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Abstract

Connectivity of coral reef fish populations relies on successful dispersal of a pelagic larval

phase. Pelagic larvae must exhibit high swimming abilities to overcome ocean and reef cur-

rents, but once settling onto the reef, larvae transition to endure habitats that become hyp-

oxic at night. Therefore, coral reef fish larvae must rapidly and dramatically shift their

physiology over a short period of time. Taking an integrative, physiological approach, using

swimming respirometry, and examining hypoxia tolerance and transcriptomics, we show

that larvae of cinnamon anemonefish (Amphiprion melanopus) rapidly transition between

“physiological extremes” at the end of their larval phase. Daily measurements of swimming

larval anemonefish over their entire early development show that they initially have very

high mass-specific oxygen uptake rates. However, oxygen uptake rates decrease midway

through the larval phase. This occurs in conjunction with a switch in haemoglobin gene

expression and increased expression of myoglobin, cytoglobin, and neuroglobin, which may

all contribute to the observed increase in hypoxia tolerance. Our findings indicate that critical

ontogenetic changes in the gene expression of oxygen-binding proteins may underpin the

physiological mechanisms needed for successful larval recruitment to reefs.

Introduction

Tropical coral reef fishes are among the most biodiverse (6,000 to 8,000 species) and evolution-

ary derived group of fishes [1] and play critical roles in maintaining coral reef health and resil-

ience to environmental change [2]. However, despite the diversity of colours, forms, and

functions, the life history of most of these fishes are largely similar. Adult reef fishes are special-

ised for reef life and are generally site-attached to a small patch of reef and therefore do not
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move large distances between reefs [3,4]. With very few exceptions, connectivity between reefs

is achieved by a dispersive pelagic larval phase, whereby larvae develop in the open ocean over

a short period of time (9 to 50 days on average, depending on species, compared with temper-

ate species that develop over several months) and swim back to natal or novel reefs [3,4] (Fig

1). To be able to swim against ocean currents, high swimming performance has presumably

been selected for over evolutionary history. Indeed, these larvae are capable of incredible

swimming speeds under controlled laboratory conditions and in situ [5–8], reaching 10 to 50

body lengths (BLs) s−1 (species-specific) compared with temperate species larvae that

swim < 5 BL s−1 at similar stages of development. The high swimming speeds of coral reef fish

larvae are supported by the highest maximal mass-specific oxygen uptake rates (ṀO2) of any

teleost fish species (e.g., Chromis atripectoralisṀO2 = 5,250 mg O2 kg−1 h−1; [9]). This perfor-

mance, in conjunction with advanced sensory systems (e.g., visual, auditory, and olfactory) of

young fishes, makes them well-adapted to detect and swim towards reefs [4]. Despite these

advantages, reef life poses a unique challenge for newly settled reef fishes.

Coastal habitats generally experience large daily fluctuations in several environmental con-

ditions, including temperature, salinity, and oxygen levels [10]. Coral reefs become hypoxic at

night due to animal and plant respiration [9,11]. Upon settlement onto a reef, juvenile reef

fishes across several species are capable of tolerating oxygen levels as low as 10% to 30% of air

saturation [12]. Therefore, hypoxia tolerance among fishes living on coral reefs can be consid-

ered an environmental adaptation [11], where specific physiological traits enable them to sur-

vive under nocturnal low oxygen levels (Fig 1). Generally, however, hypoxia-tolerant fishes

(e.g., carp) are relatively poor swimmers and have low oxygen uptake rates compared to more

athletic fishes (e.g., salmon and tuna) that are sensitive to low oxygen [13]. There are several

well-studied selection-driven physiological modifications that lead to hypoxia tolerance

among fishes, including increased blood oxygen binding affinity, decreased respiration rates,

lower tissue oxygen demands, and other adaptations related to oxygen transport and storage

[10]. There is a well-established trade-off between having high maximal rates of oxygen uptake

and being hypoxia tolerant, and there are no examples of animals that simultaneously can

achieve both [9,11]. A major reason for this is that the former demands low-affinity haemoglo-

bin (Hb) that readily releases oxygen to the tissues, while hypoxia tolerance requires high-

affinity Hb to be able to take up oxygen when environmental levels are low [9].

Unlike mammals, many fishes possess multiple Hbs and can change the overall oxygen

binding affinity of the blood (i.e., via Hb protein subunit substitution) in response to environ-

mental and developmental cues [14–16]. While Hb is the primary protein responsible for oxy-

gen transport from the environment to the tissues, there are also other globins capable of

binding oxygen. Myoglobin (Mb) has a high oxygen binding affinity and is generally found in

tissues with high oxidative properties and is considered the primary protein used for oxygen

storage in skeletal muscles and heart tissue [17]. Neuroglobin (Ngb) found in brain tissue in

some fishes has been described as a “neural myoglobin,” and its proposed function is enhanced

oxygen delivery to neurons during low oxygen scenarios [18]. Cytoglobin (Cytgb) has been

predicted to act as an oxygen store for connective tissues in mammals as well as a proposed

antioxidant for the liver, retina, and kidney [19]. Taken together, a proposed mechanism that

may support hypoxia tolerance among coral reef fishes, and which would also be the simplest

explanation, is the switch in Hb from low to high affinity [9], as this would allow the juvenile

and adult fish to maintain oxygen uptake in hypoxia. This may be accompanied by increased

expression of Mb, Ngb, and Cytgb serving as oxygen stores so that oxygen is not depleted from

these tissues under nocturnal hypoxic events on the reef. These possible changes in globin

gene expression have yet to be characterised for any coral reef fish species but may compliment
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the challenge of being both an aerobic “athlete” in the pelagic and hypoxia tolerant upon

reaching a reef.

