et al 2008). Global warming and climate change
is expected to increase ocean temperatures by 3ºC within the next century, with yet
higher local temperatures expected periodically (Hoegh-Guldberg 1999; IPCC 2007
[RCP 4.5]; Lough 2007). As even minor increases of < 2ºC can cause severe bleaching
and death of many tropical coral reef species (Hoegh-Guldberg et al 2007), the threat to
coral reef biodiversity is considered severe.
To evaluate the resilience of coral reef ecosystems to climatic changes, a
pertinent issue is how sensitive corals and reef associated organisms are to changes in
temperature. Most studies to date have focused on corals (Fitt et al 2001; Sotka &
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Thacker 2005; Berkelmans & van Oppen 2006; Lesser 2007) with comparatively little
or no studies examining thermal effects on reef fish (e.g. Clarke 2003; Munday et al
2008; Nilsson et al 2009). In general aerobic scope (i.e. the shift from absolute rest to
maximum aerobic physiological activity) is thought to reflect the ability of ectothermic
organisms to successfully tolerate ambient temperature by providing an inherent ability
to increase cellular processes in accordance with the temperature without compromising
aerobic integrity (Clarke 2003; Pörtner & Knust 2007; Pörtner 2009). Certainly,
reductions in aerobic scope are known to occur in tropical reef fishes exposed to
increasing temperatures above those currently found on coral reefs (Nilsson et al 2009;
Munday et al 2009; Nilsson et al 2010; Gardiner et al 2010). However, whilst aerobic
scope may reflect whether reef fishes can maintain cellular processes at certain
temperatures, it is also an indication of the potential capacity for redirecting energy into
physical activity (Clarke 2003). Consequently, the capacity of a species to conduct
ecologically relevant and physically more demanding tasks (such as foraging and
reproduction) may be equally dependent on temperature (e.g. Donelson et al 2010). The
ability of thermally specialized species to maintain ecological activity under duress
from increasing ocean temperatures may directly determine the long term viability and
abundance of species and populations on coral reefs.
Swimming is one of the most physiologically and physically challenging
activities fish perform, which may explain why the eco-morphology of most coral reef
fishes is optimized for this critical task (e.g. Wainwright et al 2002; Blake 2004; Fulton
et al 2005). In addition, swimming is fundamental to the majority of all ecological
activities of coral reef fishes including settlement, foraging and reproduction (Fisher &
Bellwood 2003; Blake 2004). Accordingly, if swimming performance is affected by
increasing ocean temperatures, there may be severe consequences that will impact on
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the persistence of reef fish species. This is especially true for those fishes living within
habitats experiencing significant exposure to waves and tidal flow and where strong
swimming abilities are a necessity for diurnal foraging patterns and survival.
This study examined the effects of increasing temperatures on the aerobic
metabolism and swimming ability of coral reef fishes, and tested how temperature
increases similar to those predicted by the IPCC for global warming by 2100 (RCP 4.5)
may affect the capacity of reef fishes to maintain metabolic performance and swimming
performance. I hypothesized that a 3ºC increase in temperature would not only cause
significant reductions in aerobic scope but also in the swimming performance (and
therefore ecological performance) of coral reef fishes. In order to assess the variation in
responses, I examined a range of damselfish species (family Pomacentridae) that
differed in terms of ecology and phylogenetic relatedness. I predicted that closely
related species would exhibit greater congruency in physiological performance under
thermal change and that species more optimized for swimming at the current Great
Barrier Reef (GBR) temperatures would be those most negatively affected by thermal
change.

3.3. Materials and methods
Study species and collections
The family Pomacentridae was chosen for study because it is the largest guild of
coral reef fishes with over 300 different reef associated species recorded (Allen 1991),
with numerically abundant representatives across the tropical coral reef longitudinal and
latitudinal distribution. Ten species of tropical damselfishes (Pomacentridae) were
selected representing evolutionary lineages from 2 subfamilies and 4 different genera
(Chromis

atripectoralis,

C.

ternatensis,
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Dascyllus

aruanus,

D.

reticulatus,

Neopomacentrus azysron, N. bankieri, N. cyanomos, Pomacentrus coelestis, P.
lepidogenys, P. moluccensis). These genera represent the greater part of the currently
accepted phylogenetic tree for this family (Cooper et al 2008a). Consequently, the
species selected provided the opportunity to examine very closely related species as
well as evolutionary traits that may go back several million years. In addition, the
chosen species were planktivorous species that have natural distribution patterns that
represent the full range of habitats from sheltered to highly exposed coral reef habitats
(Randall et al 1997). Planktivorous fishes are by way of feeding mode forced to traverse
the water column when foraging and so are directly exposed to the flow conditions
found in each habitat. Consequently, species within these 4 genera are thought to be
good indicators of inter-species, and inter-genera variation in thermal resilience for
swimming and metabolism.
A total of 120 fishes (6.1 ± 0.1 cm TL, mean ± S.E., range 4.5 to 8.7 cm) were
collected using clove oil and barrier nets around Lizard Island (Northern GBR, Qld,
Australia), between February and March 2008 and transported to the JCU MARFU
facility in Townsville, Qld. Only adult fish were used in this study to avoid ontogenetic
differences and all individuals of each species examined were within the same size
range to facilitate direct comparisons between temperatures (2-way ANOVA, F = 0.907,
P = 0.052). All the fish were held in 80 x 40 x 40 cm tanks (length x width x height)
under a 13-11 hrs light-dark regime (subjected to sunrise as beginning of daylight) and
fed twice daily with commercially available fish foods. Tanks were continuously
supplied with filtered seawater (salinity 34 ppt) at a temperature of 29 or 32ºC (mean ±
0.1ºC) in a flow-through system. These temperatures corresponded to the average
summer temperatures around Lizard Island, as well as the predicted average summer
temperature after the 3ºC degree increase in sea-temperature following current climate
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change predictions. Fishes were acclimated to each temperature for a minimum of 3
weeks and starved for 24 hrs before experimental trials commenced to ensure a postabsorptive state that maximized the energy available for swimming (Niimi & Beamish
1974). All trials were conducted within the 13 hr daily light regime in order to match
the diurnal activities of the study species.

Respirometry
Metabolic performance and swimming performance were measured using the
methodology described in Chapter 2.3 (respirometry). The only difference was that this
study examined performance at elevated water temperatures to 32ºC (± 0.1ºC, mean ±
S.E.).

Statistical analysis
Critical swimming speed (Ucrit) and gait transition (Up-c) were calculated
following Brett (1964): Ucrit or p-c = U + Ui * (t / ti), with U = the penultimate flow speed
before the fish fatigued (i.e. stopped swimming) and was pinned to the downstream grid
for >5 sec (Ucrit) or before the fish changed gait from strictly pectoral to pectoral-andcaudal swimming for > 5 sec (Up-c), Ui = each swimming speed increment (1 bls-1), t =
the length of time in the final increment where fatigue or gait change occurred, and ti =
the set time interval of each swimming speed increment (20min).
Measures of swimming performance and oxygen consumption were plotted as
swimming speed (bls-1) on the x-axis and oxygen consumption (mg O2 kg-1 hr-1, MO2)
on the y-axis. The minimum “standard aerobic metabolic rate” (SMR) was then
extrapolated from a non-linear regression of oxygen consumption measures following y
= aebx (with SMR as the y-axis intercept) and compared between temperatures using a t-
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test for independent samples. Aerobic factorial scope was calculated as ASC (%) = 100 x
(AMR – SMR) / SMR with maximum “active aerobic metabolic rate” (AMR) measured
at Ucrit.
To comply with assumptions of normality and homogeneity of variance all
performance measures were log(x) transformed. Subsequent data exploration of
swimming abilities, active aerobic metabolism and aerobic factorial scope verified
assumptions of normality and homogeneity of variance required for ANOVA (based on
Kolmogorov-Smirnov [K-S] test on residuals and Bartlett’s test for homogeneity of
variance) (UP-C: K-SD = 0.069, P > 0.2, Bartlett Chi2 = 27.85, df = 19, P = 0.09; Ucrit: KSD = 0.052, P > 0.2, Bartlett Chi2 = 25.38, df = 19, P = 0.15; AMR: K-SD = 0.062, P >
0.2, Bartlett Chi2 = 25.56, df = 19, P = 0.14; ASC: K-SD = 0.063, P > 0.2, Bartlett Chi2 =
28.56, df = 19, P = 0.07). Individual differences in swimming abilities, active aerobic
metabolism and aerobic factorial scope were then compared between temperatures using
repeated-measures ANOVA with temperature and species as the fixed factors, followed
by a planned comparison for Least Squares means for specific differences within
species. False detection rate was used to correct for Type I errors (Benjamini &
Hochberg 1995).
Finally, the average change in performance measures relative to the control
(29ºC) was correlated with the phylogenetic distance of each species to the most
thermally tolerant species examined (Chromis atripectoralis). Phylogenetic distance
was calculated as the number of nodes between C. atripectoralis and each of the other
species using the phylogenetic tree of Cooper et al (2008a). All data analysis was
conducted using Statistica v.8.0 and SigmaPlot v.10.0.
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3.4. Results
A temperature rise from 29 to 32ºC had a highly significant overall effect on the
standard metabolic rate (SMR: t-test, t9 = 3.68, P < 0.01) of these species and there was
a clear interaction between temperature and species on the swimming performance and
metabolic performance examined (i.e. critical swimming speed [Ucrit], gait transition
speed [Up-c], active aerobic metabolism [AMR] and aerobic factorial scope [ASC])
(MANOVA: F4,36 = 12.80, P < 0.01; Ucrit: F1,9 = 3.62, P < 0.01; Up-c: F1,9 = 6.60, P <
0.01; AMR: F1,9 = 3.80, P < 0.01; ASC: F1,9 = 5.48, P < 0.01; see Fig. 3.1, 3.2; Appendix
B).
Although there was an overall effect of temperature, the level of effect and the
particular variables affected differed between species and genera. In particular: Of the
four genera examined the post-test planned comparisons showed Chromis as the least
affected by the elevated 32ºC temperature. This genus only showed specific significant
changes in the metabolic performance of Chromis ternatensis with this species
demonstrating a 26% reduction in ASC (Fig. 3.1, 3.2; Appendix B). No significant
change was found in C. atripectoralis.
All species within the Dascyllus genus were significantly affected by the
elevated temperature. Dascyllus aruanus showed a 33% reduction in Up-c whilst
Dascyllus reticulatus showed a 28% reduction in Ucrit, a 51% reduction in Up-c, a 43%
reduction in AMR and a 49% reduction in ASC (Fig. 3.1, 3.2; Appendix B).
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Fig 3.1. The effect of 29 and 32ºC water temperature on the swimming performance of ten
species of Pomacentridae coral reef fishes within 4 different genera (Chromis, Dascyllus,
Neopomacentrus and Pomacentrus). For each species the critical swimming speed (Ucrit) and
gait transition speed (UP-C) is shown using black and white markers respectively. For clarity the
29 and 32ºC groups have been spread out along the x-axis. Error bars are SE. Those species
showing significant differences in swimming performance between temperatures are marked
with a double asterix ** for P < 0.01. Statistical results and exact values of swimming
performance can be seen in Appendix B.
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Fig 3.2. The effect of 29 and 32ºC water temperature of the metabolic performance of ten
species of Pomacentridae coral reef fishes spanning 4 different genera (Chromis, Dascyllus,
Neopomacentrus and Pomacentrus). For each species the maximum “active metabolic rate”
(AMR) and minimum “standard metabolic rate” (SMR) is shown using black and white markers
respectively. For clarity the 29 and 32ºC groups have been spread out along the x-axis. The
difference in Aerobic Scope (∆ASC) between temperatures is shown along the right margin
underneath each species. Error bars are SE. Those species with specific significant differences
in metabolic performance between temperatures are marked with an asterix * for P < 0.05 and
** for P < 0.01. Statistical results and exact values of metabolic performance can be seen in
Appendix B.
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Within the Neopomacentrus genus N. cyanomos showed significant reductions
in both swimming ability and metabolic performance. This species had a 24% reduction
in Ucrit, a 37% reduction in Up-c and a 65% reduction in ASC relative to 29ºC levels. No
significant reduction in performance was found for N. azysron or N. Bankieri although
both species did demonstrate a > 10% reduction in aerobic factorial scope (Fig. 3.1, 3.2;
Appendix B).
Finally, the Pomacentrus genus was significantly affected in both swimming
ability and metabolic performance. Pomacentrus coelestis had a 29% and 44%
reduction in Ucrit and Up-c respectively as well as a 38% reduction in ASC (Fig. 3.1, 3.2;
Appendix B). Similarly P. lepidogenys showed a 21% and 24% reduction in Ucrit and
ASC respectively (Fig. 3.1, 3.2; Appendix B). No significant change was found in P.
moluccensis.
The effect of increased temperature on physiological performance could not be
ascribed to phylogenetic distance from the most thermally tolerant species (Chromis
atripectoralis, linear regression, F9 = 0.001, P = 0.98), as closely related species and
genera showed very different performance characteristics, and this pattern was repeated
within both sub-families examined (Fig. 3.1, 3.2; Appendix B). For instance, Chromis
was the least affected genera while the closely related Dascyllus was among the most
affected. Similarly, within single species one of the greatest reductions in performance
was found in Neopomacentrus cyanomos whilst the closely related sister species N.
azysron showed no significant reduction in performance (Fig. 3.1, 3.2; Appendix B).

3.5. Discussion
The potential implications of global warming and climate change for coral reef
ecosystems are yet to be fully understood. Here I demonstrate how increasing
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temperatures not only reduce the aerobic scope of multiple coral reef damselfishes,
including several evolutionary lineages within this family, but also greatly reduce the
swimming performance of certain species. Reduced performance at an elevated
temperature (32ºC) lessen the ability of these fishes to withstand otherwise normal
fluctuations in habitat conditions such as flow variations due to tidal changes, currents
and storms. In turn, this reduced performance also leads to a diminished capacity to
conduct ecological tasks such as foraging, which are fundamental to growth, survival
and reproduction.
Aerobic scope expresses the surplus energy available for any physiological or
ecological activity and is thought to reflect the ability of reef fishes to maintain
physiological integrity and withstand thermal changes or other environmental stressors
(Clarke 2003; Pörtner & Knust 2007; Pörtner 2009). Consequently, aerobic scope is a
good indicator of the ability for a species to successfully tolerate and exploit warming
thermal environments, and explains why any significant loss of aerobic scope can
directly affect the ability of a species to maintain cellular processes whilst continuing
physical activity. Indeed, when exposed to a 3ºC increase above the current summer
maximum of 29ºC found on the GBR (following IPCC RCP 4.5 global climate change
predictions to the end of the century, IPCC 2007), this study demonstrates an average
reduction in aerobic factorial scope of 27.4% across 2 subfamilies, 4 genera and 10
species of the Pomacentridae. Furthermore, this study demonstrates that the
physiological effect of increased ocean temperatures may not be family or genera
specific as all 4 genera examined here contained both highly affected and less affected
species. That is, there was no discernible pattern in regard to species relatedness or
phylogenetic distance. However, some species may be significantly more affected by
temperature changes than others. For instance Neopomacentrus cyanomos showed a
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64.9% reduction in aerobic factorial scope while no significant reduction was seen in
the sister species N. azysron (also see Appendix B).
Dascyllus aruanus is the only species of the ten examined for which a complete
thermal profile has been published (Eme & Bennett 2009). This profile demonstrates
that D. aruanus can tolerate temperatures as high as 35 – 41ºC under conditions of
slowly increasing temperatures and adequate acclimation time (> 2 weeks, Eme &
Bennett 2009). Similar tolerance levels have also been recorded for other
Pomacentridae species such as Chromis atribbata and Pomacentrus variabilis, as well
as several species within the Apogonidae, Gobiidae, Haemulidae, Labridae and
Lutjanidae families (Mora & Ospina 2001; Rummer et al 2009; Eme & Bennett 2009).
Consequently, given global warming is not expected to increase ocean temperatures to >
35ºC, the main problem facing the majority of tropical coral reef fish is likely the loss of
physiological performance necessary for ecological survival.
Loss of swimming performance can be detrimental for any fish living in habitats
where optimized swimming abilities are necessary for continued survival (e.g. Johansen
2007, 2008). This is particularly true on coral reefs where swimming ability is a key
functional trait underpinning the distribution and abundance of many reef fishes (Fulton
et al 2005) and where many species are thought to occupy habitats with conditions close
to their current maximum swimming performance (Fulton & Bellwood 2005; Fulton et
al 2005; Fulton 2007; see also Appendix B). Indeed this study shows how increasing
ocean temperatures can lead to significantly reduced swimming performance of multiple
coral reef fishes and demonstrates the great variability which exists between species.
For instance, while an overall mean reduction in maximum swimming speed (Ucrit) of
13.9% was found when going from 29 to 32ºC, some species were significantly more
affected with e.g. a 29.2% reduction found in Pomacentrus coelestis, a species normally
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found in relatively high flow habitats. Equally, severe reductions were found in the
ecologically relevant capacity to swim using pectoral fins alone (Up-c), which is the
most prevalent swimming method of coral reef fishes, and the method of swimming
used by the study species to conduct all ecological relevant activities such as foraging
(Fulton & Bellwood 2005; Fulton, 2007). In particular, an overall mean reduction of
24.1% was seen in Up-c across all species examined with some species showing much
greater adverse reactions to increasing temperatures. The worst affected were N
cyanomos (with a 37% reduction in swimming ability), P. coelestis (44.4% reduction)
and D. reticulatus (51.3%). Among these species, all but N. cyanomos is regularly found
in relatively exposed and high flow habitats (Allen 1991; Chapter 2), where a > 37%
reduction of ability to undertake normal daily activities and cope with otherwise normal
variations in habitat conditions could have severe consequences (see Appendix B).
The reductions in swimming performance demonstrated here are directly
comparable to field conditions. For example, in P. coelestis a reduced Up-c of 44.4% is
equivalent to swimming 37.6 cms-1 at 29ºC but only 20.9 cms-1 at 32ºC. With many
exposed coral reef crests and slopes (where this species is abundant, Allen 1991;
Chapter 2) experiencing 30 - 60 cms-1 flows on average (Fulton & Bellwood 2005;
Supplement 1), this reduction in physical ability is below the minimum needed by these
reef fishes to swim against the prevailing habitat water flow. Likewise D. reticulatus
had a reduction in Up-c from 39.8 cms-1 to 19.4 cms-1, whilst P. lepidogenys had a
reduction in UP-C to 25.7 cms-1 and in Ucrit to 30.5 cms-1, falling below the prevalent
flows found in their respective habitats (Chapter 2; Supplement 1). Consequently, these
results demonstrate the physiological inability of several coral reef fishes to uphold the
performance required within the habitats they currently occupy. A possible outcome is
therefore a reduction in species abundance and a shift in distribution ranges as these
52

species are forced into more protected habitats befitting their reduced swimming
performance or into higher latitudes where their performance can be upheld (analogous
to the range shifts in latitudinal distribution seen in temperate fishes as a response to
temperature; Holbrook et al 1997; Parker & Dixon 1998; Perry et al 2005). Similar
situations may be expected for multiple other coral reef species, genera and families
experiencing reduced swimming abilities. In particular, Acanthuridae, Apogonidae,
Caesionidae, Labridae and Pomachanthidae are all families with multiple species
foraging on zooplankton in the water column, many of which have UP-C and Ucrit similar
to the species examined here and occupy the same habitats (see Randall et al 1997;
Fulton et al 2005; Fulton 2007). As it is clear that the influence of increased temperature
on physiological performance has significant variability among species and genera it is
likely that similar reductions in performance may be expected for species within these
families as well, and may lead to significantly altered coral reef communities and local
abundance patterns (see also Appendix B).
Due to the potential implication of increased ocean temperature on coral reef
fish, a method for predicting which species may be most at risk based on evolutionary
lineage or ecological differences would be very useful. Unfortunately, no clear
phylogenetic or ecological patterns were found, which could allow us to predict
physiological performance under global warming. On the contrary, the effect of
increased temperature on closely related species varied to the same extent as those of
more distantly related genera and sub-families, and significant reductions in
performance was seen in both high and low performing species (see also Gardiner et al
2010). As a consequence, the future repercussions of global warming on the majority of
coral reef damselfishes remain unresolved on a basis of phylogenetics or ecology.
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The borders of the latitude distribution of a species way provide us with some
indication of the thermal specialization of individual species. Tropical species with a
greater dispersal into higher latitudes may be expected to react more severely to
increasing temperatures > 29ºC because they are optimized for colder temperatures. For
instance, the northern and southern distribution of P. coelestis, N. cyanomos and C.
ternatensis all reaches around 35ºN – 35ºS, whilst P. moluccensis, N. azysron and N.
bankieri have much more limited north-south distributions of 28ºN – 25ºS, 25ºN – 23ºS
and 22ºN - 27ºS respectively (See http://data.gbif.org/occurrences). Accordingly, all
three species with wider distributions into colder water are physiologically far more
affected by temperatures > 29ºC. Of the remaining species examined, C. atripectoralis,
D. aruanus and D. reticulatus all have intermediate distribution patterns of around 30ºN
– 30ºS (http://data.gbif.org/occurrences) and is here showing a mixed physiological
effect. In particular, C. atripectoralis is able to maintain performance while both
Dascyllus species are affected in swimming capacity and D. reticulatus in aerobic
scope. Interestingly, Dascyllus aruanus has much lower abundance at equatorial reef
locations than at higher latitudes within their distribution range (Allen 1991; Randall et
al 1997), indicating they are actually optimized for colder conditions than their
latitudinal distribution would suggest. Only P. lepidogenys stands out by having a very
narrow distribution of 24ºN – 24ºS (http://data.gbif.org/occurrences) yet displays
significant reductions in performance at > 29ºC. This species seems unable to
compensate adequately, through acclimation, for changes in temperature. However, this
species shows strong colour variation between northerly and southerly locations (Allen
1991) suggesting some separation of populations in warm water locations around
equator. These results indicate that the physiological response of tropical marine fishes
to changes in temperature, is driven more by the total temperature range for which a
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species or population is optimized, than the relatively small temperature fluctuation
which occurs locally. For this reason, species with greater cold water optimization are
likely to demonstrate a more adverse reaction to global warming in low latitude
locations where temperatures may reach > 32ºC, and could lead to increased isolation
between northerly and southerly populations. Conversely, warm water species are likely
to benefit physiologically and ecologically from increased temperatures in high latitude
locations and lead to increased distribution and abundance poleward (Figueira & Booth
2010).
In conclusion, I predict that coral reef damselfishes will be adversely affected by
the predicted temperature increases of ~3ºC by 2100 around coral reefs in the GBR
(IPCC 2007 [RCP 4.5]; Lough 2007). This study demonstrates for the first time how
such temperature increases can directly affect the performance and ecological resilience
of coral reef fishes. Temperature increases are expected to have direct effects on several
physiological and physical capabilities of coral reef fishes, even after prolonged
acclimation periods and these effects may be detrimental to the continued ecological
viability of multiple species. Not only does increasing temperature cause increased
metabolic rates, and therefore energetic needs for survival, but it also severely
diminishes the physiological ability of individual species to cope with the naturally
varying and challenging flow conditions found on coral reefs. In turn, this will limit the
ability of individuals to acquire the energy needed for growth, survival and reproduction
(e.g. Donelson et al 2010). Based on the results of this study, there are clear indications
that some species will lose the swimming capacity needed to overcome the flow
characteristics of the habitats currently occupied. Furthermore, the overall ability to
redirect energy into overcoming any unexpected challenges is greatly diminished due to
the significantly reduced aerobic scopes.
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Although acclimation, developmental plasticity and genetic adaptation may
alleviate some physical and physiological limitations (e.g. Donelson et al 2011a), such
adaptations may be inadequate to fully compensate for the predicted rate of global
warming, leaving reef communities with severely reduced resilience to any further
external stressors. For instance, although prolonged acclimation periods (of > 2 weeks)
have previously been show to increase the thermal tolerance of reef fishes (Eme &
Bennett 2009), severe reductions in physiological performance was still evident in this
study after longer acclimation periods. In addition, the effect of increased temperature
on the physiological performance of tropical coral reef damselfishes varied greatly
among species and did not seem related to phylogenetic distance nor ecological
adaptations, leaving the thermal resilience of many coral reef fish species unclear.
However, significant reductions in swimming ability, some in species that showed no
reduction in aerobic scope (e.g. Dascyllus aruanus), demonstrate the benefit of studying
temperature’s effect on coral reef fishes from multiple angles and highlight that
performance capacities of individual species must be seen in context of species-specific
distribution, ecology and habitat usage.
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Chapter 4: Foraging in flow: specialization and performance in
planktivorous coral reef damselfishes
Prepared for publication in Ecology