Given that the physiological traits necessary for high swimming performance would pri-

marily be aerobically driven, such traits would form the basis of their ability to disperse among

reefs, which, in turn, would contribute to connectivity. Therefore, the aerobic demands of

pelagic larvae would predictably be very high in order to support fast growth, swimming capa-

bilities, and development, within their very narrow ontogenetic window. Measuring such

changes would require creating a profile for oxygen uptake rates during activity, since continu-

ous swimming is critical for pelagic larvae to find a reef. This profile would need to encompass

the entire larval phase of a reef fish to accurately identify periods of change. Such profiles do

not currently exist for any other fish species, but would clearly show how oxygen demands

change over early ontogeny, and may correlate with other physiological changes as develop-

ment proceeds to cope with hypoxia on the reef.

Consequently, the aim of the current study was to measure representative physiological

traits that characterise the early life history of a representative coral reef fish, the cinnamon

anemonefish (Amphiprion melanopus). The traits of interest are those that support high speed

swimming and those that prepare the fish for hypoxic reef conditions. The critical knowledge

gaps we aim to fill include determining the energy demands during the pelagic phase that

Fig 1. Conceptual framework of connectivity and life history of reef fishes, along with a priori predictions for how the physiology of reef fishes changes during

early life history. (A) Reef fish populations exist in patches on reefs isolated by swift currents and depth (grey, pink, and blue reefs indicate separate, isolated

reef fish populations). Connectivity between populations occurs via a dispersive pelagic larval phase, capable of fast swimming speeds and well-developed

sensory systems and behaviours. Straight arrows indicate movement of larvae between reefs, and curved arrows indicate self-recruitment back to natal reefs.

(B) The general life history of reef fishes. Adult reef fishes living on benthic reef habitats (1), lay their eggs on the reef (2), which are carried off the reef by

passive processes like currents and wave energy (3). The eggs hatch, and the larvae undergo a pelagic larval phase (9 days for focal cinnamon anemonefish

(Amphiprion melanopus), as indicated by numbers under each larva) in the open ocean (4). The reef fish must quickly develop and grow before swimming back

to the reef during this phase, and we predict that mass-specific oxygen uptake rates (ṀO2, a proxy for metabolic rates) are very high for most of the larval

duration (indicated by purple gradient). Swimming performance measured as the critical swimming speed (Ucrit) is predicted to be poor during the first few

dph but increases as fish grow and develop (indicated by red gradient). Hypoxia tolerance is predicted to increase over larval development during their pelagic

phase, which is thought to enable low-oxygen level challenges on the reef at night (indicated by blue gradient). Reef fish larvae settle onto the reef (5) but are

already remarkably hypoxia tolerant (low oxygen due to nocturnal coral respiration) and are predicted to lower their oxygen uptake rates to become suitably

hypoxia tolerant (indicated by purple gradient). Changes in oxygen uptake rates, swimming performance, and hypoxia tolerance are predicted to be related to

gene expression patterns of proteins responsible for oxygen transport and delivery to tissues (e.g., Hb, Mb, Ngb, and Cytgb; indicated by green gradient). The

combination of fast swimming speeds during pelagic phases and predicted changing metabolic demands to tolerate hypoxia in new reef habitats (new or natal

reef; refer to Fig 1A) may be selected for to support connectivity and recruitment of larvae to adult populations (6). Cytgb, cytoglobin; dph, days post hatch; Hb,

haemoglobin; Mb, myoglobin; Ngb, neuroglobin.

https://doi.org/10.1371/journal.pbio.3002102.g001
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support “athletic” swimming performance and highlighting the changes in gene expression for

proteins that can enhance oxygen uptake, transport, and storage and that are therefore needed

to support hypoxia tolerance upon settlement. To achieve this, we measured mass-specific oxy-

gen uptake rates at increasing swimming speeds every day over the entire larval duration of

cinnamon anemonefish. We hypothesised that mass-specific oxygen uptake rates would be

high when larvae need a high aerobic capacity to support both high swimming performance

and rapid development within a narrow larval growth window (9 days as a pelagic larva for the

cinnamon anemonefish; Fig 1). Near the end of their pelagic phase, we hypothesised that the

larvae would show a decrease in oxygen uptake rates to accommodate high affinity oxygen

uptake in the hypoxic environment they are about to encounter (Fig 1). Observed changes in

oxygen uptake were used to design the hypoxia tolerance tests and collection of larvae to mea-

sure changes in gene expression. We hypothesised that hypoxia tolerance would improve over

larval development and expression of Hb isoforms, and, possibly, expression of other globins

(Mb, Cytgb, and Ngb) would show adjustments in preparation for the hypoxic conditions on

coral reefs (Fig 1).

Results

Using a representative reef fish species, our study characterised some of the physiological

changes that pelagic reef fish larvae may undergo to enable them to swim back to and settle

onto a reef. Specifically, we found that larvae of the cinnamon anemonefish undergo changes

in oxygen uptake rates and gene expression patterns of some key proteins proposed to be

responsible for oxygen transport, delivery, and storage, prior to settling onto a reef, changes

that are presumed to support both high swimming performance and hypoxia tolerance. To

our knowledge, these larvae have the highest mass-specific oxygen uptake rates of any teleost

in the published literature, which may be associated with their rapid development and high

swimming performance. Additionally, decreases in mass-specific oxygen uptake rates midway

through the larval phase coincided with progressively increased hypoxia tolerance. The change

in hypoxia tolerance was also correlated with switching in the gene expression for Hb isoforms

and increasing mRNA expression of Mb, Cytgb, and Ngb genes during the onset of hypoxia

tolerance and prior to settlement onto the reef.