4.1. Abstract
Specialization along different resource gradients is expected to evolve because
species can achieve a superior performance and competitive edge over generalists in
their preferred niche. In contrast, generalists may persist because they can exploit a
wider range of resources. However, the relative performance of specialists and
generalists along critical resource axes is not always known, making it difficult to test
these expectations. Planktivorous coral reef fishes forage in the water column and vary
in abundance across habitats subject to a wide range of water flow speeds, but the
degree of specialization and the variation in performance in relation to gradients of
water flow are poorly understood. Faster current potentially supplies more plankton, but
the ability to forage at high flow may require significant specialization and confer loss
of performance at lower flow speeds. This study used a variable flow chamber to
experimentally examine the degree of specialization between foraging efficiency,
swimming ability and environmental gradients of water flow. Eight species of
planktivorous coral reef damselfishes (family: Pomacentridae) were examined across 4
– 46 cms-1 water flow and two types of planktonic prey varying in mobility. All species
showed a high degree of specialization on particular flow speeds and a decline in
foraging efficiency at other flow speeds. At optimum flow, foraging efficiency was
equal across all species, reaching ≥ 90% on both immobile and mobile preys. At flow
speeds above and below optimum, however, foraging efficiency varied significantly
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between species, largely due to individual specializations for mobile preys. Whilst
foraging efficiency on immobile prey remained at > 90% across the majority of flow
speeds examined, efficiency on mobile preys reduced rapidly in all species to < 10%
following subtle changes in flow. Optimum flow speed and sensitivity to changes in
flow was positively correlated with swimming performance, allowing the faster
swimming species to forage up to 4.4-fold more efficiently at speeds > 20 cms-1 and
over significantly wider ranges of flow speeds. Compared, the slow swimming species
gained up to 1.4-fold greater foraging efficiency at speeds < 10 cms-1 whilst species
capable of intermediate swimming speeds showed ≤ average foraging efficiency across
all flow speeds examined. Field distribution patterns closely matched these performance
differences. All species had high abundance in habitats where flow conditions provided
optimum foraging efficiency, but many were missing or at reduced abundance in
habitats with flow conditions higher or lower than optimum. Species relatively more
efficient at foraging in high flow maintained greater abundance in these habitats, while
those more efficient in low flow had greater abundance there. Consequently, it appears
that the evolution of swimming and foraging has been critical to the dispersal of coral
reef planktivores across gradients of water flow, and may promote co-existence and
high species diversity within this important trophic group.

4.2. Introduction
Individuals often gain a selective advantage and species a competitive advantage
by specializing on particular resources or habitats (Fox & Morrow 1981; Huey & Hertz
1984; Futuyama & Moreno 1988; MacNally 1995; Devictor et al 2010; Pörtner et al
2010). In optimal habitats, specialization can increase performance significantly in
terms of energy intake and total energy available for growth and reproduction, and lead
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to increased survival and reproductive success (MacNally 1995; Pörtner et al 2010).
Conversely, specialization can also severely limit performance and survival in suboptimal habitats compared to the “jack-of all trades” or generalist species (e.g. Johnson
& Steiner 2000; Rana et al 2002; Jones et al 2004; Tewksbury et al 2008; Pörtner et al
2010). Specialization is most often viewed as a trade-off between increasing the
efficiency of exploiting one specific resource or habitat at the expense of another
(Futuyama & Moreno 1988; MacNally 1995; Devictor et al 2010). However, many
important resources exist across strong environmental gradients, and the degree to
which increasing performance at one level of an environmental gradient leads to a
reduction in performance at another is not always known. The relative performance of
specialists and generalists across critical environmental gradients has received
comparatively little attention.
Tropical coral reefs are one of the most diverse ecosystems on earth (Randall et
al 1997; Veron 2000; Wells 2000; Allen 2007), with many constituent species
exhibiting remarkable levels of specialization (e.g. Randall et al 1997; Veron 2000;
Munday 2000, 2004; Berumen & Pratchett 2008). Many reef teleosts such as the
Gobiodon show strong specializations for shelter and food on preferred corals (Munday
et al 1997; Munday 2000, 2004) allowing greater performance, growth and survival than
more generalist species (MacNally 1995; Munday 2000). Multiple studies have
documented strong variations in growth and survival between individuals in different
habitats (Highsmith et al 1980; Pandolfi & Greenstein 1997; Munday 2000; Figueira et
al 2008), and these variations are often attributed to external changes in the abundance
of preferred resources (Kingsford & Hughes 2005; Figueira et al 2008). However,
tropical coral reefs are also subject to strong environmental gradients in e.g. wave
exposure and water motion (see Supplement 1; Fulton & Bellwood 2005), and species
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vary in the degree to which they can tolerate different flow environments (e.g. Fulton et
al 2005; Madin & Connolly 2006; Chapters 2, 3). While specializations to particular
resources have been thoroughly documented for a number of species on coral reefs (e.g.
Munday 2000, 2004; Bellwood et al 2006; Berumen & Pratchett 2008), the relative
performance of species along gradients of water flow remains unexplored.
Coral reefs harbor a great diversity of planktivorous fishes which forage on
zooplankton in the water column as it is carried across the reef (Hamner et al 1988,
2007; Genin 2004). These fish are thought to constitute a major nutrient plenishing food
source, that facilitates the high primary production rates observed in coral reefs (Erez
1990; Hamner et al 1988, 2007), and so have an important functional role for the reef
ecosystem. The abundance of reef planktivores is positively correlated with zooplankton
density and the gradient of water flow speed that carries it (Thresher 1983; Yahel et al
2005; Hamner et al 2007; Alldredge & King 2009). Reef planktivores are therefore
highly dependent on swimming ability when foraging directly exposed to ambient flow
conditions, and are known to be specialized in terms of maximum swimming speeds and
metabolic cost of swimming (Chapter 2). Individual species can generally be placed
along the continuum of fast to slow swimming performance (Fulton & Bellwood 2005),
and many benefit from increased energetic efficiency when swimming at optimum
speed (Chapter 2). These fishes often show field distributions befitting their respective
swimming performances with faster swimming species able to spread across larger
gradients of water flow and into exposed high flow habitats (Fulton & Bellwood 2005;
Chapter 2). To thrive across strong environmental gradients of water flow, however,
reef planktivores must also be able to catch prey while swimming and specializations in
foraging performance to different flow environments is currently unknown.
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Foraging efficiency in planktivorous fishes is directly dependent on the relative
manoeuvrability of predator and prey. Zooplankton generally contains both mobile and
immobile organisms such as copepods and molluscs (Holzman et al 2005), and prey
capture can be significantly hampered by prey mobility both at low and high flow
speeds (Buskey et al 1993; Clarke et al 2005; Visser et al 2009). To attain high foraging
efficiency (i.e. ratio of prey capture per attack), these fishes must be able to efficiently
manoeuvre themselves relative to the flow speed they are facing and the movement of
the prey. Most coral reef fishes swim and forage using pectoral fins only (Fulton &
Bellwood 2005) and are able to attain high speed and manoeuvrability using this
swimming mode (Blake 2004). However, at gait transition speed (UP-C) body and caudal
fins are recruited for extra propulsion causing a reduction in manoeuvrability (e.g. Blake
2004). Foraging efficiency in planktivorous coral reef fishes is therefore expected to be
positively correlated with swimming ability but peak at or before manoeuvrability is
compromised at UP-C. Numerous studies have examined the effect of prey mobility for
foraging efficiency in planktivorous fishes (e.g. Coughlin & Strickler 1990; Higham et
al 2006; Higham 2007), and a few have examined efficiency in relation to water flow
(MacKenzie et al 1994; Kiflawi & Genin 1997; Clarke et al 2005). None have examined
foraging efficiency on different preys in relation to swimming ability or the range of
flow conditions occupied by individual species. Virtually nothing is currently known of
the links between foraging efficiency, swimming ability and field distribution in
planktivorous coral reef fishes.
The main objective of this study was to examine the degree of specialization in
foraging efficiency in relation to swimming ability and environmental gradients of
water flow in a guild of planktivorous coral reef damselfishes. By comparing the
foraging efficiency of species specialised on different flow speeds, this study aimed to
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measure the degree to which performance at particular flow speeds compromises
performance at other flow speeds. This study also aimed to test whether field
distributions in relation to water flow match observed patterns of foraging efficiency on
different preys. Using an experimental variable flow chamber, five hypotheses were
tested across gradients of water flow speeds and prey mobility: (1) Foraging efficiency
of each species will be maximized at a particular range of “optimum” flow speeds, with
a decline in efficiency at all other flow speeds; (2) Maximum foraging efficiency will
depend on prey mobility, with all species less able to forage on mobile prey; (3)
Optimum flow speeds for foraging will differ between species on the basis of swimming
performance, with faster swimming species able to forage at higher and wider ranges of
flow speeds; (4) In total, fast swimming species will be relatively more efficient at
foraging in high flow, while slow swimming species will outperform in low flow; (5)
Distribution patterns in the field will closely reflect the relative foraging efficiency of
each species, with reduced abundance in sub-optimum flow conditions.

4.3. Material and Methods
Study species and holding system
Eight species of the family Pomacentridae was chosen for study: Chromis
atripectoralis, Dascyllus aruanus, Neopomacentrus azysron, N. bankieri, N. cyanomos,
Pomacentrus coelestis, P. lepidogenys, P. moluccensis (Cooper et al 2008a). These
species are all planktivorous and have natural distribution patterns that represent the full
range from sheltered to highly exposed coral reef habitats (Randall et al 1997). They are
also relatively site attached and territorial (Randall et al 1997) and foraging efficiency
must, therefore, match individual habitat conditions. Furthermore, the swimming
performance and field distributions of these species have previously been examined
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(Chapter 2) allowing direct comparisons to specializations in foraging efficiency. For
the purpose of this study, foraging efficiency was defined as the ability to catch prey
under conditions of habitat flow, and was taken as the number of prey caught
successfully per attempted foraging bite.
A minimum of 21 adult individuals of each species (TL 6.3 ± 0.1 cm, mean ±
S.E., range 4.7 - 9.3 cm, n=197) were collected from February to June 2010 around
Lizard Island (14°40 S, 145°28 E), Northern Great Barrier Reef, Queensland, Australia,
with clove oil and barrier nets. Only adult individuals were collected to avoid
ontogenetic differences. All were held in 40 x 80 x 40 cm tanks under a 13-11 hrs lightdark regime (subjected to sunrise as beginning of daylight). Tanks were continuously
supplied with filtered seawater (salinity 34 ± 0.7 ppt) at a temperature of 29 ± 0.6ºC
(mean ± S.E.) in a flow-through system. All individuals were acclimated for a minimum
of 3 weeks (average ~4 weeks) before trials began to ensure full metabolic acclimation.

Preliminary trials to establish appropriate diet and feeding levels
To ensure foraging trials used prey similar to that foraged by these species in the
field, an additional five adult individuals of each species were collected, killed
immediately following ethical guidelines and injected with 4% phosphate buffered
formalin directly into their stomach cavity. These specimens were then stored in 4%
phosphate buffered formalin and transported to JCU lab facilities where the stomach
content was analyzed. All discernible bits of the stomach contents were identified and
counted, and estimated for size based on direct measurements of whole prey items and
published literature for the rest (e.g. Smith 1977). This confirmed that all individuals
were foraging on both mobile and immobile zooplankton organisms such as copepods,
eggs and mollusks. Zooplankton prey in stomach content was generally 100-500 micron

63

in size (range 50 ≤ X ≤ 2000 micron) and individuals could easily hold > 400 items
within their stomach each with a size of ≤ 200 micron (ranging from 430 to 900 items
depending on species).
Live Artemia sp. and cysts closely resemble the size and shape of zooplankton
organisms and eggs in the field and live Artemia sp. have mobility similar to many
planktonic organisms (e.g. Buskey et al 1993; Costello & Colin 1994; Trager et al 1994;
Williams 1994). Consequently, these were chosen as a good representation of mobile
and immobile zooplankton prey, and used for all subsequent experimental feeding
protocols. Throughout the study and acclimation period, fish were fed twice daily with a
mix of live Artemia sp. and unhatched cysts in the morning and commercial food pellets
in the evening. This ensured test subjects remained healthy and maintained their ability
to catch mobile and immobile prey in the water column during the acclimation period.

Food preparation for experimental protocols
Food samples for experimental feeding trials were prepared in the following
manner: Based on the amount and size of prey found in the stomachs of these species,
all Artemia hatchlings where sieved to ensure only 153 < x < 200 micron sized Artemia
were utilised. This allowed test subjects to consume >300 items without filling their
stomachs and therefore losing the urge to forage during trials. Once sieved, the Artemia
were placed in a fresh batch of filtered, sterilised and fully oxygenated saltwater. Next,
20 live and healthy Artemia were chosen under a microscope and sucked directly into a
test syringe with a 3mm aperture and 50ml sample volume. Only healthy Artemia were
used in this experiment to ensure equal manoeuvrability of the prey. Samples containing
20 Artemia cysts were prepared by the same method, being sieved to ensure 153 < x <
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200 micron size, placed in fresh seawater and chosen under a microscope to ensure no
damaged cysts were included.

Experimental protocol
Using an experimental flow tunnel, the foraging efficiency of each test subject
was examined at incrementally five flow speeds with three replicate measures at each
speed (i.e. 5 flow speeds x 3 replicate measures x 20 Artemia per sample). This allowed
individuals to consume a maximum ≤ 300 prey items per trial. Three replicate measures,
each with a sample size of 20 Artemia, ensured a resolution in foraging measures of 100
/ (3 x 20) = 1.66% per test subject. The five flow speeds examined were randomly
chosen from 2 cms-1 intervals between 4 and ≤ 46 cms-1 flow speeds, following the
methodology of Hesterberg et al (2005). Maximum flow speed was dependent on the
swimming ability of the individual species (see Chapters 2, 3) and was always kept <
critical swimming speed (Ucrit, i.e. the maximum swimming speed of each species).
Foraging efficiency was measured for ≥ 16 individuals of each species (5 speeds x 16
individuals) ensuring that no less than 6 measures of foraging efficiency were acquired
at every 2 cms-1 interval between 4 cms-1 and Ucrit.
Before each trial, the test subject was fasted for 36 hrs to ensure a postabsorptive state that maximised the energy available for swimming (Niimi & Beamish
1974) and ensure the subject was sufficiently hungry to forage at maximum capacity
throughout the experiment. The test subject was then placed in the working section of
the flow tunnel and left to acclimatize for 2 - 4 hrs at a swimming speed of 8 cms-1 until
it had settled into a continuous swimming rhythm. Following initial acclimation and
after the completion of each trial flow speed, water flow was increased slowly by 10
cms-1 min-1 to the next desired flow speed. At every new flow speed, subjects were left
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to acclimatise for a further 10min before trials continued. Once ready, a 50 ml sample
containing 20 Artemia or cysts was injected into the flow tunnel through a 3 mm
(internal diameter) plastic tubing going through the flow tunnel wall ~100 cm upstream
of the test subject. Each sample was injected over a period of 1 min providing equal
plankton delivery rates between trials. The test fish was then continuously observed for
1 min, and all foraging bites counted until the injected food sample had passed the
subject and foraging activity ceased. Foraging bites by these species are very easily
identified and were here defined as a clear bite towards something in the water column
(i.e. an opening and closing of the mouth), often accompanied by a distinct manoeuvre
towards a particular point in the water column (see Coughlin & Sticklers 1990 for
further detail). 50 cm behind the end of the working section a 153 micron mesh bag
ensured all Artemia and cysts not caught by the test subject was collected. Following
each 1 min feeding trial there was a 2 min non-feeding period, during which the mesh
bag was removed, rinsed and anything caught in the mesh collected in a sample vial.
The post-feeding sample was then mixed to 4% phosphate buffered formalin for later
analysis. This continued for all three replicate feeding sessions at each of the five flow
speeds tested. After the last feeding session, the experiment was stopped and the test
subject returned to its holding tank. Following this protocol, subjects ended up
swimming for 19 min at each test flow speed totalling ~100 min for the entire trial.

Experimental setup and pre-trial controls
Experimental trials were conducted using a clear tube Plexiglas flow tunnel with
a working section of 9.8 x 102 cm (internal diameter x length). Turbulence within the
flow tunnel was minimized by placing dual honeycomb flow-straighteners at the start of
the working section, thereby ensuring near laminar flow. Flow within the working
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section was then calibrated from 0 to 60 ± 0.5 cms-1 (mean ± S.E.) using a digital
Höntzsch TAD W30 flow-meter. Solid blocking effects of fish swimming within the
working section were corrected following Bell & Terhune (1970) and were kept below
5% for all individuals. All trials were run in temperature controlled (29 ± 0.1ºC, mean ±
S.E.) and fully aerated seawater, which was filtered (to < 20 micron) to ensure no other
food particles were present in the water column. A note was made at the speed where an
individual was first observed changing from pectoral to body-and-caudal swimming for
more than 5 sec continuously (i.e. UP-C). Pectoral swimming is the swimming mode
used for foraging by the study species and is therefore the most ecologically relevant
measure of swimming performance for this study. UP-C was then estimated following
Brett (1964): UP-C = U + Ui x (t/ti), with U = penultimate flow speed before the fish
changed gait, Ui = the last swimming speed increment, t = the length of time on the flow
speed where gait change occurred and ti= the set time interval at each swimming speed
(19 min).
A series of measures were implemented to minimize confounding factors:
Throughout the trials, subjects were shielded from outside stimuli by placing black
plastic sheeting in front of the flow tunnel with small slits cut out for observers. All
trials were conducted within the 13 hrs of daily light regime in order to match the
diurnal foraging activities of the study species. Each test subject was given only live
Artemia or cysts thereby avoiding skewed results as a consequence of prey preference.
Controls verified that prepared samples of Artemia and cysts remained healthy and
unhatched for 5 - 24 hrs. Accordingly, all samples were used within 3 - 4 hrs of
preparation. To ensure equal foraging opportunity between individuals and trials
regardless of minor differences in swimming position within the flow tunnel, food
samples were injected into the turbulent part of the flow tunnel (i.e. before the flow67

straighteners). The turbulent flow prior to the flow-straighteners as well as the distance
between food injection and the test subject (~100 cm), allowed the Artemia and cysts to
reach any part of the tube diameter before meeting the test subject. This was
subsequently verified by the scattered locations of foraging bites observed throughout
the trials (pers. obs. J. Johansen). Finally, to ensure that any missing Artemia or cysts
following feeding trials were in fact due to the foraging activity of the test fish, 3 x 20
live Artemia and 3 x 20 cysts were injected at 10, 20, 30, 40 and 50 cms-1 flow speeds.
Shortly after each injection the collection mesh bag was removed, rinsed into a sample
vial and mixed to 4% phosphate buffered formalin for later analysis. Subsequent counts
of control samples revealed 100% of Artemia and cysts were indeed collected by the
mesh bag.

Analysis
The relationship between foraging efficiency and gradients of flow speed was
analyzed using the following procedure: The number of Artemia or cysts within each
post-feeding sample was counted, and foraging efficiency in each feeding trial
calculated as: (initial number of Artemia injected – remaining number of Artemia
caught) / total number of bites recorded during the corresponding 1 min feeding session.
The three replicate measures taken at each flow speed was used to provide a single
average value of foraging efficiency from each test subject at each flow speed. Foraging
efficiency was then plotted against flow speed and fitted with a best-fit non-linear
regression following 1) y = Y0 +










for mobile prey and 2) y = ae

.

 


for

immobile prey (p < 0.01). In these curves a, b and c are constants, while Y0 is the value
of the curve where X goes to infinity and X0 is the optimum flow speed providing
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maximum foraging efficiency. These graphs visually demonstrated changes in foraging
efficiency with habitat flow speeds as well as the optimum flow speeds for each species.
The effect of prey mobility on maximum foraging efficiency was analysed by
comparing the maximum foraging efficiency of each species on mobile and immobile
using a one-way ANOVA with species as the fixed factor. This test utilised the 48
individual measures of foraging efficiency measured directly either side of X0, and
assumptions of homogeneity of variance and normal distributions were confirmed prior
to analysis. Differences in maximum foraging efficiencies on mobile and immobile
preys were compared using a Mann-Whitney U-test.
To see if optimum range of flow speeds for foraging differed between species on
the basis of swimming performance the following four analyses were conducted: First,
differences in swimming performance were verified by comparing maximum swimming
speeds for foraging (i.e. gait transition speed, UP-C) between species using a singlesample t-test. Since gait change was not reached in Chromis atripectoralis, UP-C for this
species was extrapolated from Chapter 2. Second, the speed of maximum foraging
efficiency (i.e. optimum flow speed) was calculated from equation 1 and 2 for each
species. For immobile prey, the flow speeds providing > 90% foraging efficiency was
taken as highest optimum flow speeds. Gait-transition speeds (UP-C) and optimum flow
speeds were then compared using Pearson product-moment correlations which clarified
if faster swimming species attained maximum efficiency at higher flow speeds overall.
Third, the ability of faster swimming species to forage over a wider range of flow
speeds than slower swimming species was analysed using Pearson product-moment
correlation on the range of flow speeds over which each species could forage at > 90%
of maximum efficiency. Fourth, specific differences between UP-C and optimum flow
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speeds for foraging on mobile and immobile prey were compared using Kruskall-Wallis
ANOVA and Multiple Comparisons of mean ranks.
Foraging efficiency of each species relative to average was used to highlight
specializations for particular flow speeds as well as specific differences in foraging
efficiency between fast and slow swimming species. Foraging efficiencies were
standardized to zero following ((measured efficiency / average efficiency) -1), with zero
being the mean efficiency at each speed, and values were plotted against flow speed.
This provided visual presentation of relative changes in foraging performance with
increases in habitat flow. Foraging performance on mobile and immobile prey was then
compared across species and flow speeds using two-way ANOVA’s with species and
speed as the fixed factors, followed by a planned comparison for specific deviations
from average within individual flow speeds. Proportional foraging data was square-root
transformed to ensure normal distribution and homogeneity of variance. Only foraging
data on mobile prey did not fully complying with homogeneity of variance (Mobile
prey: Bartlett χ2 = 157.21, P127 = 0.04, Kolmogrov-Smirnov d = 0.04, P > 0.20;
Immobile prey: χ2 = 89.39, P120 = 0.99, K-S d = 0.05, P > 0.20). However, ANOVA is
robust to such minor discrepancy, allowing results to be interpreted conservatively.
False Detection Rate (FDR) was used to correct for Type I errors and ensure
conservative interpretation of data (Benjamini & Hochberg 1995). To clarify if fast and
slow swimming species had greater overall foraging performance at high and low flow
respectively, each species was ranked in foraging efficiency from most efficient in high
flow to most efficient in low flow (based on calculated deviations from average) and
compared to rankings of swimming performance using Spearman Rank Order
Correlations.
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Field distribution and abundance relative to habitat flow was extrapolated from
Chapter 2, demonstrating that that C. atripectoralis, P. lepidogenys, P. coelestis and N.
azysron all occupy habitats with flow conditions to 36.4 cms-1, P. moluccensis and D.
aruanus occupy flow conditions to 21.2 cms-1 and N. bankieri and N. cyanomos are
restricted to flow conditions below 13.5 cms-1. These distribution patterns were then
ranked from highest to lowest flow occupied based on relative abundance, plotted
against rankings of relative foraging efficiencies in flow (see above) and compared
using Spearman Rank Order Correlations.

4.4. Results
All species had maximum foraging efficiency at specific flow speeds and
reduced efficiency at all other flow speeds, providing each species with an optimum
range of flow speeds for foraging (see Fig. 4.1). Water flow speed explained 77 – 95%
of the variability in foraging efficiency across all species examined and accounted for
strong differences in foraging efficiency within species (non-linear regressions, P <
0.001, Fig. 4.1). Plots of foraging efficiency against flow speed clearly demonstrated
that all species achieved equal maximum foraging efficiency (Mobile prey: one-way
ANOVA, F7 = 0.845, P = 0.56, see Fig. 4.1) and that maximum foraging efficiency
differed within species on the basis of prey mobility (Mann-Whitney U-test, z = 3.59, p
< 0.01). Foraging efficiency on mobile prey was sharply bell curved for all species
examined, peaking at 89.7 ± 1.2% efficiency at flow speeds between 10.0 and 15.0 cm-1
before sharply reducing at speeds above and below this peak (mean ±S.E, Fig. 4.1).
Foraging efficiency on immobile prey remained at a constant ~100% for all species and
flow speeds until 21.4 to 32.7 cms-1 before rapidly reducing (Fig 4.1).
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Fig 4.1. Foraging ability of eight species of tropical coral reef damselfishes (Pomacentridae)
under increasing water flow speed. The Y-axis depicts foraging efficiency (%) as proportion of
successful attacks. The X-axis depicts water flow speed in cms-1 from 4 – 46 cms-1. For each
species, the lower line represents foraging efficiency on mobile planktonic prey (i.e. live
Artemia sp.) and the upper line represents foraging efficiency on immobile prey (i.e. unhatched
Artemia cysts). Water flow explained 77 - 95% of all variation in foraging efficiency (P <
0.001). Stippled reference lines demonstrate the flow speeds where foraging efficiency drop
below 90% of maximum efficiency. Species are arranged according to swimming ability
Neopomacentrus azysron > Dascyllus aruanus > N. cyanomos > P. moluccensis > N. bankieri
(fast to slow).
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Optimum range of flow speeds for foraging differed between species on the
basis of swimming performance: Rankings of maximum swimming speeds for foraging
(UP-C) followed Chromis atripectoralis > Pomacentrus coelestis > P. lepidogenys >
Neopomacentrus azysron > Dascyllus aruanus > N. cyanomos > P. moluccensis > N.
bankieri (fast to slow, t-test, t7 = 5.96, P < 0.01, see Appendix D for details). Faster
swimming species attained maximum foraging efficiency at significantly higher flow
speeds overall (linear regressions: y = 9.61 + 0.11x, r2 = 0.64, P = 0.02 for mobile prey
and y = 18.75 + 0.24x, r2 = 0.70, P = 0.01 for immobile prey). Equally, the range of
flow speeds over which each species could maintain > 90% of their maximum foraging
efficiency was up to 2.8-fold wider in faster swimming species (linear regression, y =
1.29 + 0.71x, r2 = 0.51, P = 0.046, Fig 4.1). Maximum foraging efficiency on the harder
to catch mobile prey was restricted to flow speeds significantly below gait transition
speed (UP-C, Kruskall-Wallis Multiple Comparisons H2,24 = 15.36, z = 3.39, P < 0.01),
whilst immobile prey could be foraged efficiently at much higher flow speeds closer to
UP-C where swimming performance and manoeuvrability started to get compromised (z
= 0.00, P = 1.00).
Foraging performance differed between species and flow speeds (ANOVA,
Mobile prey: F105 = 4.03, P < 0.001; Immobile prey: F105 = 1.32, P = 0.042, Fig. 4.2).
Faster swimming species were relatively more efficient at foraging in high flow, and
slower swimming species relatively more efficient in low flow (Spearman Rank R, t6 =
4.07, P < 0.01; post-hoc planned comparisons Table 4.1). The fastest swimming species
Chromis atripectoralis and Pomacentrus coelestis maintained above average foraging
efficiency at all flow speeds above 20 cms-1 and gained up to 4.4-fold greater efficiency
than less efficient species at flow speeds > 28 cms-1 (i.e. 43.1% versus 9.8% efficiency
on mobile prey at 34 cms-1; see Fig 4.1, 4.2; Table 4.1). Conversely, the slowest
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Fig 4.2. The relative difference in foraging efficiency between species at water flow speeds
from 4 to 34 cms-1. The zero lines represent the average foraging efficiency of all species.
Values below zero indicate a reduced foraging efficiency and values above zero demonstrate an
increased foraging efficiency. Dark grey represent foraging efficiency on mobile Artemia sp.
and light grey represent immobile Artemia cysts. Species are arranged according to swimming
ability following Chromis atripectoralis > Pomacentrus coelestis > P. lepidogenys >
Neopomacentrus azysron > Dascyllus aruanus > N. cyanomos > P. moluccensis > N. bankieri
(fast to slow). All species demonstrated an overall performance significantly different from
average and individual differences are marked with * for P < 0.05 and ** for P < 0.01 following
Table 4.1.
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Table 4.1. Post-Hoc Planned comparison P-values of the relative foraging efficiencies of eight species of planktivorous damselfishes (family:
Pomacentridae) at flow speeds from 4 – 34 cms-1. Significance is relative to average for all species. Foraging is on mobile Artemia sp. and immobile Artemia
cysts. False Detection Rate (FDR) correction is applied to correct for Type I errors (Benjamini & Hochberg 1995). Pcutoff illustrates the conservative P value
recognised as significant and values ≤ Pcutoff are marked in bold.
Flow speed C. atripectoralis
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(cms -1)
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34

P. lepidogenys

P. coelestis

mobile immobile mobile immobile mobile immobile
0.294
0.804
0.399
0.533
0.031
0.474
0.342
0.697
0.982
0.971
0.027
0.971
0.576
0.361
0.931
0.846
0.134
0.755
0.929
0.924
0.641
0.719
0.938
0.853
0.947
0.922
0.817
0.814
0.782
0.962
0.855
0.667
0.191
0.903
0.172
0.909
0.051
0.518
0.803
0.924
0.460
0.925
0.000
0.926
0.320
0.806
0.230
0.679
0.027
0.673
0.370
0.455
0.049
0.895
0.013
0.027
0.529
0.628
0.013
0.641
0.000
0.061
0.841
0.369
0.120
0.192
0.000
0.012
0.825
0.409
0.938
0.994
0.000
0.002
0.179
0.358
0.910
0.670
0.000
0.013
0.404
0.935
0.700
0.002
0.000
0.001
0.025
0.490
0.462
0.682
0.000
0.006
0.117
0.482
0.631
0.767

N. azysron

P. moluccensis

D. aruanus

N. bankieri

mobile immobile mobile immobile mobile immobile mobile immobile
0.513
0.804
0.708
0.843
0.012
0.533
0.002
0.908
0.698
0.830
0.907
0.585
0.162
0.697
0.043
0.971
0.198
0.755
0.143
0.260
0.787
0.985
0.225
0.755
0.132
0.901
0.430
0.746
0.754
0.824
0.700
0.838
0.787
0.864
0.951
0.727
0.827
0.814
0.795
0.727
0.987
0.735
0.393
0.987
0.712
0.320
0.893
0.536
0.411
0.472
0.111
0.875
0.846
0.697
0.629
0.967
0.034
0.313
0.091
0.427
0.663
0.561
0.043
0.679
0.493
0.756
0.631
0.756
0.449
0.409
0.000
0.265
0.920
0.666
0.555
0.086
0.287
0.712
0.009
0.255
0.494
0.312
0.005
0.280
0.559
0.084
0.014
0.257
0.545
0.291
0.206
0.189
0.839
0.637
0.001
0.086
0.909
0.058
0.170
0.110
0.308
0.071
0.044
0.732
0.323
0.594
0.208
0.008
0.049
0.109
0.077
0.584
0.857
0.066
0.308
0.070
0.085
0.067
0.019
0.236
0.915
0.777
0.664
0.113
0.117
0.384
0.015
0.658
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N. cyanomos

Pcutoff

mobile immobile mobile immobile
0.020
0.908
0.020
0.006
0.127
0.937
0.006
0.006
0.825
0.755
0.006
0.006
0.152
0.459
0.006
0.006
0.866
0.800
0.006
0.006
0.243
0.538
0.006
0.006
0.373
0.925
0.006
0.006
0.807
0.532
0.006
0.006
0.624
0.082
0.000
0.006
0.576
0.734
0.013
0.006
0.696
0.160
0.014
0.006
0.952
0.209
0.001
0.006
0.600
0.013
0.000
0.013
0.254
0.107
0.000
0.013
0.166
0.234
0.025
0.010
0.024
0.172
0.024
0.006

swimming species Neopomacentrus bankieri, P. moluccensis and N. cyanomos had below
average foraging efficiency at all flow speeds above 14 cms-1, but some gained up to 1.4fold higher foraging efficiencies than faster swimming species at flow speeds below 14
cms-1 (50.0% versus 71.7% efficiency on mobile prey at 4 cms-1; see Fig 4.1, 4.2; Table
4.1). Those species with intermediate swimming performance (i.e. N. azysron and D.
aruanus) showed foraging performances much closer to average across all flow speeds
examined. The effect of specialization was most prominent at high flow speeds: Foraging
efficiency in all but the fastest swimming species was reduced to < 20% at the highest
flow speeds examined, but all species retained > 50% foraging efficiency at the lowest
flow speeds examined (see Fig 4.1). That is, all species could forage with some degree of
efficiency in low flow but not all could forage efficiently in high flow.
Distribution patterns in the field closely reflected the relative foraging efficiency
of each species at different flow speeds. All species were found in high abundance in
optimum habitats (Fig 4.1, 4.3). However, correlations between foraging efficiency and
field distribution revealed that those species more efficient at foraging in flow
conditions above and below optimum were also much more abundant in these habitats
(Spearman R, r2 = 0.73, t8 = 4.07, P = 0.007; see Fig 4.3). Chromis atripectoralis, P.
lepidogenys, P. coelestis and N. azysron were all able to maintain ≥ average foraging
efficiency to > 34 cms-1 flow and were all found in high abundance within habitats of
similar flow conditions (Fig. 4.3). Conversely, the slower swimming species Dascyllus
aruanus, N. cyanomos, P. moluccensis and N. bankieri all had ≤ average foraging
efficiency at > 14 cms-1 and either had reduced abundance or was completely missing
from these habitats in the field (Fig 4.3). The fast swimming species were found across
all habitats examined, but these all had ≤ average foraging efficiency in habitats with
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flow speeds < 4 cms-1 and reduced abundance relative to the slowest swimming species
(Fig 4.3).

Fig 4.3. The field distribution and foraging efficiency of eight species of planktivorous coral
reef damselfishes. Top table (A) shows the abundance of each species relative to habitat flow
around Lizard Island, Northern Great Barrier Reef, Australia. Bold values indicate the highest
flow occupied by > 95% of individuals (extrapolated from Chapter 2), and the dashed circle
highlights the habitat flow conditions closest to optimum for each species (see Fig 4.1). Bottom
graph (B) shows a Spearman Rank R correlation between the relative foraging efficiency of
individual species and field distributions. The y-axis shows the relative foraging efficiency of
individual species ranked from 1 to 8 with 1 being the species better able to forage in high flow.
On the x-axis species are ranked relative to the habitat water flow speed occupied in the field,
with the species occupying the fastest habitat flow ranked as 1. Errors are 95% CL.
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4.5. Discussion
This study demonstrates dramatic differences in the foraging efficiency of eight
species of planktivorous coral reef damselfishes under different gradients of water flow
typical of coral reef environments. All species showed maximum efficiency on
particular optimum flow speeds and a significant loss of efficiency at all other flow
speeds. Optimum flow speed was positively correlated with swimming ability.
Additionally, faster swimming species maintained above average foraging efficiency in
flow speeds above optimum, while slower swimming species maintained above average
foraging in flow speeds below optimum, providing each with a potential advantage in
these habitats. Species with intermediate swimming abilities were generalists’ in the
sense that they had foraging performances much closer to average across all flow speeds
examined. In the field, differences in foraging efficiencies corresponded strongly with
the distribution and abundance of each species. All species had high abundance in coral
reef habitats with optimum flow conditions, but many were either missing or had
reduced abundance in habitats where foraging efficiency dropped below average.
Consequently, foraging performance in planktivorous coral reef fishes appears to be
specialized to maximise energy intake along particular gradients of water flow, and
these performance patterns closely follow species dispersal.
Specialization to particular resource gradients compromised efficiency at others.
No species could maintain above average efficiency across all flow speeds and prey
types, and minor changes in water flow caused major and rapid shifts in the relative
performance of individual species. There were also strong asymmetries in foraging
efficiency between species. An increase in flow from 22 to 24 cms-1, for instance,
increased the relative foraging efficiency of Chromis atripectoralis by 37.5%, and
reduced efficiency in Pomacentrus moluccensis by 25.3% leading to a ~1.6 fold change
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in the comparative foraging efficiency between these two species. Larger increases in
flow of 10 cms-1 caused up to 53.2% reductions in foraging efficiency within individual
species and even greater changes in their relative performances, amply demonstrating
the importance of specialization in these reef fishes for ecological advantage. Curiously,
recorded asymmetries in performance were substantially smaller when restricted to
immobile preys and low flow conditions, emphasizing an enormous effect of prey and
predator mobility for the relative performance characteristics of individual species.
Prey mobility significantly hampered foraging efficiency in all fishes examined
and intensified sensitivity to changes in water flow. Mobile prey such as Artemia sp. can
accelerate at rates of >5 cms-2 and swim at speeds up to ~2.7 cms-1 (Buskey et al 1993;
Williams 1994; Venkateswara et al 2007) and substantially increase escape rate and
reduce foraging efficiency on these preys. As flow increases, however, and the prey is
carried too rapidly toward the predator to avoid contact, foraging efficiency start
improving, peaking at the optimum combination of prey to predator mobility (see also
MacKenzie et al 1994; Kiflawi & Genin 1997; Clarke et al 2005). At flow speeds above
optimum, the relative swimming ability of the predator also starts to decrease causing
foraging efficiency to decline, first on the hardest to catch mobile preys and then on all
preys (see also MacKenzie et al 1994). Foraging in this study peaked around the same
efficiency for all species examined (~90% for mobile prey and 100% for immobile
prey) demonstrating that all species could achieve equal foraging efficiency but at
different optimum flow speeds.
Swimming performance directly determined optimum flow speed for foraging,
and was critical for foraging efficiency at flow speeds above and below optimum. By
far the most substantial disparity in foraging efficiency between species occurred at >
20 cms-1 flow. At these speeds the efficiency of all species reduced sharply and the
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ability to swim directly determined the rate of reduction. To survive in exposed high
flow habitats on coral reefs, individuals must be able to withstand high temporal
variability in flow conditions (see Supplement 1), and maintain a high degree of
performance across a wide array of flow speeds (See Chapter 2). Species specialized to
these conditions are therefore often less sensitive to changes in flow and are here shown
to sustain lower rates of reductions in foraging efficiency than all other species. For
instance, while foraging efficiencies at a flow speed of 34 cms-1 were reduced in some
species by up to 84.2%, the fastest swimming species maintained up to 4.4-fold greater
efficiency. These differences in sensitivity to changes in flow speed may also explain
why the disparity in performance was much greater at high flow than at low flow (see
Fig 4.2). All species had relatively low optimum flow speeds and those less sensitive to
changes in flow were therefore able to sustain relatively high efficiency even at the
lowest flow speeds examined.
Disparities in foraging efficiency between species at different gradients of water
flow are likely caused by differences in locomotor maneuverability. Most planktivorous
fishes utilize ram-suction for foraging (Coughlin & Strickler 1990; Clarke et al 2005;
Higham et al 2005, 2006), and locomotor maneuverability is therefore vital for correct
positioning of the mouth relative to prey. The positioning of the mouth is especially
important at high flow speeds, because the degree of focusing of water entering the
mouth increases with increasing flow speed (Weihs 1980; Higham et al 2005, 2006).
Numerous studies have demonstrated that locomotor maneuverability in pectoral
swimming fishes can be categorized based on the shape of their pectoral fins: rounded
fins provide high stroke power at low flow, while tapered fins produce substantially
greater thrust at high flow (Gerstner 1999; Walker & Westneat 2000, 2002; Wainwright
et al. 2002). Species with rounded fins may therefore have greater maneuverability and
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foraging efficiency in low flow but be comparatively incapable of performance in high
flow, whilst tapered fin species may be faster swimmers but relatively less proficient at
maneuvering. The Pomacentridae examined here along with numerous other coral reef
teleosts show this continuum of fin shape in slow to fast swimming species (Fulton et al
2005), and these performance characteristics therefore provide a clear explanation for
the differences in foraging demonstrated between fast and slow swimming species (see
also Chapter 2).
Field distribution and abundance was closely correlated with patterns of
foraging: In oligotrophic ecosystems such as tropical coral reefs, even minor differences
in foraging efficiency between species can potentially amount to major differences in
energy intake. Maximum foraging efficiency and swimming performance may directly
limit energy available for growth and reproduction within different habitats (MacNally
1995; Pörtner et al 2010; Chapter 2). All species examined had peak foraging efficiency
on mobile prey around 10 - 15 cms-1 and all had high abundance in these habitats.
However, the fast swimming species Chromis atripectoralis, Pomacentrus coelestis, P.
lepidogenys and Neopomacentrus azysron also enjoyed substantial foraging efficiency
in high flow and were all abundant in these habitats, whilst Dascyllus aruanus, N.
cyanomos, P. moluccensis and N. bankieri had reduced efficiency under these
conditions and were restricted in distribution to habitats more appropriate to their
performance. Importantly, it is also clear that other factors are influencing species
abundance, as the fastest swimmer and most efficienct forager in high flow (C.
atripectoralis) was not the most abundant species in this habitat. Consequently, the
increased performance of C. atripectoralis may come at the expense of e.g. reduced
reproductive success or juvenile survival, something which has yet to be examined in
detail.
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Specializations for slow swimming seemed relatively ineffectual as disparities in
foraging efficiencies were relatively small in low flow habitats. However, slow
swimming species are thought to have significantly higher manoeuvrability (Blake
2004) and this may substantially increase their potential prey choice and energy
acquisition beyond that recognised here. Although foraging efficiency is significantly
compromised by prey mobility, it may be considerably more reduced on prey capable of
evasive maneuvers (e.g. Costello & Colin 1994; Trager et al 1994; Kiørboe & Visser
1999; Titleman 2001; Clarke et al 2005). Mobile planktonic prey can be classified as
either evasive or non-evasive (Coughlin & Strickler 1990; Kiørboe & Visser 1999;
Titleman & Kiørboe 2003; Holzman et al 2005). This study used non-evasive Artemia
sp., which are capable of fast swimming, but have little capacity for detecting predators
and directed evasive action (Coughlin & Strickler 1990; Buskey et al 1993; Williams
1994). Accordingly, previous studies have shown maximum foraging efficiencies to be
much lower for highly evasive planktonic prey such as Calanoid copepods (e.g. ~50%
in Clarke et al 2005), and results here are likely to be conservative. The ability of slow
swimming species to forage on highly evasive prey may therefore significantly amplify
performance disparities between species in low flow conditions beyond that recorded
here by substantially increasing demand on locomotor manoeuvrability. Notably, at
flow speeds < 10cms-1 only the slowest swimming species had foraging efficiency
significantly greater than average and all of the fast swimming species showed reduced
abundance in habitats with flow conditions ≤ 4 cms-1.
Dascyllus aruanus and Pomacentrus moluccensis demonstrated slight deviations
from the overall relationship between foraging efficiency, swimming ability and field
distribution. Dascyllus aruanus displayed below average foraging efficiency in low
flow habitats where this species had greater abundance. Given high food availability,
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low efficiency may not be a problem. This species also has a considerably deeper body
than any of the other species examined (Randall et al 1997) and this body shape has
previously been associated with increased escape performance in complex environments
(e.g. Domenici & Blake 1997; Blake 2004). This species may have secured ecological
survival by being significantly better at evading predators in reef environments,
allowing proliferation irrespective of relatively a lower foraging efficiency. Conversely,
P. moluccensis is a slow swimming species, but abundant in habitats with relatively
high flow conditions at the borders of ability for this species. There are a number of
behavioural adaptations which may assist survival in less amenable habitats beyond the
foraging and swimming patterns seen here, and which may explain such distributions
into sub-optimal conditions. For instance, individuals may change preference to prey
providing higher foraging efficiency and there are indications that this species in
particular may regularly feed on algae-turf (pers. obs. Johansen). They may also
escalate foraging intensity overall (e.g. Kiflawi & Genin 1997; Macy et al 1998; Maciej
et al 2010) or remain closer to the substratum where flow conditions are slightly lower,
foraging efficiency is increased and energetic cost of swimming is lower. Certainly a
reduction in water column use has previously been recorded in these particular species
in conditions where swimming performance is compromised (see Appendix A). Whilst
behavioural adaptations may therefore alleviate some aspects of inhospitable habitat
conditions or reductions in physical or physiological performance, the full capacity of
reef fish to withstand sub-optimal environmental conditions is currently not well
understood.
This is the first study to demonstrate the degree of specialization between
foraging efficiency and swimming ability in planktivorous coral reef fishes, and reveal
the importance of this relationship for ecological functioning and field distribution. For
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reef planktivores, field distribution requires both an ability to swim against ambient
flow and the ability to catch prey while swimming, and these abilities combine to form
an optimum range of flow speeds for each species. Specialization can provide a
competitive advantage in both high and low flow habitat, but the two extremes seem to
provide widely differing advantages. High flow specializations provide species with the
necessary foraging capacity to occupy a wide range of flow conditions, while low flow
specialization may substantially increase prey choice to include highly evasive prey.
Consequently, specialization in coral reef planktivores to high and low flow appears to
be evolutionary strategies providing individual species with increased performance
whilst also allowing co-existence in this highly diverse ecosystem.
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Chapter 5: Vulnerability of planktivorous coral reef fishes to
sediment induced turbidity
Prepared for publication in Ecological Applications