Changes in swimming performance and oxygen uptake rates over early

ontogeny

Respirometry was carried out in combination with a critical swimming speed protocol to

determine Ucrit, which is a measure of maximum swimming speed that can be maintained pri-

marily aerobically using a forced stepwise increase in water velocity in a swimming chamber

until the fish fatigued (see “Experimental protocol” in Methods for more details). Daily

changes in oxygen uptake rates and swimming performance were measured over the entire lar-

val phase of the cinnamon anemonefish. This fine-scale profile allowed us to identify age(s)

(days post hatch (dph)) when ontogenetic changes in these parameters occurred in relation to

timing of settlement on the reef. Swimming performance (Fig 2A) increased significantly each

day from 2.48 ± 0.28 BL s−1 at hatch to 9.4 ± 1.9 BL s−1 at the point of settlement at 9 dph

(mean ± SD; p< 0.001; see S2 Fig for Ucrit in cm s−1 versus age).

Mass-specific oxygen uptake rates (ṀO2; mg O2 g−1 h−1) were measured to estimate both

standard metabolic rate (SMR, i.e., the oxygen uptake at rest) and maximum metabolic rate

(MMR, i.e. the oxygen uptake under maximal aerobic exercise). These data allowed us to cal-

culate both absolute aerobic scope (AAS; the difference between MMR and SMR, representing

an organism’s ability to increase their oxygen uptake rates above rest) and factorial aerobic
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Fig 2. The relationship between (A) critical swimming speed (Ucrit; BL s−1), (B) SMR (mg O2 g−1 h−1), (C) MMR (mg

O2 g−1 h−1), and (D) hypoxia tolerance (O2,LOE; % of air saturation) with age (dph). Ucrit, SMR, and MMR were

measured over the entire larval phase of the cinnamon anemonefish (Amphiprion melanopus), and hypoxia tolerance

was measured during the period where oxygen uptake rates decreased (i.e., 4 and 6 dph) and prior to settlement (i.e., 9

dph).Ucrit, SMR, and MMR were measured using a swimming respirometry protocol (see Methods for details) to

achieve simultaneous measures of swimming speed and oxygen uptake rates. Hypoxia tolerance is represented as the %

of air saturation that results in LOE; see Methods for details. Symbols represent the data for an individual larva (n =
8–10 individuals for Ucrit, SMR, and MMR; hypoxia tolerance: n = 13 larvae for 4 dph, n = 12 larvae for 6 dph, and

n = 9 larvae for 9 dph). Each data point for Ucrit, SMR, and MMR is colour coded to represent the size range of

individual larva (length: cm; or mass: mg). For Ucrit, SMR, MMR, and hypoxia tolerance, boxplots show median and

interquartile ranges; “X” indicates averages at each age (dph), and different lowercase letters represent statistical

differences (LMs; α = 0.05). The data underlying this figure can be found in sheets 1, 2, and 3 in S1 Data, and details on

statistical output can be found in S1 StatisticalOutput. dph, days post hatch; LM, linear model; LOE, loss of

equilibrium; MMR, maximum metabolic rate; SMR, standard metabolic rate.

https://doi.org/10.1371/journal.pbio.3002102.g002
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scope (FAS; the ratio of MMR to SMR, representing how many-fold an organism can increase

its oxygen uptake rates above rest). MMR was estimated from oxygen uptake rates at the high-

est swimming speeds before fatigue and SMR as the y-intercept at zero swimming speed (x-

axis) when a best-fit line was plotted through the relationship of swimming speed and oxygen

uptake (see “Experimental protocol” in Methods for details). We predicted, a priori, that

decreases in SMR and MMR during the larval phase may indicate critical periods when globin

expression patterns progressively change, potentially contributing to increased hypoxia toler-

ance. Over early ontogeny, we found significant decreases in mass-specific SMR (linear model

(LM), p< 0.001, F8,68 = 13.49, r2 = 0.61; Fig 2B) and mass-specific MMR (LM, p< 0.001, F8,68

= 13.19, r2 = 0.6; Fig 2C) at specific ages, since mass and age are confounded (S1 Fig). Follow-

ing a similar pattern to each other, mass-specific SMR and MMR remained the same for the

first 4 dph (LM, p> 0.5 for all combinations; Fig 2B and 2C) before decreasing at 4 dph until 6

dph (LM, p> 0.2 for all combinations comparing 1 to 4 dph until 6 dph; Fig 2B and 2C). Both

mass-specific SMR and MMR remained consistently lower from 6 dph until 9 dph (i.e., the

point of settlement) when compared to fish larvae aged 1 to 4 dph (LM, p< 0.02 for all combi-

nations; Fig 2B and 2C). We determined that the SMR and MMR of larger individuals were

even lower than would be expected from more commonly observed scaling relationships (S3

and S4 Figs).

Neither AAS (mg O2 g−1 h−1) nor FAS changed significantly over the larval period (S5A

and S5B Fig). There was a significant effect of age on AAS (LM, p = 0.0012) from the model

output, but this was likely due to the decrease in AAS at 6 dph. Further, emmeans post hoc
tests did not reveal any significant changes in AAS over age (see supporting information S1

StatisticalOutput for details).