5.1. Abstract
Increased sediment loading has been identified as a substantial threat to aquatic
ecosystems, and is a primary cause of habitat degradation on near-shore tropical coral
reefs. However, although numerous studies have demonstrated major impacts of
sediment deposition and turbidity on reef corals, virtually nothing is known of the
sensitivity of reef fishes. Planktivorous fishes are a critical trophic group that funnels
pelagic energy sources into coral reef ecosystems. These fishes are visual predators
whose foraging efficiency is likely to be impaired by increased turbidity, but the
threshold for such effects and their magnitude are unknown. This study experimentally
examined the effect of sediment-induced turbidity on foraging efficiency in 4 species of
planktivorous coral reef damselfishes (Pomacentridae) of the Great Barrier Reef (GBR),
including inshore and offshore species that potentially differ in their tolerance for
turbidity. An experimental flow tunnel was used to quantify the ability of individuals to
catch mobile and immobile planktonic prey under conditions of increasing turbidity and
flow similar to those encountered on natural and disturbed reefs. Turbidity levels as low
as 4 NTU (nephelometric turbidity units) caused substantial reductions in relative
foraging efficiency of up to 58% at high flow, the effect size increasing for species with
offshore distributions. Only the inshore species (Neopomacentrus bankieri) could
tolerate this level of turbidity, which is frequently encountered on the GBR. At elevated
turbidity levels similar to those found on disturbed reefs (8 NTU), the ability to forage
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was substantially compromised in all species examined, decreasing by up to 69%
regardless of cross-shelf distribution. Importantly, these reductions in foraging
efficiency depended heavily on prey mobility with efficiency up to 14-times lower on
mobile prey, leaving species relatively incapable of foraging on anything but immobile
preys at high turbidity. These effects of turbidity were particularly prominent at higher
flow speeds, as foraging efficiency was overall 20-fold lower at flow speeds ≥ 30 cms-1
relative to ≤ 10 cms-1. Although the effect of turbidity varied between species, it always
depended on prey mobility and habitat flow conditions, which directly determined the
maximum habitat flow speeds at which foraging could be maintained. Given many
planktivorous reef fishes predominantly occupy exposed high flow habitats, these
results provide a plausible explanation for the lack of many planktivorous fishes on
near-shore coral reefs, and warn that the performance of this critical trophic group could
be impaired at relatively small increases in turbidity that extend to offshore coral reefs.

5.2. Introduction
Sedimentation to near-shore aquatic ecosystems is steadily increasing as a result
of farming, deforestation and urban expansion (McCulloch et al 2003; Syvitski et al
2005; Oost et al 2007; De’ath & Fabricius 2008) and constitutes a major threat to
affected aquatic organisms (e.g. Syvitski et al 2005; Waycott et al 2009). Sedimentation
is causing long-term changes to sediment deposition and turbidity on tropical coral
reefs, and is considered one of the principal reasons for habitat degradation on reefs
worldwide (Hodgson & Dixon 1988; Hughes 1994; Sebens 1994; Jackson et al 2001;
Bellwood et al 2004). Long-term sediment deposition and turbidity may significantly
impact on the distribution and abundance of important reef-building corals (De’ath &
Fabricius 2010). Sediment deposition can cover and smother benthic organisms, whilst
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suspended sediment can reduce light penetration and visibility by several orders of
magnitude (Anhony et al 2004; Fabricius 2005; Donohue & Molinos 2009). Corals are
known to be highly sensitive to these disturbances with sediment deposition of just 2
mg cm-2 d-1 substantially reducing coral settlement success, growth and cover (Fabricius
2005; De’ath & Fabricius 2008). In addition, turbidity levels of just 3 - 5 NTU
(nephelometric turbidity units) can reduce photosynthesis, calcification rates and
maximum depth of corals (Cooper et al 2008b; De’ath & Fabricius 2008). While several
reviews have synthesised the effect of increased sedimentation on coral (e.g. Fabricius
2005; De’ath & Fabricius 2008), few equivalent studies exist for other important reefdwelling organisms such as reef fishes (see Wenger et al 2011).
Studies from freshwater and temperate marine systems suggest that many fish
species may be highly sensitive to the effects of sedimentation (Rowe & Dean 1998;
Bonner & Wilde 2002; Donohue & Molinos 2009). Most fish depend on vision for
finding food and shelter (Guthrie and Muntz, 1993) and access to these resources
directly affects growth, reproduction and survival (Houston et al 1993; Jones et al
2004). The ability of fishes to identify and capture prey is proportional to visual range
(Aksnes & Utne 1997; Donohue & Molinos 2009) and visual range declines as a
function of particle concentration and turbidity (Utne-Palm 1997, 2002). Accordingly,
many predatory fishes are known to have reduced foraging efficiency in turbid water
(e.g. Donohue & Molinos 2009; Hazelton & Grossman 2009; Wellington et al 2010),
and numerous species show reduced abundance and diversity on turbid near-shore reefs
(Williams 1982; Fabricius et al. 2005; Mallela et al 2007; Malcolm et al 2010).
However, the level of turbidity at which individual species first experience foraging
difficulties, and the magnitude of the effects of increasing turbidity are not well-known,
especially for coral reef environments.
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Planktivorous fishes represent an important trophic group of coral reef fishes
that import energy from pelagic sources in reef ecosystems (Erez 1990; Hamner et al
1988, 2007). These predators principally rely on vision and swimming ability when
foraging on tiny planktonic prey in the water column, and may consequently be severely
impacted by increased turbidity (e.g. Wenger et al 2011). Indeed, while planktivorous
fishes substantially differ in their distributions, they are generally found in conditions of
clear water and significant water movement (e.g. Williams 1982; Hamner et al 1988,
2007; Genin 2004; Fabricius et al 2005) and show substantially reduced abundance and
diversity in turbid near-shore reefs (Williams 1982; Randall et al 1997; Fabricius et al
2005).
The sensitivity of planktivorous fishes to turbidity is likely to be affected by a
range of factors, including current speed and the size and mobility of their prey. The
intensity of water flow on coral reefs varies heavily between habitats and weather
conditions (Fulton & Bellwood 2005; Supplement 1) and many species significantly
differ in their ability to swim and catch prey under these conditions (see Chapters 2, 3
and 4). Furthermore, planktivorous fishes forage on both mobile and immobile
zooplankton prey under natural conditions (e.g. Hamner et al 1988; Genin 2004), and
mobile prey such as copepods and other crustacean has the capacity for evasive
manoeuvres (Buskey et al 1993; Costello & Colin 1994; Visser et al 2009). Smaller
organisms generally detect prey and predators over smaller distances (e.g. Johnson &
Tiselius 1990; Utne-Palm 1997), and turbidity may therefore cause significantly less
reduction in the sensory field of these tiny planktonic organisms than their larger
predators. As a result, mobile planktonic prey may gain increased escape success in
turbid water, further reducing the ability of reef planktivores to forage and thrive under
turbid conditions. Turbidity is a compounding factor for reef planktivores, which reduce
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both visual range and reaction time of individuals foraging in the water column. Yet, the
sensitivity of individual reef fishes to different levels of turbidity is currently unknown,
and no studies to date have examined the combined effect of turbidity and habitat flow
speed for foraging efficiency on mobile and immobile prey.
The aim of this study was to examine the threshold and subsequent magnitude of
the effect of turbidity on the foraging efficiency in a guild of planktivorous coral reef
fishes on the Great Barrier Reef. The effects of turbidity were tested for 4 species that
differ in their distribution along a gradient from coastal reefs to the outer barrier reefs,
and hence, likely sensitivity to turbidity. Because the effects of turbidity are likely to
vary depending upon the flow regime and type of prey, each species was systematically
tested under different flow regimes and for both mobile and immobile prey. The
following three hypotheses were tested: 1) The distribution and abundance of a species
in turbid water will reflect its tolerance to turbidity (i.e. near-shore species will be more
efficient at foraging in turbid water); 2) all species will lose foraging efficiency at
turbidity levels above those they may frequently encounter in the field; and 3) the effect
of turbidity will be greater at higher flow speeds and on mobile prey, and therefore
greater on species occupying high flow habitats. For the purpose of this study, foraging
efficiency was defined as the ability to catch prey under conditions of turbidity and
habitat flow, and was taken as the number of prey caught successfully per attempted
foraging bite.

5.3. Materials and Methods
Study species and area
Four species of Pomacentridae were chosen for study based on their distribution
patterns from inshore to outer-barrier reefs (Randall et al 1997) and therefore expected
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tolerance to turbidity: Neopomacentrus bankieri, N. azysron, Dascyllus aruanus and
Chromis atripectoralis. To confirm cross-shelf distributions, abundance was quantified
from 106 transects that I conducted around Lizard Island, Northern Great Barrier Reef
(GBR), Australia, with 37 inshore, 54 mid-shelf and 15 outer barrier reef sites surveyed
(Fig 5.1) between December 2008 and March 2010. Each transect was 3 m x 30 m and
followed the methodology described in Chapter 2. The chosen species are all
planktivorous and site attached (Randall et al 1997), and their foraging ability must
therefore match the particular habitat conditions occupied. Furthermore, based on
results in Chapter 2, N. azysron and C. atripectoralis significantly occupy high flow
habitats whilst N. bankieri and D. aruanus occupy low flow habitats, thus allowing the
combined effect of turbidity and water flow on foraging efficiency to be quantified.

S
E

Fig 5.1. The locations of cross-shelf transects counting species abundance on the Northwrn
Lizard Island section of the Great Barrier Reef, Australia. 37 transects were conducted on the
inner shelf reefs, 54 transects on mid shelf reefs and 15 on the outer shelf reefs.
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Levels of turbidity
Inner shelf reefs on the many parts of the GBR, including around Lizard Island
where this study was conducted, frequently experience turbidity levels > 2 NTU relative
to < 1 NTU on reefs further from shore (Hamilton 1994; De’ath & Fabricius 2008,
2010; Schaffelke et al 2009, 2011). However, turbidity levels at these inner-shelf reefs
also frequently reach much higher levels (> 5 NTU) during the rainy season or during
storms (De’ath & Fabricius 2008; Schaffelke et al 2009, 2011) and can remain at such
elevated levels for extended periods (e.g. Larcombe et al 1995; Orpin et al 2004;
Wolanski et al 2008). Consequently, following hypothesis 2) that turbidity levels above
those frequently encountered in the field would reduce foraging efficiency in reef fishes,
this study examined turbidity levels of 0, 4 and 8 NTU (control, medium and high).

Trial individuals and prey selection
A minimum of 49 adult individuals of each species (TL 6.4 ± 0.1 cm, mean ±
S.E., range 4.9 - 8.7 cm, n = 202) were collected from February to March 2011 at Lizard
Island (14°40 S, 145°28 E), Northern Great Barrier Reef, Queensland, Australia, with
clove oil and barrier nets. Only adult individuals were collected to avoid ontogenetic
differences and all individuals were within the same size range as visual sensitivity is
size dependent (Blaxter & Staines 1970). Fishes were held in 40 x 80 x 40 cm tanks
under a 13 - 11 hrs light-dark regime (subjected to sunrise as beginning of daylight).
Tanks were continuously supplied with filtered seawater (salinity 34 ± 0.7 ppt) at a
temperature of 29 ± 0.6ºC (mean ± S.E.) in a flow-through system. All individuals were
acclimated for a minimum of 3 weeks before trials began to ensure full metabolic
acclimation.
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Experimental protocol
The ability of individuals and species to catch mobile and immobile planktonic
prey under different levels of turbidity and water flow was examined using similar
methodology to that described in Chapter 4.3. The main difference, that this study
conducted feeding trials at three different turbidity levels: Control (clear water); 4 NTU
(medium turbidity): and 8 NTU (high turbidity). Each level of turbidity was created by
adding Bentonite to the water, which consists of inert and inorganic particles < 20
micron in size and which therefore easily suspends in the water column. Such clays are
weakly absorptive of visible light, but highly scattering (Kirk 1994), and can account
for high light attenuation in turbid water (Vant 1990). The constant flow of water within
the flow tunnel ensured the Bentonite remained suspended for the duration of the
experiment. The amount of Bentonite needed for each level of turbidity was calibrated
using an optical backscatter sensor (Ridd & Larcombe 1994). Light levels in highly
turbid environments on coral reefs can often reach levels of < 0.1 to 100 µmol m-2 s-1
(extrapolated from Babcock & Mundy 1996; Anthony et al 2004; De’ath & Fabricius
2008). Consequently, this experiment used a similar light level of 10 µmol m-2 s-1,
measured using a Sper Scientific 840022 light meter.
Foraging efficiency was measured for ≥ 16 individuals of each species at each of
the 3 turbidity levels and each test subject was examined at one turbidity level only.
Furthermore, to confirm if measured reductions in foraging were caused strictly by
reduced visual range or if Bentonite also affected chemosensory abilities the following
trial was implemented: 45ml of turbid water siphoned from the flow chamber was
mixed with either 5 ml of clean saltwater or 5 ml of the water in which Artemia were
hatched (i.e. rich in prey odour but filtered for Artemia). This provided a set of “odour
water samples” and “odour free samples” equivalent in size to the other food samples
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used in this experiment, but without any prey. The samples were then injected into the
working section of the flow tunnel, and the test subject within was observed for a
behavioural feeding response. All specimens exposed to the “odour water sample” went
immediately from steady swimming in the flow tunnel to swimming about seemingly in
search of food. Although no foraging bites were seen, this was the same behaviour seen
during feeding trials when live Artemia and cysts were given to the fish. Conversely,
those fish given the “odour free samples” showed no such reaction to the injected
sample.

Analysis
Distribution patterns cross-shelf was plotted as relative abundance (%) on the
inner, mid-shelf and outer-reefs. Count data of cross shelf abundance could not be
transformed to comply with assumptions for ANOVA. Therefore, abundance data of
each species was examined using Kruskall-Wallis ANOVA by ranks, followed by
Multiple-comparisons of mean ranks for specific differences within species.
To demonstrated foraging efficiency as a function of turbidity and habitat flow,
the following procedure was applied: Each post-feeding sample was analyzed by
counting the remaining Artemia or cysts within the sample. The foraging efficiency in
each feeding trial was then calculated as: (number of Artemia injected – number of
Artemia caught) / total number of bites recorded during the corresponding 1min feeding
session. The three replicate measures taken at each flow speed x turbidity level was then
used to provide a single average value of foraging efficiency from each test subject.
Finally foraging efficiency at each turbidity level (Y) was plotted against flow speed
(X) and fitted with a best-fit non-linear regression which followed 1) y = Y0 +







.
 for mobile prey and 2) y = ae
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for immobile prey. In these curves a, b

and c are constants, while Y0 is the feeding efficiency at the point where X goes to
infinity and X0 is the flow speed of maximum foraging efficiency.
Loss of foraging efficiency at medium and high turbidity was then plotted
relative to clear water conditions, to provide visual presentation of relative changes in
foraging efficiency with increases in ambient turbidity. For this, foraging efficiency of
each species was standardized to zero following ((measured efficiency / average
efficiency) -1), with zero representing the mean measured efficiency at each speed in
clear water conditions.
Following confirmation of homogeneity of variance and normality, the
combined effect of turbidity and flow speed on the foraging efficiency of individual
species on mobile and immobile prey items was analysed using a set of 3-way
ANOVA’s with species, turbidity level and flow speeds as fixed factors. Where
significant interactions were found, either Post-hoc Tukey HSD or planned comparisons
were used to tease out specific differences within and among species. False Detection
Rate (FDR) was used to correct for Type I errors following Benjamini & Hochberg
1995 and the analyses were confined to the flow speeds at which all species were
examined to allow direct comparison between species (i.e. 0 – 34 cms-1). These analyses
thereby highlighted the effects of turbidity and flow speed within and among species.
To see if there was a greater loss of foraging efficiency on mobile prey over
immobile, reductions in foraging efficiency relative to clear water performance were
compared across turbidity levels using a series of Kruskall-Wallis ANOA’s by rank,
followed by Multiple-Comparisons of mean ranks for specific differences. Furthermore,
to see if turbidity caused a narrowing in the range of flow speeds over which foraging
could be maintained, the specific flow speeds where foraging efficiency dropped below
90% of maximum was calculated from equation 1 and 2 and compared across turbidity
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levels using Kruskall-Wallis ANOVA’s by rank. All analyses were conducted using
Statistica v.8.0 and SigmaPlot v.12.

5.4. Results
The abundance of all species examined differed significantly cross-shelf
(Kruskall-Wallis ANOVA; Neopomacentrus bankieri: H2,106 = 65.5, P < 0.001; N.
azysron: H2,106 = 21.5, P < 0.001; Dascyllus aruanus: H2,106 = 28.7, P < 0.001; Chromis
atripectoralis: H2,106 = 13.9, P < 0.001): In particular, N. bankieri was significantly
more abundant on inner-shelf reefs; N. aruanus was more abundant on inner- to midshelf reefs; and D. aruanus and C. atripectoralis were both more abundant on mid- to
outer-shelf reefs (Table 5.1; Fig 5.2).

Table 5.1. Differences in cross-shelf abundance of four species of planktivorous coral reef
fishes analysed using Kruskall-Wallis Multiple-Comparisons of mean ranks. Species are
Neopomacentrus bankieri, Neopomacentrus azysron, Dascyllus aruanus and Chromis
atripectoralis and individual distribution patters are depicted in Fig. 5.2. Significance accepted
at P < 0.05
Species
Cross-shelf location
Inner-shelf reef
Mid-shelf reef
Outer-shelf reef

N. bankieri

0.000
0.000 1.000

N. azysron

0.310
0.000

0.001

D. aruanus

0.000
0.001

1.000

C. atripectoralis

0.030
0.002

0.310

Foraging efficiencies within and among species were strongly affected by the
combined effect of turbidity and flow speed (3-way ANOVA, Table 5.2). Turbidity in
particular, had a significant effect on foraging efficiency overall (Mobile prey: F2 =
238.0, P < 0.01; Immobile prey: F2 = 132.8, P < 0.01, Fig 5.3) and caused substantial
reductions in foraging efficiency at both 4 and 8 NTU across all species examined
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Fig 5.2. The relative abundance of four species of planktivorous coral reef fishes (Pomacentridae) cross-shelf on the Great Barrier Reef, Australia (see Fig
5.1). Markings above each column denote significant differences in abundance between inner, mid and outer-shelf reefs (see Fig 5.1 for field locations and
Table 5.1 for statistical results). From left to right, Neopomacentrus bankieri is significantly found on inner-shelf reefs (n = 1970), Neopomacentrus azysron
is found on inner- to mid-shelf reefs (n = 6237), whilst Dascyllus aruanus and Chromis atripectoralis significantly occupy mid- to outer-shelf reefs (n = 630
and n = 2324 respectively). Error bars are S.E.
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(Tukey HSD; Table 5.2). Overall the greatest reduction in foraging efficiency was seen
on mobile prey (Table 5.3), with relative reductions as high as 55.7 ± 6.3% at 4 NTU
and 69.0 ± 8.3% at 8 NTU, compared to 22.3 ± 3.6 and 35.0 ± 2.9% for immobile prey
(mean ±S.E.).

Table 5.2. Section A) shows the results of a 3-way ANOVA on the combined effect of
turbidity and flow speed on foraging efficiency in four species of planktivorous coral reef fishes
(family: Pomacentridae). Effects on foraging efficiency on both mobile and immobile prey are
shown. Section B) shows the results of a Post-Hoc Tukey HSD test on foraging efficiency under
turbid conditions (4 and 8 NTU). Significance accepted at P < 0.05.

A)

3-Way ANOVA

species
turbidity
flow speed
species*turbidity
species*flow speed
turbidity*flow speed
species*turbidity*flow speed
B) Post-Hoc Tukey HSD

df

Mobile prey
F
p

3
2
15
6
45
30
90

111.7
238.0
354.5
7.9
16.4
0.8
1.2

0.000
0.000
0.000
0.000
0.000
0.720
0.138

Immobile prey
F
p
97.2
132.8
164.8
4.0
7.7
5.1
1.1

0.000
0.000
0.000
0.001
0.000
0.000
0.287

Turbidity (NTU)
0
0.000022
4 0.000022
8 0.000022 0.000022 0.000022 0.000022

Table 5.3. The effect of turbidity on foraging efficiency on mobile prey relative to immobile
prey in four species of planktivorous coral reef fishes (family: Pomacentridae). Reductions in
efficiencies are depicted in Fig. 5.4. Significance accepted at P < 0.05.

Kruskall-Wallis ANOVA by rank
Multiple Comparisons of mean rank
Species df
H
p
Turbidity level: 4 NTU
8 NTU
N. bankieri
3 64.37 <0.01
1.00
<0.01
N. azysron
3 54.63 <0.01
<0.01
<0.01
D. aruanus
3 38.16 <0.01
1.00
<0.01
C. atripectoralis
3 74.18 <0.01
<0.01
<0.01
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Fig 5.3. The abilities of four species of planktivorous coral reef fishes (family: Pomacentridae) to forage in the water column under increasing turbidity and
water flow speed. The Y-axis depicts absolute foraging efficiency (%) as the number of successful foraging bites relative to total number of bites. The X-axis
depicts the water flow speed in cms-1. For each species, the lower curve represents foraging efficiency on mobile planktonic prey (i.e. live Artemia sp.) and
the upper curve represents foraging efficiency on immobile prey (i.e. unhatched Artemia cysts). Dotted, stippled and full lines demonstrate absolute foraging


efficiency at each level of turbidity examined (0, 4 and 8 NTU). All curves follow best-fit non-linear correlations (P < 0.001) of y CC
= Y0 +
 for


 

mobile prey and y = ae.   for immobile prey. In these curves a, b and c are constants, while Y0 is the feeding efficiency at the point where X goes
to infinity and X0 is the flow speed of maximum foraging efficiency.
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As hypothesised, the response of each species to turbidity was proportional to
the levels they may naturally encounter in the field. At 4 NTU the inner-shelf species N.
bankieri showed no reduction in foraging efficiency on either mobile or immobile prey
(Tukey HSD, Pmobile = 0.06, Pimmobile = 0.85), whilst the three mid- to outer-shelf species
all showed significant reductions in foraging efficiency on both prey types (Tukey
HSD: N. azysron: Pmobile < 0.01, Pimmobile < 0.01; D. aruanus: Pmobile < 0.01, Pimmobile <
0.01; C. atripectoralis: Pmobile < 0.01, Pimmobile = 0.04; Fig 5.3). The greatest average loss
of foraging efficiency on mobile and immobile prey was found in the two outer-reef
species, with C. atripectoralis losing 18.7 ± 2.1% on mobile prey and D. aruanus losing
8.0 ±1.6% on immobile prey (mean ± S.E.; see Fig 5.4; Appendix E).
At turbidity levels above those normally encountered in the field (8 NTU) all
species showed strong reductions in foraging efficiency on both mobile and immobile
prey (Tukey HSD; N. bankieri: Pmobile = 0.06, Pimmobile = 0.85: N. azysron: Pmobile < 0.01,
Pimmobile < 0.01; D. aruanus: Pmobile < 0.01, Pimmobile < 0.01; C. atripectoralis: Pmobile <
0.01, Pimmobile = 0.04; Fig 2). Similar to lower levels of turbidity (4 NTU), reductions in
foraging efficiency were significantly greater in mid- and outer-shelf species: Dascyllus
aruanus and N. azysron showed the greatest reductions in relative foraging efficiency
on mobile prey (34.6 ± 4.7 and 35.3 ± 4.5% respectively), while D. aruanus showed the
greatest reduction on immobile prey (14.7 ± 2.5%, mean ± S.E.; see Fig 5.4; Appendix
E).
It was hypothesised that the effect of turbidity would be greater at higher flow
speeds. However, while foraging efficiency did differ strongly between flow speeds
(Mobile prey: F15 = 354.5, P < 0.01; Immobile prey: F15 = 164.8, P < 0.01, Fig 5.3),
actual reductions in foraging efficiency on mobile prey did not vary between flow
speeds (ANOVATurbidity X Flow speed, F30 = 0.83, P = 0.72; Table 5.2). Conversely, actual
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Fig 5.4. The relative loss of foraging efficiency in four species of planktivorous coral reef fishes under conditions of turbidity and water flow. The Y-axis
depicts loss of foraging efficiency (in %) at 4 and 8 NTU turbidity relative to clear water conditions (zero-line). The X-axis depicts water flow speed in cms-1.
For each species, the lower graph shows loss of foraging efficiency on mobile planktonic prey (i.e. live Artemia sp.) and the upper graph shows loss of
foraging efficiency on immobile prey (i.e. unhatched Artemia cysts). Grey and white columns show loss of efficiency at each individual flow speed tested (4
and 8 NTU, mean ± S.E.). Average loss of efficiency is depicted as stippled and full lines (± S.E.). Markings of “aa” to “cc” denote comparisons between
species at each turbidity level and for each prey type (see Appendix E for statistical results). Notice how the inner-reef species (Neopomacentrus bankieri) is
significantly more tolerant to turbidity than mid to outer-reef species.
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reductions in foraging efficiency on immobile prey did vary between flow speeds (F30 = 5.1,
P < 0.01; Table 5.2), and the greatest loss of efficiency on this prey was found at higher flow
speeds (Post-Hoc Planned Comparison, Appendix E). As a result, foraging efficiency on
immobile prey could only be maintained at progressively lower flow speeds as turbidity
increased (Kruskall-Wallis ANOVA: Mobile prey: H2,12 = 2.75, P = 0.25; Immobile prey:
H2,12 = 6.46, P = 0.04), reducing by 4.0 ± 1.4 cms-1 at 4 NTU and 8.5 ± 1.3 cms-1 at 8 NTU
(mean ±S.E., Fig 5.3).

5.5. Discussion
This study demonstrates sensitivity in planktivorous coral reef fishes to sediment
induced turbidity already typical of the inshore Great Barrier Reef, and highlights the effect
reduced visual acuity has on foraging efficiency in reef planktivores. Cross-shelf abundance
was a good predictor of tolerance to turbidity as mid and outer-reef species showed major
reductions in foraging efficiency at just 4 NTU, whilst the inner-reef species showed major
reductions at 8 NTU. Similar to many corals showing severe stress at >5 NTU (Cooper et al
2008), reef planktivores appear to have comparable tolerance levels, and severe declines in
performance at turbidity levels above those naturally encountered. Interestingly, sensitivity
to turbidity in these visual predators was largely determined by prey mobility and habitat
flow speed. Foraging efficiency on mobile planktonic prey in turbid conditions was reduced
across all flow speeds (up to 69% reduction in relative efficiency), indicating that the
capacity of prey to manoeuvre directly affected capture rates irrespective of flow speed.
Compared, foraging efficiency on immobile prey declined rapidly with increasing flow
speed (up to 35% reduction in relative efficiency), indicating the greater difficulty for visual
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predators to identify prey particles in turbid water. Consequently, several factors compound
sensitivity in reef planktivores, including natural exposure to turbidity, prey preference and
habitat flow speed, and these factors may directly influence field distribution patterns and
habitats use on coral reefs.
Sensitivity to turbidity increased with distance from shore. Turbidity on the innershelf reefs of the Great Barrier Reef frequently reach > 5 NTU, but significantly less on
reefs further from shore (Orpin et al 2004; De’ath & Fabricius 2008, 2010; Schaffelke et al
2009). Given frequent exposure in inner-reef species, an adaptation to turbidity levels ~5
NTU is understandable, as is the severe reductions found in foraging efficiency in mid- to
outer-reef species. Compared, turbidity levels of > 8 NTU are rarely encountered on the
inner-shelf reefs in the area examined here (De’ath & Fabricius 2008, 2010; Schaffelke et al
2011), and at these turbidity levels strong reductions in foraging efficiency were seen in all
species examined, regardless of field distribution.
A potential reduction in food intake by up to 69% at 8 NTU is quite substantial, and
although increased foraging activity or a preference for immobile prey may help alleviate
these impacts, such major reductions in energy acquisition could easily be detrimental for
the ecological performance of many species. Considering turbidity levels can often reach
even higher levels for extended periods in areas with high human activity (e.g. Larcombe et
al 2001; Cooper et al 2008; Wolanski et al 2008), these results may in part explain the lack
of many planktivorous species at inner-shelf reefs (Williams & Hatcher 1983; Kingsford
1989; Fabricius et al 2005; Malcolm et al 2010)
The ability of reef fishes to catch prey under turbid conditions may not be an
acclimation issue, but rather an artefact of the physiological sensory system of each species.
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Turbidity is most often caused by suspended sediment (Fabricius 2005; D’eath & Fabricius
2008), which reduces and scatters ambient light (Utne-Palm 2002; D’eath & Fabricius
2008). As the Bentonite particles used to create turbid water in this experiment had no
detectable impact on the chemosensory ability of the study species, all reductions in foraging
efficiency recorded were likely a result of reduced visual acuity. For a predator to visually
identify a prey in turbid water, two factors must be met: 1) enough light reflected from the
prey to incur a visual response; and 2) sufficient contrast to distinguish between prey and
background (Utne-Palm 2002). When these factors are not met, the species have to either
change feeding strategy or habitat. Accordingly, previous studies have shown reduced
feeding in visually predatory fishes in turbid conditions (e.g. Gregory & Northcote 1993;
Bonner & Wilde 2002; Robertis et al 2003; Shoup & Wahl 2009) and even shifts in
nocturnal predators to diurnal foraging (Ali et al 1977; Ryder 1977).
To increase visual sensitivity, rod pigments in the eyes of fishes are often related to
the water colour and the visual tasks of the species (Lythgoe 1980, 1984; Bowmaker 1995;
Yokoyama 2008). Pure seawater is blue (Rayleigh 1889; Smith & Tyler 1967), however
high amounts of particles and dissolved substances in turbid water attenuates the shorter
wavelengths making it look green, and changes the spectral range of available light to longer
wavelengths in the red (Bowmaker 1995). Fish adapted for turbid environments are
therefore often more red-sensitive than pelagic or deep-sea species (see review by
Bowmaker 1995). Furthermore, to increase contrast between prey and background, many
species rely on UV sensitivity. Short UV wavelengths is highly scattered in water,
increasing background-light and causing nearby objects to stand out in silhouette (UtnePalm 2002). For UV sensitive predators, a prey item that differentially absorbs ultraviolet
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light will appear as a dark object against a bright background. Accordingly, zooplankton is
known to both scatter and absorb ultraviolet light (Johnson & Vidder 2001), and many coral
reef fishes including several planktivorous Pomacentridae species are known to have UVvisual pigments (McFarland & Loew 1994; Dunlap et al 2002), providing some tolerance to
turbidity. However, species not adapted for turbid water will likely have little recourse for
maintaining performance in increasing turbidity.
An alternative hypothesis is that the suspended sediment may have clogged the gills
of the study species, and consequently hampered the oxygen uptake, swimming ability and
hence foraging ability in high flow. However, as no reduction in swimming ability was
observed in this study, this explanation seems unlikely.
Equal to visual acuity, prey type seems to have significant impact on foraging
efficiency in turbid water. Foraging was significantly less efficient on mobile prey compared
to immobile prey under equal conditions. Such differences are likely due to manoeuvrability
of the prey, especially in prey capable of evasive action once a predator is detected. Mobile
planktonic prey can be classified as either evasive or non-evasive with calanoid and
harpaticoid copepods serving as good examples of either (Coughlin & Strickler 1990;
Kiørboe & Visser 1999; Titleman & Kiørboe 2003; Holzman et al 2005). Non-evasive
Artemia sp. was used for this study. These are capable of fast swimming, but have little
capacity for detecting predators or directed evasive action, and results here are consequently
conservative (Coughlin & Strickler 1990; Buskey et al 1993; Williams 1994). As smaller
organisms detect prey and predators over smaller distances (e.g. Johnson & Tiselius 1990;
Utne-Palm 1997), planktonic organisms are likely experiencing less reduction in their
sensory field than their larger predators, thereby providing increased escape success in
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turbid water. This is consistent with foraging efficiency on mobile prey being reduced across
all flow speeds rather than just high flow speeds, and follows previous studies showing
reduced predation risk from planktivores and piscivores in turbid habitats (Robertis et al
2003; Shoup & Wahl 2009).
In contrast, foraging efficiency on immobile prey depended heavily on flow speed,
and reductions in efficiency were significantly greater at higher flow speeds. Immobile prey
creates less contrast than moving prey (Utne-Palm 1999, 2002), and is therefore harder to
identify amidst the myriad of inorganic and uneatable particles in the water column. The end
result is shorter reaction distance on immobile prey than on mobile prey (Utne-Palm 1999),
reducing the timeframe available for finding, identifying and catching these planktonic
preys. This is especially true at higher flow speeds where coordinated attacks have to be
done in a fraction of the time given under low flow conditions. Foraging efficiency is
therefore significantly compromised at higher flow speeds, but the scale of reduction in
foraging efficiency may depend directly on the ability of a predator to swim and manoeuvre
effectively at high speeds.
Swimming ability had a significant effect on foraging efficiency in turbid conditions.
Comparing between species with similar cross shelf distribution and therefore similar
expected visual sensitivity, the faster swimming Chromis atripectoralis (Chapter 2)
performed better at high flow speeds, while the slower Dascyllus aruanus performed better
at lower flow speeds: Specifically, at high flow and turbidity (≥ 22 cms-1, 8 NTU), C.
atripectoralis lost < 40% foraging efficiency on mobile prey and maintained > 90%
efficiency on immobile prey. Compared, D. aruanus lost > 55% efficiency on mobile prey
and could only maintain similar foraging efficiency on immobile prey to < 14cms-1. At low
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flow speed however (< 10 cms-1, 8 NTU), C. atripectoralis lost ~35% efficiency on mobile
prey while D. aruanus lost just ~10% in (Fig 5.4). These differences in foraging efficiency
between species and flow speeds are likely caused by differences in manoeuvrability, with
slower swimming species able to manoeuvre more effectively at low flow speeds. It is
generally believed that there is a trade-off between swimming speed and manoeuvrability in
fishes that swim using their pectoral fins (Vogel 1994). In particular, rounded pectoral fins
are thought to provide high manoeuvrability but low propulsion, while tapered fins provide
high propulsion but low manoeuvrability (Walker & Westneat 2000; Wainwright et al 2002),
and these fin shapes are significantly found in numerous species that occupy either low or
high flow habitats (Bellwood and Wainwright 2001; Fulton et al 2005). Pomacentridae
fishes specifically swim using their pectoral fins and show the same pattern of fin shape in
low to high flow species (Fulton et al 2005), and individual species are therefore more
tolerant to turbidity when foraging at their “optimum” swimming speed.
Each species appeared to have an optimum swimming speed where the combination
of reaction time and manoeuvrability allowed for maximum foraging efficiency on mobile
prey. At this swimming speed, reductions in foraging efficiency with increasing turbidity
were significantly smaller than at both faster and slower swimming speeds (Fig 5.4). For
instance, as turbidity increased from 0 to 8 NTU, Neopomacentrus azysron had a massive
69% reduction in relative foraging efficiency at 30 cms-1 flow speed but only 15% reduction
at optimum speed (14 cms-1). Consequently, the effect of turbidity seems to be amplified
under sub-optimum flow speeds, and ecological effects are therefore likely to be greater on
individuals settled in habitats where flow conditions are either higher or lower than
optimum. Regardless of such differences in swimming performance, the fact that the inner106

shelf species N. bankieri seemed better able to tolerate reduced visibility than the similarly
slow swimming D. aruanus reaffirms the importance of visual sensitivity over swimming
performance, and helps explain why increased swimming performance or a preference for
one prey type is not enough to allow proliferation of “clear water” species on inner-shelf
reefs.
Results here are comparable to fishes in other ecosystems, and reductions in foraging
efficiency at just 4 NTU demonstrate much higher sensitivity to turbidity than that found in
many freshwater and temperate species (e.g. Gregory & Northcote 1993; Rowe & Dean
1998; Robertis et al 2003; Hazelton & Grossman 2009). Such sensitivity follows recent
studies showing significant sensitivity in reef fishes to several other environmental stressors
including global warming and ocean acidification (Nilsson et al 2012; Chapter 3) and
highlight that coral reef fishes may be precariously more vulnerable to environmental
change than previously thought. Certainly, it is clear that planktivorous coral reef
damselfishes are significantly more suited for foraging under clear water conditions and that
many species significantly lack the ability to compensate for reduced visual acuity even at
relatively low turbidity levels. Furthermore, the levels of turbidity required to affect reef
fishes are not that different from those already found on many inner-shelf reefs today
(Larcombe et al 2001; Cooper et al 2008; D’eath & Fabricius 2008). In particular, there
appears to be a threshold tolerance for turbidity which lies below 4 NTU for mid-shelf and
outer reef species, and below 8 NTU for more tolerant inner-shelf species, above which
severe reductions in foraging efficiency occur.
Species that are sensitive to turbidity may present a graduated response relative to
tolerance, availability of food and severity of turbidity: Initially, 1) behavioural shifts in prey
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preference toward immobile zooplankton prey may provide comparatively greater foraging
efficiency and alleviate reduced food intake; and 2) greater foraging activity may
compensate for reduced efficiency. However as turbidity increases further, a narrowing of
habitat may be expected to 3) shallow water habitats where increased ambient light levels
can enhance visual conditions for foraging; and to 4) more optimum flow conditions for
greater foraging efficiency. Finally 5) at turbidity levels above threshold a change in
distribution may be expected towards clearer water locations further from shore. Whilst
these predicted responses have yet to be examined for reef fishes, they are all important for
our understanding of localized species distributions, and could help clarify functional
resilience to turbidity.
This is the first study conducted on the foraging efficiency of planktivorous fishes
under conditions of flow and turbidity, and results highlight the importance of both of these
environmental factors for ecological performance. Given the recorded sensitivity, turbidity
levels similar to those seen in many areas of high human activity may already be having
significant ecological impacts on planktivores on coral reefs. Considering the trophic
importance of planktivores in the energy budget of coral reefs, declining foraging efficiency
may have broader ecosystem consequences. Consequently, if turbidity levels continue to
increase worldwide, trophic diversity and ecosystem resilience may be eroded.
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Chapter 6: Concluding Discussion

Evaluating specialization in coral reef species to particular environmental conditions
is essential for our understanding of species vulnerability and ecosystem resilience to
environmental change. In this thesis I combine field measures of physical abiotic conditions
and species distribution patterns with experimental measures of physical and physiological
performance. I show substantial specialization in planktivorous coral reef fishes to the
particular flow conditions, temperatures and turbidity levels commonly encountered on
tropical coral reefs. I also demonstrate that these fishes are highly sensitive to global
warming and sedimentation which can significantly impede on functional performance,
species ecology and field distributions. The estimated degree of specialization and
sensitivity to disturbance (including climate change) is comparable to sensitivity levels
previously reported for reef corals (Fitt et al 2001; Sotka & Thacker 2005; Berkelmans &
van Oppen 2006; Hoegh-Guldberg et al 2007; Lesser 2007). However, the methods
implemented provide new insight into the intensity of specialization and sensitivity that
exists in coral reef fishes, and highlight impacts of global warming and sedimentation where
information was previously scarce.