Changes in hypoxia tolerance over early ontogeny

We performed hypoxia tolerance experiments at the ages where we found significant decreases

in oxygen uptake rates (between 4 dph and 6 dph), and also at the age where larvae settle and

would need to be hypoxia tolerant (9 dph). We selected these ages because we predicted, a pri-
ori, that measured decreases in oxygen uptake rates may indicate periods in the pelagic larval

stage when hypoxia tolerance begins to develop prior to settlement. As the larval phase pro-

gressed, fish became significantly more hypoxia tolerant (LM, F2,31 = 32.53, p< 0.001, r2 =

0.68; Fig 2D). At 4 dph, larvae tolerated oxygen levels down to 42.0 ± 4.6 (mean ± SD) % of air

saturation (corresponding to 2.75 mg O2 L−1 and PO2 = 64.2 mm Hg at 28˚C) before loss of

equilibrium (LOE) ensued (Fig 2D). At 6 dph, the point where oxygen uptake rates decreased

significantly, larvae could tolerate even lower oxygen levels of 30.7 ± 7.1% of air saturation

(i.e., 1.99 mg O2 L−1; PO2 = 46.93 mm Hg at 28˚C) before LOE ensued (Fig 2D). Upon settle-

ment, larvae tolerated dissolved oxygen levels that were as low as 23.8 ± 3.7% of air saturation

(i.e., 1.53 mg O2 L−1; PO2 = 36.38 mm Hg at 28˚C) before LOE ensued; this was 44.2% of air

saturation lower than their 4 dph counterparts and 23.8% of air saturation lower than their 6

dph counterparts (Fig 2D).

Changes in gene expression related to oxygen transport over early ontogeny

To obtain expression patterns of the specific globin genes and to investigate overall changes in

the transcriptome over early ontogeny (see below), we sequenced mRNA extracted from

whole larvae and used the genome of a closely related species, A. ocellaris, for mapping and

expression quantification. We extracted the normalised mRNA expression from the RNAseq

dataset of the 15 identified globins in the A. ocellaris genome to determine whether gene

expression changes around the onset of hypoxia tolerance (4 and 6 dph) and settlement (9
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dph) (see S2 Data). These included several paralogous genes coding for Hb alpha (hba) and

beta (hbb) subunits (i.e., the combined heterotetramer, Hb, binds oxygen in red blood cells),

myoglobin (mb; oxygen storage and delivery into muscle tissue), cytoglobin (cytgb; oxygen

storage in connective tissue), and neuroglobin (ngb; oxygen storage in neurons). For both the

alpha and beta Hb subunits, there was a clear switch in expression from 4 dph to 9 dph (Fig

3A–3F), as detailed below.

Two hba gene paralogs, hba-i and hba-ii, increased slightly, but not significantly, from 4 to

6 dph (hba-i: p = 0.43; hba-ii: p = 0.12), but hba-ii decreased at 9 dph (hba-ii: 4 dph versus 9

dph, LM p = 0.28, 6 dph versus 9 dph, LM p = 0.0057), whereas, hba-i remained statistically the

same at 9 dph (4 dph versus 9 dph, LM p = 0.24, 6 dph versus 9 dph, LM p = 0.91) (Fig 3A and

3B). A third paralog, hba-iv, was expressed minimally at 4 and 6 dph but increased significantly

at 9 dph (4 dph versus 9 dph, LM p = 0.0004, 6 dph versus 9 dph, LM p = 0.0004) (Fig 3C).

Three hbb paralogs, hbb-i, hbb-ii, and hbb-iv, were present at 4 and 6 dph but lowly expressed;

hbb-i and hbb-ii decreased in expression by 9 dph, albeit hbb-ii was not significantly different

at 4 dph than 9 dph (Fig 3D–3F). The fourth paralog hbb-iv increased significantly in expres-

sion from 4 to 9 dph (hbb-iv: 4 dph versus 9 dph, LM p< 0.0001; 6 dph versus 9 dph, LM

p< 0.0001) (Fig 3F). The genes coding for neuroglobin (ngb) (LM, p< 0.02 for both 4 dph

and 6 dph versus 9 dph), cytoglobin (cytgb) (LM, p< 0.01 for both 4 dph and 6 dph versus 9

dph), and myoglobin (mb) (LM, p< 0.02 for both 4 dph and 9 dph versus 9 dph) all exhibited

highest expressions at 9 dph compared to earlier larval stages (Fig 3G–3I).

Changes in the transcriptome over early ontogeny

Larval development is characterised by changes in anatomy and physiology and regulated by

changes in gene expression. To capture this, we characterised changes in the transcriptome of

cinnamon anemonefish more broadly, as larvae prepare to transition from pelagic to reef life.

We expected changes to occur in expression for a variety of genes besides the globins described

above. A principal component analysis including all genes (24,774) from the RNAseq dataset

revealed a tight clustering of the data according to the sampling time points—i.e., with a clear

separation between 4 dph, 6 dph, and 9 dph larvae (Fig 4A), except for one 9 dph individual

that seemed closer to the 6 dph group (note: this individual was excluded from further analy-

ses) and with 61% of the variation explained by the 2 first principle components. In total, the

analyses identified 2,470 genes as differentially up- or down-regulated (i.e., adjusted p-value

lower than 0.05 and fold change larger than 1.5) in either of the 3 time points compared to

another (Fig 4B).

Most of the differentially expressed genes (DEGs) were found when comparing 9 dph to 4

dph and 6 dph (Fig 4C), with an overweight of up-regulated genes. Some genes were up- or

down-regulated already at 6 dph when compared to 4 dph, but only a few genes were regulated

at 6 dph only (see sheets 8a and 8b in S2 Data for these genes). The most down-regulated gene

here wasmfsd4ab (major facilitator superfamily domain containing 4A), which decreased 16

times, while gene expression of a putative protease-activated receptor, f2r (coagulation factor

II (thrombin) receptor), was up-regulated 3 times. Likewise, there were few genes that were

differentially regulated only at 9 dph (see sheets 9a and 9b in S2 Data). Here, slc15a1a (solute

carrier family 15 member 1-like) decreased 4 times, while cpa1 (carboxypeptidase A1-like)

increased almost 3 times.

Among the topmost significant DEGs overall (Fig 4D), there were decreases at 9 dph in

genes coding for opsins (opn1sw1; putative violet-sensitive opsin, gso; green-sensitive opsin)

and an increase in an odorant receptor (ore127; odorant receptor, family E, subfamily 127,

member 1). There were also decreases at 9 dph in some vision-related intracellular signalling
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proteins (pde6c; cone cGMP-specific 3’,5’-cyclic phosphodiesterase subunit alpha-like retinal

cone, rgra; RPE-retinal G protein-coupled receptor-like, rdh20; retinol dehydrogenase 10-A-

like, grk1; rhodopsin kinase-like), and increases in retinal cone and rod rhodopsin-sensitive

cGMP 3’,5’-cyclic phosphodiesterase subunits (pde6ha and pde6ga). There were also changes

in expression ofmybbp1a (MYB binding protein 1a), which in humans is suggested to have a

Fig 3. Normalised gene expression of (A) Hb subunit alpha paralog i (hba-i), (B) paralog ii (hba-ii), (C) paralog iv (hba-iv), (D) Hb subunit beta paralog i

(hbb-i), (E) paralog ii (hbb-ii), and (F) paralog iv (hbb-iv), (G) neuroglobin (ngb), (H) cytoglobin paralog ii (cytgb), and (I) myoglobin (mb) measured in larval

anemonefish (Amphiprion melanopus) aged 4, 6, and 9 dph. Each point represents normalised gene expression from an individual larva (n = 6 individuals per

age). Boxplots show median and interquartile ranges, “X” indicates average gene expression for each day per gene, and different lowercase letters represent

statistical differences in normalised gene expression between ages (LMs; α = 0.05). Ensemble gene IDs and data for all genes can be found in sheet 1 in S2 Data.

The data underlying this figure can also be found in sheet 4 in S1 Data, and details on statistical outputs can be found in the supporting information S1

StatisticalOutput. dph, days post hatch; Hb, haemoglobin; LM, linear model.

https://doi.org/10.1371/journal.pbio.3002102.g003
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Fig 4. (A) Plot of PC1 and PC2 of variance-stabilised gene count data. There was one outlier in the 9-dph group,

which was excluded from further analysis to increase the statistical power. Raw counts for all genes available in sheet 2

in S2 Data. (B) Z-score normalised heatmap of all DEGs (adjusted p-value< 0.05 and fold change> 1.5). Data

available in sheet 3 in S2 Data. (C) Venn diagram for the up- and down-regulated genes. (D) Z-score normalised

heatmap of the top 10 most significant genes in each comparison. Data available in sheet 4 in S2 Data. (E) Volcano plot

for 9 dph larvae compared to 4 dph larvae. Data for top tags available in sheet 5 in S2 Data. Coloured symbols are

significant DEGs. (F) GO enrichment analysis of DEGs in 9 dph larvae compared to 4 dph larvae. For clarity, only GO

terms with FDR lower than 0.00005 and 0.0005 are shown for down- and up-regulated genes, respectively. Data

available in sheet 6 in S2 Data. The complete lists of DEGs and statistical data for each comparison are available in

sheets 7a, 7b, and 7c in S2 Data. BP, biological process; DEG, differentially expressed gene; dph, days post hatch; FDR,

false discovery rate; GO, gene ontology; MF, molecular function; PC1, principal component 1; PC2, principal

component 2.

https://doi.org/10.1371/journal.pbio.3002102.g004
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role for circadian rhythm, and phr (deoxyribodipyrimidine photo-lyase-like), which may be

involved in UV radiation-induced DNA damage [20]. Lastly, several of the genes coding for

Hb subunits as shown in Fig 3 were also among the most significant DEGs (hba-iii, hba-iv,
and hbb-iv) (Fig 4D).

Looking more specifically at 9 dph compared to 4 dph (Fig 4E), some of the genes with

highest increases in expression code for the alpha and beta subunit of the gastric H+/K+

ATPase pump (atp4a and atp4b) and cerebellin 20 (cbln20), a gene seemingly specific to tele-

osts, but a member of the family of cerebellins, which have a putative neuromodulatory func-

tion [21]. Several genes coding for proteins seemingly related to muscle function were also

highly up-regulated (mhcfsm, myosin heavy chain, fast skeletal muscle-like;mybpc2b, myosin-

binding protein C, fast-type-like;myoz1a, myozenin 1; tnni2, troponin I, fast skeletal muscle-

like;mylpf, myosin light chain, phosphorylatable, fast skeletal muscle; casq1a, calsequestrin-

1-like). Some of the most expressed genes were nme2 (nucleoside diphosphate kinase B-like)

and pvalb3 (parvalbumin alpha-like), which both increased. A gene coding for heat shock pro-

tein 90, hsp90aa1, was also highly expressed but decreased significantly at 9 dph compared to 4

dph. A gene coding for alpha-tectorin, tecta, which in humans has a putative role in sensory

perception of sound [20,22], was also highly expressed and significantly decreased. Lastly,

there were significant increases and decreases in genes coding for proteins without similarity

to any known proteins or function (unknown1 to unknown6).

To investigate common functions between the 2,362 genes identified as differentially

expressed at 9 dph compared to 4 dph, we carried out gene ontology (GO) enrichment analy-

ses for down- and up-regulated genes separately (Fig 4F). The set of down-regulated genes was

most significantly enriched for the GO terms “ribosome biogenesis” (GO:0042254, “rRNA

processing” (GO:0006364) and “RNA binding” (GO:0003723), but also “methylation”

(GO:0032259) and “methyltransferase activity” (GO:0008168). The latter could indicate that

epigenetic regulation of transcription was taking place. The set of up-regulated genes was

enriched for terms related to oxireductase activity (GO:0016491, GO:0004497, GO:0016712)

and heme binding (GO:0020037) and may reflect the changes in oxygen-binding proteins,

such as Hb.