Specialisation to particular environmental conditions
The planktivorous damselfishes (family: Pomacentridae) examined constitute an
important functional group on coral reefs, and is part of one of the most abundant and
widely distributed families on tropical coral reefs (Randall et al 1997; Cooper et al 2008a).
The degree of specialization I demonstrate in this group likely reflects the intensity of
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species diversity, competition and environmental stability normally found on tropical coral
reefs, and appears to have been an excellent evolutionary strategy for ecological
propagation.
Beyond the mere physical ability to swim fast enough to overcome the flow
conditions of a habitat, I found that the capacity of planktivorous fishes to thrive in high and
low flow is underpinned by multiple specializations to reduce energetic cost (Chapter 2) and
increase energetic gains in preferred habitat (Chapter 4). Swimming in particular, is one of
the most energetically costly activities that fish perform (see Chapters 2, 3), and this cost
generally increases exponentially with increasing swimming speeds (e.g. Korsmeyer et al
2002; Johansen et al 2010; Appendix C). The species examined here all attain near equal
energetic cost-of-transport at optimum swimming speed (see Chapter 2), demonstrating that
those species specialized for fast swimming have the same low energy requirement per
distance swum as those specialized for slow swimming. I equally demonstrate that foraging
efficiency in planktivorous fishes depend on flow speed, and that different species reach
optimum performance at different flow speeds. Consequently, planktivorous coral reef fishes
are equally capable of minimizing energetic cost and maximizing energetic gains at
particular water flow speeds.
Importantly, the specializations of each species to reduce energy costs and increase
energy gains appeared to be synchronised for same specific flow speeds. Direct
synchronization of energetic costs and gains follows predictions for optimum foraging
theory to maximize available energy to growth, reproduction and survival (e.g. Stephens &
Krebs 1986). Such synchronization has to my knowledge never previously been
demonstrated in teleosts. Synchronisation to minimize energy costs and maximize energy
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gains may significantly increase the competitive advantage of each species in preferred
habitat, and determine where a species can survive. Accordingly, field distribution patterns
closely followed these patterns of performance (Chapters 2 - 5), and all species had high
abundance in optimum habitat and reduced abundance in habitats with flow conditions
above or below those specialized for. Results help explain dispersal of species across critical
environmental gradients such as water flow and turbidity on coral reefs. Results elucidate
the notable evolutionary success of planktivorous coral reef fishes, and support theoretical
expectations that specialization underpin species richness and co-existence in this highly
diverse ecosystem (MacNally 1995).

Sensitivity to changing environmental conditions
Physical and physiological specialization is often considered a sound strategy for
ecological and evolutionary performance (MacNally 1995; Pörtner et al 2006, 2010). In this
thesis I emphasise several problems with such a strategy under increasing anthropogenic
disturbance. I show reef planktivores to substantially lose swimming performance, metabolic
performance, and foraging efficiency following minor changes in temperature or turbidity
beyond those normally encountered in preferred habitat. Basically, specializations confer
significant sensitivity, and performance is quickly lost following minor changes in
environmental conditions. Consequently, reef planktivores have substantial dependence on
stable conditions for ecological performance. These results emphasize that ecological
performance and competitive advantage has been attained at the expense of performance in
sub-optimum habitats, and these species are consequently precariously exposed to even
minor changes in ambient condition.
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Specializations in reef planktivores occurred across several aspects of performance
and to several independent environmental conditions simultaneously. Rapid environmental
change may present unique problems for those species specialized in multiple aspects of
their ecology. For instance, I found that foraging ability in planktivorous fishes depends on
swimming ability which in turn depends on temperature. As temperature rises, metabolic
energy needs increases while swimming ability and foraging ability reduces, compounding
on the ability of these species to overcome environmental challenges and thrive. It appears,
therefore, that changes to just one environmental factor may prompt loss of performance
across multiple different aspects of ecology; in this case the requirements and acquisition of
energy was significantly hampered by increases in temperature. Co-occurring anthropogenic
disturbances such as temperature and turbidity may act in unison to further erode
performance in reef organisms beyond that recognised in any single study. Concomitant
changes in turbidity, could be detrimental to individual fishes already in sub-optimal habitats
by pushing foraging performance below that required for ecological survival, whilst
generalist species and those only specialized for a few traits in performance may be
relatively less exposed. Consequently, specializations in multiple aspects of ecology may
substantially amplify the effect of climate change and direct anthropogenic disturbance, and
compromise performance beyond that reported here. Given high rate of specialization on
coral reefs (e.g. Munday 2000, 2004; Berumen & Pratchett 2008), significant sensitivity may
be expected for many other reef species.

Potential breadth and scale of effects on coral reefs
This thesis builds on previous work on sensitivity in reef corals (e.g. HoeghGuldberg 1999; Fitt et al 2001; Sotka & Thacker 2005; Berkelmans & van Oppen 2006;
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Lesser 2007), and brings support for tropical corals reef ecosystems as among the most
vulnerable on earth to environmental change (Bellwood et al 2004; Hoegh-Guldberg et al
2007; Tewskbury et al 2008). Numerous studies have amply shown the importance of reef
fish for maintaining a healthy and resilient coral reef ecosystem, by e.g. removing algae
otherwise hindering coral settlement and growth (Hughes 1994; Mumby et al 2006; Hughes
et al 2007). However, until now vulnerability of reef fish to environmental change have
largely been seen as an artefact of the problems facing reef corals, in terms of e.g. loss of
habitat (Jones et al 2004; Munday 2004), rather than an inherent loss of physical or
physiological performance. Studies are now starting to emerge that show the physiological
sensitivity of reef fish to environmental changes such as temperature and ocean acidification
(Donelson et al 2011a; Nilsson et al 2012). This thesis takes a significant step forward by
demonstrating the level to which specialization may confer rapid loss of ecological and
functional performance in reef fishes following minor environmental change. Swimming
performance is imperative for most aspects of ecology in coral reef fishes, including
predator avoidance, reproduction and foraging (Fisher & Bellwood 2003; Blake 2004;
Domenici et al 2008), and almost all fishes rely on vision for finding food (Guthrie & Muntz
1993). Given the sensitivity found in reef planktivores in all aspects of performance related
to swimming and vision, similar sensitivity may be expected in numerous other families and
species of teleosts on coral reefs.
Results also have broader implications for multiple other reef taxa. We now know
that both coral and reef fish can suffer substantial loss of performance on account of their
ectothermic physiology (Hoegh-Guldberg 1999; Chapters 2 - 3). Considering the majority of
all taxa on coral reefs are similarly ectothermic (e.g. Randall et al 1997; Veron 2000; Wells
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2000; Allen 2007), significant thermal specialization and sensitivity is likely to exist across
other important reef organisms as well. Indeed, this thesis highlights that sensitivity to
thermal change is not even genera or family specific in reef teleosts (Chapter 3),
emphasizing the potentially major breadth and scale of species for which the consequences
of changing environmental conditions may be serious. Further studies are urgently needed to
fully understand which taxa, species and functional groups may be affected.

Questions unanswered and future research directions
Several behavioural avenues exist for reef fish to compensate for reductions in
performance and ensure continued proliferation and survival under changing environmental
conditions. Species may display shifts in latitudinal distribution to regions where
temperatures are closer to optimum, and such shifts have already been reported in several
reef teleosts and corals now surviving in regions previously too cold (Perry et al 2005;
Figueira & Booth 2009; Hobbs 2010; Yamano et al 2011). Species may demonstrate shifts
in local distribution from exposed high flow habitats to sheltered low flow habitats befitting
individual reductions in performance. They may also stay closer to the substratum where
flow conditions and requirements for performance are lower (Appendix A); or they may
compensate for increased energetic needs and reduced efficiency in energy acquisition by
increasing foraging intensity or selecting preys more abundant or easier to catch. Evidently
such local shifts in distribution, and behavioural changes in foraging, would see more
species share a narrower breadth of resources. In turn, this would increase competition for
resources or lead to reduced species diversity and abundance. All of these behavioural
changes are yet to be explored in detail and the level to which affected reef species may
resort to such behaviours are currently unknown.
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Conclusions
Ultimately it appears that reef fishes may be more sensitive to environmental change
than previously thought and unless adaptation is possible, significant problems may be
predicted for many tropical reef fishes. Local water quality and turbidity can be regulated
and controlled, allowing its effect on reef resilience to be reduced following proper
management mindful of species specific tolerance levels. Conversely, ocean warming is a
global problem which cannot be solved on a local scale and significant warming may be
unavoidable, albeit the magnitude may still be curbed. Rapid thermal adaptation is therefore
needed for coral reef fishes to maintain adequate ecological performance for species
distributions, diversity and survival, and the ecosystem as a whole to maintain resilient.
Evidence is beginning to emerge that at least some species may be capable of rapid
adaptation within just a few generations (e.g. Donelson et al 2011b), but further research is
needed. Importantly, the different anthropogenic disturbances expected are not all
unavoidable, and securing e.g. local water quality would likely reduce the impact of other
disturbances by eliminating unnecessary compounding effects on species performance and
resilience. Consequently, this thesis demonstrates that specialization does confer sensitivity
in reef fishes and forewarns of potential implications for the coral reef ecosystem. It may
also serve as a useful tool for managers and decision makers on acceptable thresholds for
sediment loading and turbidity into our waterways to minimize ecosystem stress, and is a
reminder on the importance of global efforts to curb global warming.
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Supplement 1: Quantifying water flow speeds in aquatic
ecosystems using load cell sensors: A profile of a coral reef
system
Prepared for publication in Limnology and Oceanograpghy Methods

S.1. Abstract
1.

Water flow in aquatic environments has major implications for the diversity,

abundance and ecology of aquatic organisms, but quantifying this flow has proven difficult.
This study describes an innovative instrument that I developed for automated measures of
water flow in aquatic environments.
2.

Using load-cell sensors, the instrument constructed here is inexpensive (< $150), is

capable of logging data continuously for several weeks, and record flow speeds from 0 to >
500 cms-1 and wave frequency to < 10 Hz. Data is recorded at a user defined rate to ~16
MHz with 10 bit resolution. The instrument provides a measuring precision of 0.055 ±
0.044%, and accuracy of 0.513 ± 0.653% (mean ± S.D.) and a correlation between sensor
output and ambient flow speed of > 98%. The instrument is pressure rated to ≤ 120 m and
shear stresses ≤ 20 kN m-2 allowing deployment in harsh environments.
3.

Tropical coral reefs are heavily defined by water flow, but detailed flow measures are

lacking. Using coral reefs as a model ecosystem to test instrument performance, this study
produced a comprehensive flow profile of an entire coral reef system around Lizard Island
(Great Barrier Reef, Australia): Flow speeds were examined across 27 sites over the crest (3
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m), mid-slope (6 m) and deep-slope (9 m depth) of reef habitats directly exposed, oblique or
sheltered from prevailing wind conditions.
4.

Habitat flow speeds differed immensely depending on wind, depth and exposure, with

habitats only a few meters deeper demonstrating > 15-fold differences in flow speeds under
equal weather conditions. Flow was largely wind driven as wind speeds of 0 to 22.5 knots
corresponded to flow speeds of 0 to > 82 cms-1, depending on depth and exposure, whilst
tidal currents never exceeded 5.5 cms-1. Rather, recorded flow speeds increased
exponentially as a function of wave height (0 to 1.6 m) and frequency (0.54 ± 0.03 Hz to
0.20 ± 0.02 Hz), emphasizing the enormous effect wind and waves can have on water flow
in these shallow marine habitats.
5.

The results presented here provide an important insight into the physical forces

impacting on coral reef organisms, and demonstrates the use of this instrument for
assessment and monitoring marine and freshwater ecosystems

S.2. Introduction
Water flow is a fundamental feature of aquatic ecosystems and has implications for
all aspects of aquatic life (e.g. Vogel 1996; Lancaster & Downes 2010; Nikora 2010;
Nilsson et al 2010). Variation in flow speed can shape the relative distribution and
abundance of numerous species and families of aquatic organisms (Fulton and Bellwood
2005; Kennen et al 2010), and directly affect settlement, growth and survival of individuals
(Poff et al 1997). While many important ecological patterns have been attributed to the level
of flow speed within marine, brackish and freshwater ecosystems (e.g. coral reefs: Fulton &
Bellwood 2005; Madin & Connolly 2006; Johansen et al 2007; rivers: Poff et al 1997;
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Shutter et al 2010), few studies have directly quantified this flow over the spatial and
temporal scales affecting individuals and populations.
Methods for recording water flow speeds in natural environments generally rely on
short-term spot-measures in a range of locations (duration: seconds - days) or automated
long-term measures in a single location (duration: months - years). Short-term measures
(seconds to hours) typically use hand-held devices such as vane wheels or impeller meters
which are cheap and reliable but only record unidirectional flow speeds (e.g. river systems)
and generally require a person in-situ for the measurements (e.g. Sauer & Meyer 1992;
Buffin-Be´langer & Roy 2005; Stone & Hotchkiss 2007; Janauer et al 2010). For periods of
hours to days several studies have utilized plaster dissolution methods (Porter et al 2000;
Fulton & Bellwood 2005), which correlate ambient flow speeds with the rate of dissolution
under different flow regimes. While relatively inexpensive and can be deployed in multiple
locations to increase the spatial scale of measurement, this method only provides estimates
of bulk volume flux over the entire period of deployment. Ecologically, however, maximum
flow speeds and variations in flow are of greater importance than average speeds since
habitat choice for many aquatic organisms is limited by the highest commonly occurring
flow speeds (e.g. Fulton et al 2005; Madin & Connolly 2006). These flow speeds impose the
highest physical and physiological demands on resident species, and may directly dislodge
sedentary organisms and reduce foraging ability (Madin & Connolly 2006; Johansen et al
2007). Consequently, for site attached species, ecologically meaningful measures of flow
must include maximum speeds encountered within the spatial scales of the individual as well
as the duration and frequency of these maximum flow speeds.
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Low resolution measures of maximum flow speeds have previously been recorded
using spring-type dynamometers (Bell & Denny 1994) with each instrument recording a
single value of the maximum pull force of water flow during deployment. However, to tease
out the duration and frequency of these maximum forces continuous flow measures are
necessary similar to those conducted by Gaylord (1999) using a Donelan and Motycka
(1978) type strain gauge instrument. This instrument provided high resolution measures of
water flow based on pull forces exerted on a drag-sphere, but could not conduct autonomous
measures of flow as it had no internal power or data storage capacity. Consequently, this
instrument was limited to deployment in areas and conditions where power source and data
could be stored at a surface station, causing severe reductions in the amount of instruments
which could be deployed simultaneously and also the conditions under which measures
could be conducted.
For fully automated and continuous measures of water flow, users often resort to
Electromagnetic Current Meters or Acoustic Doppler Current Profilers. These instruments
allow long term monitoring for months to years and some are capable of high resolution
profiling of the entire water column around each instrument including near bottom velocity
measures (ADCP, Collar & Griffith 2001; MacVicar et al 2007; Stone & Hotchkiss 2007;
McIntyre & Marshall 2008). However, instruments such as the ADCP’s are expensive
($10,000 - 100,000 per instrument) and in most cases not economically viable for profiling
flow in multiple locations simultaneously. Consequently, to elucidate the impact of water
flow speed on organism ecology, there is a great need for an automated but also practical,
inexpensive and easily applicable method for conducting continuous and detailed flow
profiling in multiple locations in natural environments.
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This study describes a novel method using a newly developed instrument for
obtaining continuous, accurate and precise measures of maximum flow speeds and
variations in water flow speeds in aquatic environments such as rivers, estuaries and coral
reefs, including harsh areas of high wave action. Each instrument costs < $150 and can
measure uni- and multi-directional flows ranging from 0 to > 500 cms-1 continuously and
autonomously over time scales ranging from hours to months. Furthermore, this instrument
was used to produce a comprehensive flow profile of an entire tropical coral reef ecosystem
to demonstrate the potential application of this method in natural aquatic systems, whilst
simultaneously cover a significant gap in our knowledge of flow speeds encountered on
tropical coral reefs.

S.3. Materials and Methods
Flow meter construction
An instrument for continuously measuring and logging water flow speed was
developed in June 2009 using load cell technology commonly used by industry as a simple
and reliable measure of force. A load cell sensor is simply a metal alloy force transducer
which converts an acting force into an analog signal. These sensors require little power,
provide linearly increasing signals with increasing force and are capable of retaining high
precision (< 0.01%) and high accuracy (< 0.01%) for extended periods (see appendix F). A
single point load cell with a silicon coating (i.e. submersible load cell model 628A,
Hzloadcell) was mounted inside a watertight cylinder (PVC pipe: diameter: 11 cm; length:
20 cm; pressure rated to 194 psi) with only the force measuring part of the cell exposed (Fig
S1). The load cell signal was amplified by a signal conditioner (INA122P, Texas Instru139

A

B

Fig S1. A picture and a diagram of flow meter components. Top A shows an instrument deployed on
a sheltered reef location with clear depictions of the guide rod construction and wiffle ball
placement. Bottom B illustrates the internal components of the flow meter and wiring connections.
Notice that the height above the substratum where water flow measures are conducted can be
adjusted by increasing or decreasing the guide rod length.
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ments) and recorded by a microcontroller and data logger onto a micro SD card (Arduino
Pro 328 5V / 16 MHz with an OpenLog data logger, Sparkfun Electronics). The load cell
and data logger had resolutions of 60,000 and 1,024, respectively, providing a total
measuring resolution of 1,024 divisions between 0-100% pull force on the load cell (see
Appendix F). All components and battery packs were housed within the watertight cylinder,
which was glued sealed in one end and had an O-ring fitted screw cap on the other (Fig S1).
The O-ring screw cap had a pressure rating of 194 psi.
Single point load cells require all exertion forces to be perpendicular to the surface of
the load cell. A stainless steel frame was therefore constructed on the outside of the cylinder
housing with a 10 mm stainless steel guide rod positioned 30cm directly above the load cell
(Fig S1). This distance can be varied depending on the desired measuring height above the
substratum, allowing the instrument to be tailored to suit e.g. organisms closer to the
substratum. A 0.5 mm zero stretch line was then attached to the load cell measuring point,
passed through the guide rod, and attached to a neutrally buoyant 7 cm diameter wiffle ball
approximately 0.5 cm above the guide rod (Fig S1). As a result, even the tiniest movement
of water pulling on the neutrally buoyant ball, was registered instantaneously by the load
cell and recorded by the data logger.

Flow calibration
Flow meter instruments were calibrated in three ways before deployment. Initially,
the amplified analog signals from the load cells were calibrated to ensure equal accuracy and
precision between instruments under equal pull force on the load cell sensors. First, the
amplified output signal from the load cell was adjusted to match the required input signal of
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the data logger: the output signal from the load cell was 0 - 10 mV and the data logger
recorded signals from 0.5 - 4.5 V requiring the signal to be amplified by (4.5 - 0.5 V) / (0.01
- 0.00 V) = 400 times (see Appendix F). The exact amplification of the signal may be
slightly different between instruments due to minute manufacturing differences (e.g. wiring
resistance), but provide accurate signals to the data logger at any load between 0 - 100%
when adjusted correctly. Signal amplification is generally adjusted relative to a 100% load
on the sensor. Second, although the load cell had a precision of 0.01%, additional error is
expected in electrical circuits due to internal component voltages causing imprecise output
signals. In the amplified signal, this precision error was corrected relative to 0% load with an
offset adjustment ranging from microvolts to millivolts in either polarity. Calibrations of
amplification levels and offset, therefore, allowed equally accurate and precise signals from
all instruments. Following these calibrations, equal performances of individual instruments
were validated by testing the precision and accuracy of each instrument. Precision was
calculated from the standard deviation of three repeated measures at 13, 27, 40, 53, 89 and
100% of max load, while accuracy was calculated as ((measured load – actual load) / actual
load) x 100.
Finally, measures of water pull forces were correlated with flow speeds between 0
and 400 cms-1: For increased accuracy at low flow speeds the instruments were initially
placed in a flume (29 x 40 x 360 cm: width x depth x length) and exposed to incrementally
increasing flow speeds between 0 and 50 cms-1. The flume was calibrated using video
recordings of neutrally buoyant particles drifting past a grid. For higher flow speeds up to
400 cms-1 the instruments were placed in a unidirectional water flow immediately next to a
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Vernier LabQuest Flow rate sensor with a resolution of 0.5 cms-1 following the boat-tow
methodology of Utter & Denny (1996).