Discussion

Strong swimming capabilities, along with well-developed sensory systems and behaviours, are

needed for pelagic larval reef fish to reach a coral reef after developing in the open ocean [3–

5,8,23–25]. Without such performance, connectivity among populations may be highly lim-

ited, and low dispersal of larvae would result in genetic bottlenecks that may weaken the viabil-

ity of future reef fish populations. Additionally, the physiological demands for tolerating

hypoxic events during settlement are a critical, yet often overlooked factor for coral reef fish

larvae to successfully transition between distinct pelagic and reef habitats. Our results show

that the cinnamon anemonefish, in accordance with our hypothesis, has very high oxygen

uptake rates, and this may contribute to supporting its fast swimming speeds and rapid devel-

opment within a narrow 9-day window. Mass-specific oxygen uptake rates decreased midway

through development, as predicted, and this decrease co-occurred with progressively increased

tolerance to hypoxia and a switch in expression of Hb isoforms as well as increased gene

expression of Mb, Ngb, and Cytgb. While the roles of some of these globins are debatable

within the context of oxygen storage and transport for ectotherms, their expression is highest

when hypoxia tolerance is also at its highest, suggesting that these globins may contribute to

the development of low oxygen tolerance, even at later stages when swimming performance is

also highest. While these results indicate a correlation, and further manipulative studies are
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necessary to confirm causation, they do fill critical knowledge gaps regarding the physiology of

coral reef fishes during early life.

Most fish larvae, especially temperate species, require several months to successfully meta-

morphose into juveniles and recruit to adult populations [5,6]; anemonefish larvae grow and

develop rapidly and metamorphose by about 9 dph. Here, we found that, across their entire

pelagic stage, larvae of cinnamon anemonefish have among the highest mass-specific oxygen

uptake rates (i.e., both SMR and MMR) of any teleost fish species studied to date [9]. Specifi-

cally for anemonefishes and direct developing fishes that are well developed upon hatch [26],

high SMR may be required to support oxygen demands of development and growth of com-

plex tissues (e.g., eyes and brain) [26–28]. Additionally, anemonefish, specifically cinnamon

anemonefish, are capable of swimming—a highly energetically demanding activity—immedi-

ately upon hatching, which will add to their metabolic demands. Larvae were swimming

slower than 3 BL s−1 at hatch but exceeded 10 BL s−1 approaching settlement—significantly

faster than temperate species at similar life history stages [5,6]. Slight changes in swimming

performance between our study and previous work on this species may be attributed to cham-

ber design and duration of swimming protocol [29,30].

How oxygen uptake rates change with size and life history strategies has been debated for

several decades [31]. The scaling exponents obtained here for mass-specific oxygen uptake

rates (−0.8) differ from more commonly observed scaling exponents (−0.2 to −0.3). Thus, the

mass-specific oxygen uptake rates in cinnamon anemonefish larvae decreased more with size

(and hence age in this study) than would be expected if it was a simple scaling effect. This

observation could have to do with the high metabolic activity of these larvae (i.e., high swim-

ming capacity, growth rate, and degree of development at hatch) when compared with other

similar size fishes. Indeed, in anemonefishes—and potentially reef fishes in general—life his-

tory may be optimised over evolutionary history to accommodate such metabolic performance

[31] and demands to be aerobically fit to swim but also prepared for reef conditions. Hypoxia-

tolerant fishes generally have lower oxygen uptake rates to reduce ATP (adenosine triphos-

phate) usage during low-oxygen conditions while still meeting metabolic demands [9]. It is

possible that the high oxygen demands in 1 to 4 dph larvae may be too high to support meta-

bolic functions under hypoxic conditions on the reef; larvae aged 4 dph had the poorest hyp-

oxia tolerance when compared to larvae measured at later stages. Therefore, the measured

decrease in oxygen uptake rates between 4 dph and 6 dph, coupled with progressive hypoxia

tolerance during this period, may indicate an “optimization” for improved physiological per-

formance on the reef, but further studies are needed to determine causation. We hypothesise

that the lack of further change in mass-specific oxygen uptake rates from 6 to 9 dph, despite

significant increases in body size, swimming performance, and hypoxia tolerance within these

ages (especially at 9 dph), may suggest that these respiration rates are sufficient to support

these functions.

Previous studies investigating gene expression during larval fish ontogeny used specific

developmental milestones (e.g., onset of metamorphosis and switch from endogenous to exog-

enous feeding) and formation of structures (e.g., muscle, fins, eyes, and digestive system) as

markers to indicate when to collect samples [32–36]. Instead of morphology or defined devel-

opmental stages, we used a physiological marker (i.e., decreases in oxygen uptake rates) to

indicate where we might expect changes in expression for genes associated with oxygen trans-

port. Indeed, our data revealed several changes in the transcriptome of larval cinnamon ane-

monefish from 4 dph to 9 dph (i.e., at the time when oxygen uptake rates and hypoxia

tolerance also changed). These changes included genes that may not be associated with hyp-

oxia tolerance per se but changed during development as fish approached settlement; some of

these gene products were most similar to proteins with roles in vision, digestion, and olfactory
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systems. Other genes can be speculated to be more closely associated with the fact that the lar-

vae are transitioning to a low-oxygen environment. For example, alcohol dehydrogenase

(adh1) was also up-regulated at 9 dph, and animals have been found to exhibit a correlation

between alcohol dehydrogenase enzyme activity and the ethanol content in their food [37,38].

Therefore, the increase in adh1 expression that was observed at 9 dph could suggest that the

larvae are getting prepared to ingest food that may contain ethanol, which is likely to be intro-

duced into the food chain by fermenting microorganisms during nocturnal hypoxia on the

reef. However, among the most significant changes in gene expression were those associated

with Hb subunit composition, which coincided with an increased hypoxia tolerance that we

speculate may support the transition between pelagic to reef habitats.

The oxygen affinity of the blood is partly determined by the properties of the Hb isoforms

(i.e., the tetramers) that are expressed at any given time and the affinity of the isoforms are in

turn determined by the properties of the individual subunits. Hence, small changes in Hb sub-

unit composition can greatly affect the oxygen binding affinity of Hb [39,40]. However, it is

important to note that there are several other modulators of oxygen binding affinity, such as

organo-phosphates (e.g., ATP and guanosine triphosphate (GTP)), which may also contribute

to shifts in Hb oxygen affinity over ontogeny [39,41]. Fishes are also capable of shifting Hb

oxygen affinity in response to changes in environmental conditions [42]. For example, at

hatch, salmon fry live under the gravel for some time where they must be hypoxia tolerant;

indeed, they possess Hbs that have a high binding affinity, which is thought to prevent hypox-

emia [14,16]. This binding affinity shifts when fry emerge from the gravel as highly active

smolts, thus allowing for greater release of oxygen to tissues needed to support swimming

[14,16,43,44]. As they develop into juvenile phases, zebrafish and gilthead seabream (Sparus
auratus) retain some embryonic Hbs [42,45,46], which have higher oxygen binding affinities

and are used to supply tissues with oxygen in case of unexpected hypoxia or intense swimming

[42,45,46]. Cinnamon anemonefish are predictably exhibiting the opposite pattern to salmon,

lowering oxygen demands midway through their pelagic larval stage, possibly to support hyp-

oxia tolerance, which would prepare them for the oncoming hypoxia challenges associated

with settlement onto a reef, 3 to 4 developmental days into the future. Hb genes hba-i, hbb-i,
hba-ii, and hbb-ii were more dominantly expressed at these ages (4 dph and 6 dph) when the

fish are most sensitive to hypoxia. We hypothesise that these early-expressed (i.e., 1 dph to 4

dph) Hb subunits have low oxygen affinity to ensure adequate O2 off-loading at the tissues,

thereby supporting growth and development as well as high swimming capacity [42]. Upon

settlement (9 dph), hbb-i and hbb-ii decreased in expression, and a switch in dominant Hb

subunits occurred with the increased expression of hba-iv and hbb-iv. We expect that these

late-expressed Hb subunits have a higher oxygen affinity, as the increased expression of these

subunits parallels the increase in whole-organism hypoxia tolerance, but more detailed experi-

ments are needed to investigate these hypotheses.

At settlement (9 dph), Mb, Ngb, and Cytgb gene expression also increased. These 3 proteins

are known to have high oxygen affinity in other species, and while the role of these proteins in

oxygen storage and transport has been debated for ectotherms, some studies have demon-

strated their function for hypoxia tolerance (i.e., oxygen storage for tissues during low-oxygen

conditions) in fishes [47]. Mb is found in high concentrations in the skeletal muscle and heart

of diving mammals (seals and whales) and mammals living at high altitudes to store oxygen

under hypoxia and to reduce Reactive Oxygen Species (ROS) accumulation and protect cells

during reoxygenation after hypoxia [48,49]. The role of Mb as an oxygen store is debated for

fishes, as oxygen availability varies greatly among aquatic habitats, and due to the variety of

lifestyles (e.g., benthic to pelagic “athlete”), there may not be a widespread requirement for

such oxygen stores [48]. However, it has been proposed that, in hypoxia-tolerant fishes such as
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carp, Mb functions as cellular protection in low-oxygen environments [18,48]. Additionally,

zebrafish exposed to chronic hypoxia for several weeks showed a 138% increase in Mb expres-

sion in highly oxidative muscle fibres, and it was proposed that it facilitated oxygen supplied to

mitochondria [50]. The specific role of Ngb in fishes has been debated since its discovery in

fish brains [51] but has been proposed to supply oxygen to highly oxygen-demanding neural

tissue under hypoxic conditions [51–53]. Cytgb has been found in the connective tissues in

fishes and also in high concentrations in zebrafish red blood cells; it may serve as an alternative

oxygen transporter in low-oxygen conditions [19,47,53]. While our study cannot elucidate the

exact function of these globins per se, there may be a correlation between their increased

expression and progressive hypoxia tolerance in the cinnamon anemonefish over early devel-

opment that suggest their roles for retaining oxygen in tissues under low-oxygen conditions

and possibly during intense exercise as well. Further work involving gene silencing could dem-

onstrate whether hypoxia tolerance and possibly swimming performance change without

these genes being expressed.

The very high oxygen demands of larval anemonefish may have notable trade-offs if larvae

encounter rapid or unpredictable changes in environmental conditions. Until this study, the

AAS (i.e., the difference between MMR and SMR) of tropical reef fish larvae was unknown

[54]. The AAS of coral reef fish larvae has been assumed to be low, due to predictably high

metabolic costs associated with growth and development (high SMR), and because it was

assumed their metabolic rate could not increase much higher above their SMR [55,56]. Our

respiratory profile measuring aerobic scope (AS) during swimming over the entire larval dura-

tion partially supports these assumptions. We show that, while SMR is high, swimming larvae

also have a relatively high MMR and consequently have a high AAS. A high AAS complements

the early life history of reef fishes that need to grow and develop fast within a narrow develop-

ment window (i.e., high SMR) and to be able to support the high swimming performance (i.e.,

high MMR) that has presumably been selected for to reach a suitable reef. However, the rela-

tively low FAS of 2.2 on average (representing how many-fold an organism can increase its

oxygen uptake rate above rest) may suggest that anemonefish larvae have a limited capacity to

tackle a major environmental challenge such as elevated temperature [57]. Assuming a temper-

ature coefficient (Q10) of 2 would mean 1.5 times higher SMR with a 5 degree increase in tem-

perature, which would then take up a large proportion of the AS in these larvae, despite the

high AAS. This could be attributed to the relatively narrow thermal window tropical species

are exposed to on a seasonal basis and that they live near the edge of their thermal limits [58].