Field application
A detailed profile of wave and tidal-driven water flow was created for a section of
coral reef surrounding Lizard Island, Northern Great Barrier Reef, Qld, Australia during
March, June and February 2010 – 2011 (14°40S, 145°28E). This location is a shallow water
mid-shelf reef site directly exposed to the surrounding water basin but largely protected
from open ocean swell. Twenty-seven sites were chosen for measures of flow speed and
wave movement: three exposure habitats (“exposed”, “oblique” or “sheltered” reef relative
to the prevailing south-easterly trade winds) were chosen and three locations within each
habitat were sampled at three different depths. Locations within each habitat were separated
by ~300 m, and situated at 3, 6 and 9 m depth at mid tide following the crest, mid slope and
deep slope of these reefs (Fig S2). At every site, a flow meter was secured to an anchoring
point in the substratum floor using ratchet straps (See Fig S1). Each instrument recorded the
time, date and spot measures of water flow speed at 0.1 Hz. Furthermore, each instrument
recorded a series of 80 spot measures at 10 Hz once every 60 seconds to allow calculations
of wave frequency based on the wave driven pulses of pull and slag on the load cell. Flow
and wave data was recorded at wind speeds from 0 to 22.5 knots in each habitat, which
corresponds to the range of weather conditions commonly encountered in this location
(Australian Bureau of Meteorology and Australian Institute of Marine Science).
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Fig S2. An illustration of flow meter placement and measuring locations on each reef slope around
Lizard Island, Northern Great Barrier Reef, Australia. Flow meters were placed at 3, 6, and 9 m
depths at mid-tide in exposed, oblique and sheltered habitats relative to the prevailing south-easterly
trade winds. These placements followed the approximate depths of the crest, mid and deep-slope of
each habitat.

Analyses
Precision and accuracy was compared across instruments using a 2-way ANOVA
with pull force and instrument as fixed factors. Data was square-root transformed to meet
assumptions for ANOVA.
To account for the effect of winds and waves, flow speed measures were compared
directly to concurrent weather conditions. Prior to September 2010, the most detailed
weather data available for this location was hourly recordings of wind speed, direction and
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wave height from the Australian Bureau of Meteorology (www.bom.gov.au). Post
September 2010, wind speed and direction were available at 10min intervals from the
Australian Institute of Marine Science (www.aims.gov.au). In both cases wind recordings
reflected the average of the 10min period prior to recording time (see Weather Station No
31213, www.bom.gov.au and Lizard Island Weather Station, http://data.aims.gov.au).
Because wave driven flow speeds are highly variable and the ability of aquatic
organisms to occupy a habitat is limited by the highest commonly occurring flow speeds
(e.g. Fulton et al 2005; Madin & Connolly 2006), this study specifically aimed to measure
the highest flow speeds consistently encountered in each habitat. Wave generated flow
moves fluid-particles in an elliptical pattern within the water column which flattens with
decreasing depth (following Linear Wave Theory). Consequently, shallow water waves
generate maximum horizontal flow speeds mid-way between the transitions in cycle from
crest to trough when the slope of the wave is steepest, and zero movement at the crest and
trough. Using a sinus curve to approximate the pattern of ocean waves, the slope of a wave
at the mid-way point between crest and trough (± 2.5°) last an estimated 14 - 20% of the
total wave period (using published wave heights and period for this location by Fulton &
Bellwood, 2005). These maximum horizontal flow speeds are therefore a consistent and
unrelenting part of shallow wave exposed habitats. With an instrument sampling rate of 0.1
Hz, there was a (1-(1-0.14)60) = 99.9% probability that at least one measure of water flow
speed would coincide with these maximum flows during each of the 10 min weather
recordings. Therefore, to avoid pseudo-replicating multiple periods of flow measures onto
each individual weather recording and ensure only maximum flow speeds were included, the
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single highest flow measure and associated wave frequency measure of each concurrent 10
min weather recording was used for this analysis.
Due to high variation in flow speed within and among habitats, the distributions of
water pull measures were non-normal. Consequently, differences among locations of equal
depth and exposure were examined using a series of Kruskall-Wallis ANOVA’s (location as
fixed factor). Where no difference in pull force was found among locations, data were
pooled to represent nine distinct habitats: exposed, oblique and sheltered habitats at each of
the three depths (3, 6 and 9 m). Differences among these nine habitats were then compared
using Kruskall-Wallis ANOVA Multiple Comparisons test, followed by False Detection
Rate (FDR) correction to avoid Type I errors (Benjamini & Hochberg 1995). Finally, water
pull forces in Newton (N) were converted to water flow speeds in cms-1 and plotted relative
to wind speed. To account for time delay in wind driven wave propagation and water flow
(see Swain & Baba 1992; Kinsman 2002) each flow measure was correlated with the
average wind over the preceding 3 hours. Finally, wave frequency was plotted relative to
concurrent wave height estimates (www.bom.gov.au).

S.4. Results
Flow meter calibrations
Calibrations of the flow meters revealed that measures from 0 – 100% load had a
precision of 0.055 ± 0.044% and an accuracy of 0.513 ± 0.653% (mean ± S.D.) with no
detectable differences among individual instruments (Precision: F8,5 = 1.46, P = 0.20;
Accuracy: F8,5 = 1.13, P = 0.36, Fig S3). Furthermore, precision was independent of pull
force (F5,2 = 0.92, P = 0.48) whilst accuracy increased from 1.285% to 0.046% as pull forces
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increased to 100% (F5,2 = 8.91, P < 0.01). This increase in accuracy was caused by identical
measuring increments at high and low pull forces. Water flow speeds (cms-1) displayed a
significant non-linear correlation with pull forces (%) on the flow meter sensors (Best fit: y
= -18.038 + 18.038e0.04x, r2 = 0.98, See Fig. S4), and at flow speeds from 0 to 400 cms-1 the
instruments showed a measuring resolution of ± 0.26 cms-1.

Fig S3. Correlation between water-pull force (%) on the flow meter sensor and water flow speed
(cms-1). The sensor could sustain a maximum pull force of 30 N. Calibrations for low flow (0 – 50
cms-1) were made by placing the flow meter in a unidirectional water flow within a flume, whilst
high flow (50 – 400 cms-1) was calibrated next to a Vernier LabQuest Flow rate sensor following the
boat-tow methodology of Utter & Denny (1996). The non-linear correlation is highly significant (F =
12,090.7, P < 0.0001).
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Fig S4. Flow profile of the coral reefs surrounding Lizard Island, Northern Great Barrier Reef,
Australia. Maximum water flow speeds (cms-1) in exposed, oblique and sheltered habitats at 3, 6 and
9 m depth relative to a wind exposure of 0 – 22.5 knots hr-1 are shown. Boundary lines indicate the
25th and 75th percentiles, lines within the boxes represent median flow values and the error bars
indicate the 90th and 10th percentiles. Stippled lines indicate the most commonly encountered water
flow in each habitat relative to average daily wind speeds.
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Field application
A total of 2,258 hours of flow measures were recorded in the field, with an average
of 251 ± 47 hrs (mean ± S.E.) in each habitat. This provided 7,190 measures of water flow
speeds concurrent with available weather data. Water flow speeds ranged between 0 and
82.0 cms-1 depending on habitat exposure, depth and wind speed (Fig S4). There were very
distinct and highly significant differences in flow speed among habitats of different
exposures and depths (Kruskall-Wallis ANOVA, H8 = 3499.93, P < 0.01, N = 7190), with
only the exposed 9 m, oblique 6 m and sheltered 3 m habitats showing no significant
differences in the force of water flow (Table S1, Fig S4).
The highest flow speeds were found at the crest of the exposed habitats (3 m depth,
median: 9.2 – 82.0 cms-1) while the lowest flow was found at 9 m depth in sheltered habitats
(0.8 – 5.9 cms-1, Fig S4). Across all habitats, water flow speed increased exponentially with
wind speed and became increasingly more variable at the highest wind speeds (see Fig S4,
A.5). Flow measures that coincided with periods of negligible wind (≤ 1 knot) revealed that
tidal driven flow explained only 3.3 ± 0.4 cms-1 of total water movement within both
exposed and sheltered habitats (mean ± S.E., range 0 – 5.5 cms-1). Wave frequency
increased from 0.54 ± 0.03 Hz to 0.20 ± 0.02 Hz (mean ± S.E.) as wind speed increased
from 0 to 22.5 knots hr-1, and estimated wave height increased to 1.6 m (Fig S5).
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Table S1. Statistical comparison of flow measures from 27 different sites on a coral reef spanning 3 levels of wind exposure (exposed, oblique and
sheltered) and 3 different depths (3, 6 and 9 m). A) No significant differences in water flow pull forces were found among locations of equal depth
and exposure. B) When sites were pooled by habitat and depth (exposed, oblique and sheltered habitats each at 3, 6 and 9 m depth), multiple
comparisons revealed significant differences among all habitats, except the exposed 9 m, oblique 6 m and sheltered 3 m habitats (z-values on lower
section, P-values on upper section in bold). FDR corrections were used to avoid Type I errors (α = 0.025) (Benjamini & Hochberg 1995).
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A) Comparison of individual locations
Habitat Depth (m)
H
df
P
3
4.924
2
0.09
Exposed
6
4.522
2
0.10
9
2.686
2
0.26
3
0.394
2
0.82
Oblique
6
0.992
2
0.61
9
4.178
2
0.12
3
5.175
2
0.08
Sheltered
6
5.453
2
0.07
9
1.296
2
0.52

Kruskall-Wallis ANOVA (by rank)
B) Multiple comparisons among pooled habitats
N
Habitat Exp 3m Exp 6m Exp 9m Obl 3m Obl 6m Obl 9m Shl 3m
1659
Exp 3m
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01
1523
Exp 6m 27.86
<0.01 <0.01 <0.01 <0.01 <0.01
717
Exp 9m 32.37 10.11
<0.01
1.00 <0.01 1.00
299
Obl 3m
9.15
6.54 12.67
<0.01 <0.01 <0.01
362
Obl 6m 24.28
7.18
0.59 10.67
<0.01 1.00
252
Obl 9m 14.95
8.33
5.95
5.1
4.84
<0.01
1474
Shl 3m 38.95
11.1
1.15 12.92
0.25
5.62
619
Shl 6m 45.43 24.25 12.72 22.29 11.12 15.17 15.67
285
Shl 9m
37.3 21.74
13.5 21.95 12.42 15.97 15.42
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Shl 6m
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
3.46

Shl 9m
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.02

Fig S5. Wind induced wave frequency and amplitude in an exposed coral reef habitat (mean ±
S.E.). Wave frequency (white markers) was measured on the exposed slope in front of Lizard
Island, and wave amplitude (black markers) was estimated from marine forecasts for this
location (www.bom.gov.au).

S.5. Discussion
This study demonstrates a novel method for the automated measurement of
water flow speed in aquatic field locations. The flow meter instruments described here
can record spot measures of water flow speeds at a frequency of 10 Hz for several
weeks continuously and maintain a signal precision and accuracy of ≥ 99% for all flow
speeds. The instruments also offer 10 bit measuring resolution and a 98.1% correlation
between water flow speed and sensor signal to flow speeds > 400 cms-1. In particular,
the maximum water flow speeds encountered in this study was equivalent to just 57.0%
of the maximum pull force on the sensors, suggesting that these instruments are capable
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of measuring water flow to > 500 cms-1. Furthermore, the instrument housing is
pressure rated to > 194 psi theoretically allowing deployment to depths of 120 m, whilst
the 0.5 mm zero stretch line leading to the load cell is capable of withstanding flow or
wave driven shear stresses on the wiffle ball drag sphere of > 25 kN m-2. At less than
$150, these durable instruments provide affordable access to highly reliable levels of
flow data and allow simultaneous recordings of minimum, average and maximum water
flow speed and wave movement in multiple locations over time.
This study also covers a significant gap in the current literature by presenting a
comprehensive profile of water flow speeds for an entire tropical coral reef system. This
reef system revealed a > 15-fold difference in maximum water flow speeds among
individual coral reef habitats (5.5 to > 82 cms-1) and up to a 7-fold difference within
habitat sites that differ by only a few meters in depth. Interestingly the majority of water
flow in this location was created by wind driven wave forces with only 3.3 ± 0.4 cms-1
caused by tidal flow (mean ± S.E.). Increasing wind speeds from > 0 to 22.5 knots hr-1
caused up to 9-fold increases in water flow speeds within exposed habitats, and
increases in wave frequency and amplitude to > 5 sec and > 0.8 m respectively. Based
on daily wind speed data from this location between 2003 - 2011 (www.bom.gov.au),
average wind speeds are 12.6 ± 0.3 knots year round with slightly stronger winds during
6 months around winter (14.5 ± 0.3 knots) and weaker winds during 6 months around
summer (10.8 ± 0.3 knots, mean ± S.E.). Consequently, the most commonly occurring
water flow speeds for these reefs range from 1.3 to 36.4 cms-1 depending on habitat
exposure and depth (see Fig S4).
The instruments described here may be useful for a wide variety of habitats and
ecological questions. In rivers and streams with planar beds, for instance, these
instruments could be used to measure the water velocity along different sections of the
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bed over prolonged timescales and demonstrate variations in flow to different zones of
the river and associated benthic community. Equally, continuous measures of water
flow in wave exposed coastal ecosystems and large lakes, could clarify the physical
forces impacting on resident species and help explain species compositions and
community structures in individual habitats. Indeed, results of this study could amply be
used to relate performance measures of individual species on coral reefs to their
particular habitat use and distributions patters. For instance, the water flow speeds ≥ 82
cms-1 recorded had shear stresses exceeding 100 N m-2 (calculated following Sleath
1991). Such forces arguably require inhabitants to have tremendous structural strength,
grip on the substrate and/or significant swimming abilities in order to survive. Given
these conditions are measured on a mid-shelf reef relatively protected from direct open
ocean swell, even harsher conditions may be expected in more exposed locations such
as the outer Great Barrier Reef. Consequently, these results clearly highlight why the
distribution and abundance of many reef species such as corals and teleosts has been
linked to water flow speeds within individual habitats (e.g. Veron 2000; Fulton et al
2005).
The presented instrument measured water flow over a 7 cm diameter wiffle ball
and at a distance of 35 cm above the substratum befitting the size and location of many
fishes swimming above the substratum (e.g. Randall et al 1997). However the scale of
the instrument could easily be change to accommodate species that are closer or further
from the substratum by extending or reducing the guide rod length (Fig S1). Equally, a
smaller wiffle ball and load cell could be used for flow over smaller scales, or the
instrument could be inverted on a stand or buried to place the wiffle ball much closer to
the substratum and measure near bed velocities experienced by benthic organisms.
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This study uses load cell technology to measure water flow in aquatic
ecosystems, and results notably illustrate the many advantages of this method in terms
of automation, costs, data detail and acquisition flexibility in natural environments. This
instrument was furthermore deployed in an environment where shear stresses > 100 N
m-2, emphasizing its durability under harsh conditions. Although flow direction was not
recorded in the present study, this data could easily be included by using a bi-directional
load cell rather than the single point type described here (see Appendix F). Velocity
time series during periods of steady flow conditions in e.g. stream beds could equally
provide info on turbulence by calculating the standard deviation or root mean square of
force measures. Such inclusions may substantially increase versatility for some users.
Whilst flow conditions have previously been described for some tropical coral reefs
(e.g. Fulton & Bellwood, 2005), this is the first time a comprehensive flow profile has
been recorded for such a wide combination of habitats and weather conditions.
Consequently, the profile provided here amply illustrates the use of this instrument for
assessing and monitoring flow conditions in aquatic environments.
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Appendix A: Supplemental information for Chapter 2
Water column use and flow refuging behaviour in planktivorous
coral reef fishes

A.1. Introduction
Habitats on tropical coral reefs vary significantly in wave exposure and water flow
speeds (see Supplement 1). Resident fishes therefore require swimming speed performance
similar to the flow speeds encountered when swimming in the water column directly
exposed to ambient flow. Alternatively, individuals can behaviourally adapt to unfavourable
habitat flow conditions and alleviate habitat requirements on swimming speed performance
by staying closer to the substratum where flow conditions are reduced or by refuging from
flow behind substratum shelters. Water column use and flow refuging behaviour were
therefore examined across ten species of coral reef damselfishes (family Pomacentridae)
occupying flow conditions close to the maximum swimming speed capacity of the species
(i.e. Chromis atripectoralis, C. ternatensis, Dascyllus aruanus, D. reticulatus, Neopomacentrus
azysron, N. bankieri, N. cyanomos, Pomacentrus coelestis, P. lepidogenys, P. moluccensis; see

Chapter 2). These species are thermally sensitive and have significantly reduced maximum
swimming speeds during winter (23°C) relative to summer (29°C), and may consequently be
expected to reduce water column use and increase flow refuging behaviour during winter.
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A.2. Materials and methods
SCUBA divers swam along the reef slope at 3 m depth at Lizard Island, Northern
Great Barrier Reef, Australia, and recorded the water column use of all individuals
encountered. Observations were carried out during August and December of 2008 in water
temperatures of 23 ± 1°C and 29 ± 1°C respectively (mean ± S.D.; measured using a Uwatec
Aladdin Prime dive computer). Water column use of each individual was estimated as the
height above substratum when first observed (in cm to the nearest 5 cm) and flow refuging
behaviour was estimated from the amount of times each observed individual would swim in
and out of its substratum refuge within a 1 min period. Any movement starting >10cm off
the substratum and ending within 5 cm of the substratum was counted as one flow refuging
event. Care was taken only to include refuging events when no predatory fish were within
visible range and a distance of >3m were kept between divers and observed individuals to
minimized potential observer effects. In each case, no less than 6 individuals of each species
were recorded under 15 < x < 20 cms-1 flow conditions in the field. Water flow was
measured by the time it took neutrally buoyant particles in the water column (~1 m above
the substratum) to move a set distance over the substratum. The 15 < x < 20 cms-1 flow
speed was chosen as this was the highest flow speed within which all species could be
observed foraging (allowing direct comparison between species). Differences in water
column use and flow refuging behaviour between winter (23ºC) and summer (29ºC) were
analysed using t-test for dependent samples, whilst correlations between water column use
and swimming ability in winter and summer were analysed using linear regressions.
Measures of swimming ability was extrapolated from Chapter 2 as critical swimming speed
(Ucrit) and gait-transition speed (UP-C)
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A.3. Results
Water column use differed significantly between seasons (i.e. in 23ºC and 29ºC
water, t9 = 3.30, P = 0.009) and was directly dependent on swimming ability with the faster
swimming species venturing further above the substratum on average (linear regression, y =
0.61x + 10.05, r2 = 0.77, see Fig A1). During winter periods when maximum swimming
speed performance was reduced, all species stayed closer to the substratum in general and
showed less variation in the distance ventured away from the substratum (Fig A1).
Furthermore, the distance each individual ventured above the substratum was better
explained by swimming performance during winter (r2 = 0.77) than during summer (r2 =
0.52, see linear regression Fig A1).
All species sought refuge from flow significantly more during winter than summer
(t-test, t9 = 4.61, P = 0.001, Fig A2). On average these species sought refuge rear the
substratum once every 70 ± 4 sec during winter but only once every 110 ± 6 sec during
summer (mean ± S.E., n = 339 individuals, Fig A2).
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Fig A1. Water column use (i.e. distance from substratum) of 10 species of Pomacentridae coral reef
fishes relative to swimming performance in 23ºC (winter) and 29ºC (summer). Critical swimming
speed (Ucrit) and gait transition speed (UP-C) of each species are extracted from Chapter 2 and
depicted as white and black dots respectively. Water column use was estimated from no less than 6
individuals of each species observed foraging within water flows of 15 – 20 cms-1 around Lizard
Island, Northern Great Barrier Reef, Queensland, Australia (n = 339 individuals observed). Double
arrows indicate differences in water column use between summer and winter periods. Notice how
species tend to stay closer to the substratum during winter when swimming performance is reduced.
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*
*

Fig A2. Substratum refuging in 10 species of planktivorous coral reef fishes during winter (23ºC)
and summer (29ºC) in water flow speeds of 15 – 20 cms-1. Frequency is in sec-1 and is calculated
from the number of times each individual was observed moving from > 10cm above the substratum
to within 5cm of the substratum during a 1 min period. A total of 339 individuals were observed for
this comparison. Values are mean ± S.E. and significant differences are marked with ** for P < 0.01.

A.4. Discussion
Behavioural adaptations such as water column use and substratum refuging may help
alleviate some of the physiological limitations in performance imposed by seasonal
temperatures and habitat flow (see Chapter 2). Water column use is here shown to be
reduced by 29.2% across all species during winter when maximum swimming performance
is compromised by 12.1% (see Chapter 2), and slower swimming species stay significantly
closer to the substratum overall. As water column flow speed is inversely related to distance
above the substratum due to boundary layer friction, any movement closer toward the
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substratum may result in a greatly reduced flow speed encountered by resident species, and
therefore greatly reduced swimming speed requirements. Closer proximity to the substratum
also provides quicker access to refuges further reducing demands for enduring performance
(similar to that described by Johansen et al 2007). Furthermore, these species showed an
increase in movement to and from the substratum during winter which may further reduce
individual performance requirements (see Johansen et al 2007). Consequently, it seems
planktivorous coral reef fishes exploit behavioural adaptations to optimise the relationship
between performance and habitat requirements, and allow individuals to occupy habitats
with flow conditions that may regularly surpass the physiological limitation of the species
(Johansen et al 2007, 2008). Such behavioural modifications are no doubt necessary to
overcome the frequent occurrences of storms and hurricanes capable of pushing water flows
well above average and those tolerable by resident fishes (www.bom.gov.au; Supplement 1).
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Appendix B: Supplemental information for Chapter 3
Table B1. The effect of 32ºC water temperature on the swimming performance (bls-1) and aerobic metabolism (mg O2 kg-1 h-1) of 2 subfamilies
and 4 genera of Pomacentridae coral reef fishes (Chromis sp., Dascyllus sp., Neopomacentid sp. and Pomacentrid sp.). All results are compared to
29ºC levels (i.e. current maximum average summer temperatures on the northern GBR). Significant results overall and within individuals are
marked with an asterix * for P < 0.05 and ** for P < 0.01. Notice temperature has a highly significant effect on all physiological performance
indicators of these ∆species (i.e. swimming ability, aerobic metabolism and aerobic factorial scope). Circles highlight an overall pattern of > 10%
reduced swimming ability and/or reduced aerobic scope relative to 29ºC capabilities.
Species
Temperature
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Swimming
ability

Aerobic
metabolism
Aerobic Scope

Aerobic
metabolism
Aerobic Scope

C. ternatensis
29ᵒC
32ᵒC

D. aruanus
29ᵒC
32ᵒC

D. reticulatus
29ᵒC
32ᵒC

N. azysron
29ᵒC
32ᵒC

Ucrit

9.75

9.06

7.07

6.28

7.77

7.23

9.35

6.74

6.12

6.71

UP-C

8.14

7.13

3.56

3.59

3.99

2.69

6.40

3.12

3.36

3.14

AMR

2022

2407

1488

1442

1688

1863

2089

1190

1319

1076

SMR

286

312

178

224

220

260

254

252

252

253

ASC %

607

672

736

544

667

617

722

372

421

327

Species
Temperature
Swimming
ability

C. atripectoralis
29ᵒC
32ᵒC

N. bankieri
29ᵒC
32ᵒC

N. cyanomos
29ᵒC
32ᵒC

P. coelestis
29ᵒC
32ᵒC

Ucrit

7.65

6.85

6.59

5.02

9.12

6.46

5.34

4.20

5.64

5.52

UP-C

3.10

2.98

3.62

2.28

6.92

3.85

4.14

3.57

3.17

2.86

AMR

1667

1840

1247

948

2266

2124

734

736

1168

1024

SMR

221

266

147

261

264

372

141

176

231

247

ASC %

654

592

749

263

758

471

420

318

406

315
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P. lepidogenys
29ᵒC
32ᵒC

P. moluccensis
29ᵒC
32ᵒC

Table B2. The statistical results of a planned comparison between swimming performance and metabolic performance at 29 and 32ºC water
temperature. The planned comparison contrast analysis examined Least Squares means for specific differences within species following repeatedmeasures ANOVA. Type I errors were minimized using false detection rate correction (Benjamini & Hochberg 1995) with statistical significance
being accepted at P = 0.0143 (Ucrit), P = 0.0001 (UP-C), P = 0.0000 (MO2-MAX) and P = 0.0113 (ASC) respectively.
Species
stats

C. atripectoralis
C. ternatensis
D. aruanus
D. reticulatus
N. azysron
t-values p-values t-values p-values t-values p-values t-values p-values t-values p-values

Ucrit

1.138

0.258

0.390

0.698

0.715

0.477

4.646

0.000

1.095

0.276

UP-C

1.636

0.105

0.063

0.950

4.069

0.000

7.506

0.000

0.562

0.576

Aerobic
metabolism

AMR

1.307

0.194

0.082

0.935

0.862

0.391

4.940

0.000

1.413

0.161

Aerobic Scope

ASC %

0.671

0.504

2.039

0.004

0.376

0.708

5.106

0.000

1.448

0.151

Swimming
ability
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Species
stats

N. bankieri
N. cyanomos
P. coelestis
P. lepidogenys
P. moluccensis
t-values p-values t-values p-values t-values p-values t-values p-values t-values p-values

Ucrit

0.781

0.437

3.290

0.001

3.867

0.000

2.496

0.014

0.491

0.624

UP-C

0.592

0.556

4.576

0.000

5.904

0.000

1.392

0.167

0.822

0.413

Aerobic
metabolism

AMR

1.742

0.085

2.025

0.046

0.230

0.818

0.219

0.827

1.272

0.207

Aerobic Scope

ASC %

0.396

0.693

6.380

0.000

2.584

0.011

3.732

0.000

1.851

0.067

Swimming
ability
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Thermal effects on aerobic scope
There are two factors which may influence aerobic scope of reef fishes: The
minimum metabolic rate (i.e. the standard metabolic rate of a species, SMR) and the
maximum metabolic rate (i.e. the active metabolic rate, AMR). Both of these rates are
affected by temperature (Clarke 2003; Pörtner & Knust 2007; Pörtner 2009) but one
may be more thermally sensitive that the other. Here we demonstrate an overall 20%
increased cost of metabolic maintenance in coral reef damselfishes when temperatures
increase from 29 to 32ºC. As a result, at 32ºC each species have to acquire an
additional 20% more energy on average just to stay alive, and if other ecological
abilities are compromised at the same time, the result may be reduced energetic
allocation into growth or reproduction (Clarke 2003; Munday et al 2008). Likewise,
the Dascyllus genus of the Pomacentridae family demonstrated a significant change in
AMR with increasing temperature. In particular, Dascyllus aruanus showed a slight
increase in AMR and consequently no change in aerobic scope, whilst D. reticulatus
showed a significant reduction in AMR followed by a severe reduction in aerobic
scope. Such differences within genetically and evolutionarily closely related species
clearly demonstrate the variability in thermal sensitivity that exists between species
and highlights the complexity of the potential implications of climate change.
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Habitat use at the borders of ability
This study specifically examined planktivorous coral reef fishes, which by way
of feeding behavior are forced to traverse the water column and swim against ambient
currents to forage for plankton. This group in particular is generally believed to live
close to their ecological limits, since plankton supply can vary greatly in availability
and energetic quality between habitats and seasons (Snow 1972; Hamner & Hauri
1981; McWilliam et al 1981; Rissik et al 1997; Riccardi 2000; Clarke 2003).
Furthermore, several of the species examined here are often found occupying the
highly exposed coral reef crests and slopes (Allen 1991; Chapter 2), where increased
flow ensure a greater supply of plankton than more sheltered habitats (Hamner &
Hauri 1981; Rissik et al 1997). However, these exposed habitats also have some of the
highest levels of wave action and water flow found anywhere on coral reefs (Fulton &
Bellwood 2005; Supplement 1), and many species in these habitats are thought to be
living close to their maximum swimming capabilities as it is (e.g. Johansen et al
2008). Consequently, any further increase in physiological demand or reduction in
physical or physiological performance similar to those demonstrated here may very
well be detrimental to the persistence of many local populations in these highly
exposed reef habitats.
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Behavioural adaptation alleviating reduced performance
By adapting their behavior many species may have the potential to lessen the
negative implications of some of these reduced physical and physiological
capabilities. For instance, some species may be able to utilize substratum refuges to a
greater degree to alleviate physical demands on swimming ability (Johansen et al
2007, 2008). However, for many species relying on resources within the water column
there may be no option other than directly confronting the prevalent habitat
conditions. For instance, facultative planktivorous fishes have to swim against flow to
forage, and refuging from the flow continuously may therefore not be possible without
compromising food uptake. On the contrary, species relying on other feeding modes
and food sources at or near the bottom may be better capable of behaviorally adapting
to a reduced swimming performance (e.g. similar to the refuging behavior described
by Johansen et al 2008). Furthermore, species currently demonstrating high aerobic
scope and swimming performance will potentially be capable of shifting to more
sheltered habitats or food sources as their performance capacity reduce with increasing
temperature. More serious consequences may be expected for species currently
showing low aerobic capacity and swimming performance (such as N. cyanomos), as
these species will have little or no capacity to adapt as their physiological abilities fall
below that required for ecological survival
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Appendix C: Supplemental information for Chapters 2 and 3

Fig C1. The oxygen consumption of 10 species of coral reef fishes (family: Pomacentridae)
across 23, 29 and 32°C water temperatures. Y-axis depicts the log of oxygen consumption in
mgO2 kg-1 hr-1 (MO2), and x-axis depicts swimming speed in body lengths per second (bls-1).
Oxygen consumption measures are fitted with linear regression lines to visually highlight
differences between temperatures and species. Full lines, long-dash, and short-dash represent
23, 29 and 32°C temperatures respectively. All regression lines have r2 > 0.90 and P < 0.01.
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Appendix D: Supplemental information for Chapter 4

Table D1. The mean gait transition speeds (UP-C) of 8 species of planktivorous coral reef
fishes (family: Pomacentridae) arranged in order from fast to slow swimming species. Errors
are S.E.

Species
C. atriepctroalis
P. coelestis
P. lepidogenys
N. azysron
D. aruanus
N. cyanomos
P. moluccensis
N. bankieri

UP-C
56.7 ± 5.4
37.6 ± 1.6
29.5 ± 3.0
23.7 ± 2.2
22.8 ± 1.7
22.2 ± 0.9
17.7 ± 0.8
15.7 ± 1.2
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Appendix E: Supplemental information for Chapter 5
Table E1. Results of a Post-Hoc Tukey HSD test demonstrating the effect of turbidity on foraging efficiency within and among four species of planktivorous
coral reef fishes. These results follow the primary analysis in Table 5.2 and include three levels of turbidity (0, 4 and 8 NTU). Significance accepted at P <
0.05.
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Species X Turbidity, Post-Hoc Tukey HSD
Mobile prey
Species
Turbidity (NTU)
0
C. atripectoralis
4
8
0
D. aruanus
4
8
0
N. azysron
4
8
0
N. bankieri
4
8
Immobile prey
Species
Turbidity (NTU)
0
C. atripectoralis
4
8
0
D. aruanus
4
8
0
N. azysron
4
8
0
N. bankieri
4
8

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
1.000
0.000
0.000
0.827
0.000
0.000
0.998
0.000
0.000

0.002
0.196
0.000
0.000
0.381
0.000
0.006
1.000
0.030

0.000
0.000
0.155
0.000
0.000
1.000
0.000
0.000

0.001
0.000
0.721
0.002
0.000
0.003
1.000

0.000
0.000
1.000
0.000
0.000
0.004

0.000
0.000
0.061
0.000
0.000

0.000
0.000
0.008
0.995

0.000
0.000 0.059
0.015 0.000 0.006

0.041
0.000
0.000
0.000
0.000
0.692
0.000
0.000
0.000
0.000
0.000

0.023
0.662
0.000
0.000
0.937
0.265
0.000
0.782
0.023
0.000

0.950
0.000
0.000
0.000
0.999
0.300
0.892
1.000
0.000

0.000
0.000
0.005
1.000
0.002
1.000
0.928
0.000

0.000
0.000
0.000
0.006
0.000
0.000
0.833

0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.000
0.010
0.000
0.000

0.020
1.000
0.999
0.000

0.001
0.232 0.851
0.582 0.000 0.000
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Table E2. A Post-Hoc Planned Comparison demonstrating the effect of turbidity on the foraging efficiency of four species of planktivorous coral reef
fishes while swimming against increasing flow speeds (family: Pomacentridae). At turbidity levels of 4 and 8 NTU the foraging efficiency at each flow speed
between 4 and 34 cms-1 is compared to clear water control. This test follows the primary analysis in Table 5.2 and includes: Neopomacentrus bankieri, N.
azysron, Dascyllus aruanus and Chromis atripectoralis. False Detection Rate (FDR) was used to correct for Type I errors following Benjamini & Hochberg
(1995). Notice how turbidity is mainly impacting foraging at higher flow speeds.

Immobile prey
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Flow speed (cms -1)
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
Accepted p-value

Post-Hoc Planned Comparison
N. bankieri
4 NTU
8 NTU
t
0.00
0.42
0.42
-0.67
1.02
-0.19
0.57
0.51
1.41
0.25
-0.85
-2.11
0.95
-0.25
0.59
0.83

p
1.000
0.674
0.674
0.502
0.307
0.846
0.570
0.612
0.159
0.800
0.395
0.035
0.345
0.804
0.556
0.408

t

p

0.76
0.64
0.25
-0.16
0.87
-0.49
1.56
3.25
3.69
1.99
1.37
0.51
4.87
2.71
2.61
2.54

0.446
0.526
0.806
0.872
0.384
0.624
0.121
0.001
0.000
0.047
0.171
0.609
0.000
0.007
0.009
0.012
0.0116

N. azysron
4 NTU
8 NTU
t
0.64
0.30
0.35
0.47
0.85
0.00
0.29
-0.83
-1.66
1.97
1.09
1.39
3.11
2.81
4.11
1.99

p

t

p

0.526 -0.34 0.733
0.762 0.22 0.827
0.723 0.42 0.674
0.641 0.16 0.876
0.395 0.24 0.808
1.000 0.00 1.000
0.770 1.52 0.130
0.407 0.11 0.910
0.099 -0.15 0.880
0.050 3.09 0.002
0.275 1.45 0.148
0.167 2.61 0.009
0.002 3.66 0.000
0.005 3.92 0.000
0.000 8.32 0.000
0.047 4.20 0.000
0.009
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D. aruanus
4 NTU
8 NTU
t
0.45
0.00
0.63
-0.38
0.06
1.48
2.17
1.10
2.00
2.49
0.91
3.57
1.01
4.97
2.38
2.55

p

t

p

0.650
1.000
0.527
0.708
0.955
0.141
0.031
0.271
0.047
0.013
0.365
0.000
0.314
0.000
0.018
0.011

0.68
0.82
0.84
-0.43
1.59
2.61
2.85
3.80
4.82
4.18
2.73
4.62
2.42
5.17
3.62
5.26

0.498
0.414
0.403
0.666
0.113
0.009
0.005
0.000
0.000
0.000
0.007
0.000
0.016
0.000
0.000
0.000
0.018

C. atripectoralis
4 NTU
8 NTU
t
-0.43
1.02
-0.42
-1.09
0.34
-0.43
0.50
-0.16
0.41
1.32
1.18
1.08
1.98
2.98
2.81
3.30

p
0.666
0.307
0.678
0.277
0.733
0.666
0.615
0.876
0.679
0.190
0.240
0.282
0.049
0.003
0.005
0.001

t
-0.57
0.51
0.00
-0.21
0.89
0.70
1.09
0.62
1.27
3.67
2.75
2.87
2.80
4.14
4.11
4.59

p
0.570
0.609
1.000
0.836
0.376
0.482
0.277
0.538
0.206
0.000
0.006
0.004
0.006
0.000
0.000
0.000
0.006

Appendix F: Supporting information for Supplement 1

Flow meter components
Load Cell
A load cell is a device which produces an analog output signal proportional to the
applied weight or load. As weight increases on the cell, the internal resistance increases
causing a change in output voltage. The setup described here used a Single Point Load Cell
which measures load in one end only whilst the other end acts as an anchor point. This type
of load cell is often used for high precision instruments such as industrial scales and
structural health measures on buildings and structures and can produce quite accurate and
precise measures. Many other types of load cells exist including bi-directional and multidirectional cells measuring in the x, y and z direction and which would enable this
instrument to measure the precise direction of water motion, whilst keeping power
consumption at a minimum. When working with load cells, several key performance
characteristics must be chosen to fit the conditions under which the instrument will be used.
The most important characteristics are: Creep, Creep recovery, Drift, Hysteresis,
Nonlinearity, Repeatability, Resolution and Temperature effect on Rated output if working
within changing water temperatures (See Table F1). A quick response time, or return-tozero, is also needed for areas of highly oscillating flow (e.g. high wave exposure). Although
creep is unavoidable in most high precisions sensors, the effect can be accounted for by
choosing a low creep load cell and including zero measures in the logged data for
continuous zero verification and adjustment. Zero creep affects bias only and has no effect
on the scale factor ensuring measurement stability during long term deployment. The load
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cell used for this setup was a high precision 3 kg model from www.hzloadcell.com at $20
each.

Signal conditioner / amplifier
A signal conditioner is introduced between the battery and the load cell. This has two
functions: 1) to ensure any change in voltage output from the load cell is due to the forces
acting on the load cell rather than slight variations in the voltage coming from the battery
pack, and 2) to amplify the output voltage from the load cell to a signal recognized by the
data logger. Several commercial load cell transmitters or signal conditioners exists varying
in price from $20 - 1,000 (e.g. Leobodnar LC-amp, Ocean Controls AXS-502 and Loadstar
sensors AI-1000). However, this study used an INA122P instrumentation amplifier from
Texas Instruments (www.ti.com) to make a simple and precise signal amplifier for < $10
(following Texas Instruments Support pages, http://e2e.ti.com/support/amplifiers/precision
_amplifiers/default.aspx).

Data logger
The data logger (consisting of a microcontroller and logger) is connected directly to
the signal conditioner allowing the analog signal coming from the load cell to be registered
and recorded. Because the load cell sends out a continuous signal to the data logger,
measurements of water flow can be conducted at any frequency required, depending on the
level of detail needed and the type of signal conditioner and data logger used. The length of
time water flow can be recorded is strictly dependent on the frequency, the data storage
capacity and the power supply. The type of data logger used for this setup was an Arduino
Pro 328 5V / 16 MHz microcontroller and a Sparkfun Openlog data logger (~$45 total,
www.sparkfun.com). This simple data logger automatically logs every signal sent from the
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microcontroller and is capable of logging at ≤ 16 MHz to a micro SD-card. The signal type
and frequency sent to the logger is determined by the Arduino Pro 328 microcontroller
which registers analog signals from 0 - 5 V at 10 bit. This microcontroller has no plug-andplay functionality and requires programming to work. However, once programmed, this
microcontroller can record data at any frequency ≤ 16 MHz, monitor time and date of data
recorded and specifically record data such as peak, minimum and average values (see
example data trace in Fig F1). Importantly, this microcontroller can be programmed to
power down between measurements, thereby vastly reducing power consumption and
significantly extend field deployment time to several months. Likewise, a reduction in
sampling frequency may lower power consumption significantly. Notably, the clock
function in this microcontroller relies solely on the internal RC oscillator of the
microprocessor and loggers may therefore loose synchrony over time (< 0.0001% recorded
here over 2 week periods). In cases where strict synchrony between multiple loggers are
required over long time periods or where data logging should occur at preset times it may
therefore be beneficial to add an independent Real Time Clock function (e.g. ChronoDot at
< $20, www.adafruit.com). Overall the Arduino setup allows for a high degree of freedom in
deployment time and in the specific type and amount of data recorded.

Battery Choice
The type of battery chosen is important as some batteries will have a build-up of heat
while in use, while others have a tendency to release gaseous fumes. Electrical instruments
are generally sensitive to ambient temperature changes and heat build-up within the flow
meter should be avoided. Similarly, as this instrument is hermetically sealed and under
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elevated atmospheric pressure when under water, there is a need to avoid venting of fumes.
A 6 V 7.2 Ah sealed Acid-lead rechargeable battery was used for this setup.
Table F1. Important characteristics of load cells
Load cell
terminology
Creep

Recommended
range
±< 0.01 % / hr

Definition
Creep is the change in output occurring over time while under
load with all environmental conditions and other variables
remaining constant, and is due to thermoelastic effects: i.e. the
adiabatic heating and cooling of elastic load supporting
elements within a load cell as they undergo deflection in
response to changes in the applied force (Pontius & Mitchell
1982).

Creep recovery

0.1% of R.O /

The change in rated no-load output occurring with time after

20min

removal of a load which had been applied for a specific period
of time.

Drift

±< 0.02 % / hr

A random change in output under constant load conditions.

Error

±0.01 %

The algebraic difference between the indicated and true value
of the load being measured.

Hysteresis

±0.01 %

The maximum difference between load cell output readings
for the same applied load.

Nonlinearity

±0.01 %

The maximum deviation of the calibration curve from a
straight line drawn between the no-load and rated outputs.

Repeatability

±0.01 %

The maximum difference between load cell output readings
for

repeated

loadings

under

identical

loading

and

environmental conditions.
Resolution

Response time

> 1024

The smallest change in mechanical input which produces a

divisions

change in the output signal.

< 5 ms

The time it takes the load cell to stop oscillating and settle at a
reading.

Temperature
effect on rated

±<0.002 % / ᵒC

The change in rated output due to a change in ambient
temperature.

output
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Fig F1. A raw data stream from a 7 day continuous measure of water flow. Water flow is measured as pull on the flow meter sensor and here reported in
Newton (N). In this data stream pull forces were continuously measured at 16 MHz and for every 10 sec interval the single highest and single lowest measure
were recorded. Notice how variation in water pull forces increases with increasing pull force. Notice also the stable minimum measures over time
highlighting that no ascendible zero-drift occurred. The high measure (~1.4 N) at the beginning of the data stream is a test pull made by the diver
immediately after securing the flow meter to the substratum, and indicates the start of data recording.
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Appendix G: Publications arising from thesis

Publications derived from this thesis
Johansen JL, Steffensen JF, Jones GP (In prep) Sensitivity of metabolic performance
and swimming ability in coral reef fishes to seasonal temperatures. Functional
ecology
Johansen JL, Jones GP (2011) Increasing ocean temperature reduces the metabolic
performance and swimming ability of coral reef damselfishes. Global Change
Biology 17: 2971-2979
Johansen JL, Jones GP (In prep) Foraging in flow: specialization and performance in
planktivorous coral reef damselfishes. PLoS One
Johansen JL, Jones GP (In review) Vulnerability of planktivorous coral reef fishes to
sediment induced turbidity. Ecological Applications
Johansen JL (In review) Quantifying water flow speeds in aquatic ecosystems using
load cell sensors: A profile of a coral reef system. Limnology and Oceanograpghy
Methods
PhD Research featured in: Snapshot: swimming against the tide. Nature Climate
Change 1: 183
Additional publications arisen during PhD candidature
Wenger AS, Johansen JL and Jones GP (2012) Increasing suspended sediment reduces
foraging, growth and condition of a planktivorous damselfish. JEMBE 428: 43-48
Wenger AS, Johansen JL, Jones GP (2011) Suspended sediment impairs habitat choice
and chemosensory discrimination in two coral reef fishes. Coral Reefs 30(4): 879887
Johansen JL, Vaknin R, Steffensen JF, Domenici P (2010) Kinematics and energetic
benefits of schooling in the labriform fish, striped surfperch Embiotoca lateralis.
Marine Ecology Progress Series 420: 221-229
Johansen JL, Bellwood DR, Fulton CJ (2008) Coral reef fishes exploit flow refuges in
high-flow habitats. Marine Ecology Progress Series 360: 219-226
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