Previous work has demonstrated that small increases (1˚C to 3˚C) in temperature outside of

their normal thermal regime [59,60] and increased turbidity [61] significantly reduce the AS of

coral reef fishes. This contrasts with temperate fishes that have a wider thermal breadth, as

they cope with greater seasonal variations, and may therefore be more resilient to environmen-

tal change. Reduced aerobic capacity in response to environmental stress could result in low

growth, reduced developmental rates, and less energy available for swimming, therefore poten-

tially reducing dispersal and connectivity among reef fish populations. Thus, the high meta-

bolic activity (i.e., high SMR and MMR) and low FAS of tropical coral reef fish larvae may

make them more susceptible to ocean warming and marine heatwaves.

Conclusions

Since the early 1990s, it has become apparent that high swimming performance as a larva is an

ecologically relevant characteristic of coral reef fish life history, as connectivity among reef fish

meta-populations would not be possible without such capabilities [4,7,24,25,62–68]. Reef fishes

must undergo significant changes to their metabolic machinery, as their life history
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simultaneously demands high swimming performance and developing hypoxia tolerance prior

to settling onto a reef. Our integrative approach, while correlative in nature, shows changes in

oxygen uptake and gene expression of globins that we suggest may contribute to successful

transition from pelagic to reef habitats. Without such flexibility in physiological traits, dis-

persal and recruitment would likely be spatially limited, which could increase the potential for

genetic bottlenecks. While this developmental strategy may come with trade-offs if larvae expe-

rience unexpected environmental stressors, developing from larva to juvenile within a narrow

time window may not be possible without such high oxygen demands. To determine how

much of their energy is invested in responding to environmental stress, we encourage future

studies to integrate multiple stressors (i.e., temperature, CO2, hypoxia, turbidity, etc.) to larval

fish swimming respirometry experiments to investigate the limits of their adaptive capacity

during this crucial developmental transition. Additionally, experimentally manipulating the

expression of genes coding for Mb, Ngb, and Cytgb may provide a better understanding of

how these globins function in coral reef fishes, and obviously it is of interest to investigate the

functional properties (e.g., oxygen binding affinity) of the early and late expressed Hb iso-

forms. Our study involved a single species, but given that most reef fishes face similar ontoge-

netic challenges, it is likely that they also exhibit similar changes in oxygen demands and gene

expression patterns for oxygen transport proteins.

Methods

All larvae rearing, fish husbandry, and experimentation occurred at James Cook University at

the Marine and Aquaculture Research Facilities Unit (MARFU). All husbandry and experi-

mentation protocols were approved by James Cook University’s animal ethics committee

(approval #A2425).

Choice of study species

Most coral reef fishes have not been successfully bred in captivity, and newly hatched and very

early larval stages are not typically captured (e.g., via light traps) in the wild, which precludes

most studies where a fine-scale assessment at each life stage is required. Using the cinnamon

anemonefish (Amphiprion melanopus) as a contemporary model/representative species works

well in this case, given that anemonefishes represent some of the few species that have been

successfully bred in captivity where a high proportion of larvae hatch and survive to metamor-

phosis to be reared and bred for subsequent generations. Because most coral reef fishes have a

bipartite life history where parents spawn in the reef, eggs or larvae are carried off the reef into

the open ocean by currents, and then larvae develop in the pelagic environment before swim-

ming back to the reef to metamorphose and settle, our findings can be a starting point for

other species and can provide the first mechanistic underpinnings as to how reef fishes transi-

tion from pelagic to reef habitats during early life history.

Husbandry of study species

Adult breeding pairs of the cinnamon anemonefish were originally captured on the Great Bar-

rier Reef in 2015 by commercial divers (Cairns Marine) and established at MARFU for long-

term experimentation. For this study, adult pairs were maintained in 60 L flow-through out-

door aquaria at MARFU under natural conditions throughout the duration of the experiment

(temperature = 28˚C, salinity = 33 ppt, natural photoperiod). Adults were fed twice daily using

pellet food (NRD G12 Inve Aquaculture, Salt Lake City, USA). Within each tank, there was

half a terra-cotta pot for shelter and a place for adults to lay their eggs. Tanks were cleaned
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weekly to maintain water quality (ammonia below 0.04 ppm; nitrites below 0.75 ppm and

nitrates between 10 and 40 ppm).

Adults generally lay eggs fortnightly, which typically hatch about 7 to 8 days later. On the

day prior to predicted hatching, the terra-cotta pot was removed from the adult tank, promptly

replaced with a blank pot, and transported in water to a 100-L flow-through larval rearing

tank, which was in a separate, indoor room. In the larval rearing tank, water quality conditions

were maintained as above aside from photoperiod (13 h:11 h, light:dark), and an air stone was

placed under the eggs to simulate parents aerating the eggs and to promote hatching. From

hatching to 5 dph (0 to 5 dph), larvae were fed rotifers (Brachionus sp.) at a concentration of

20 individuals ml−1. From 0 to 3 dph, 3 ml of algal paste (Nannochloropsis sp.) was also added

to the tanks to feed rotifers and shelter larvae from light stress. From 3 to 9 dph, larvae were

fed freshly hatched Artemia sp. nauplii, ad libitum. During feeding, water was switched off for

1 h to prevent food and algae from being removed from the tank, thus allowing larvae to have

adequate time to feed after which water was switched back on to flush the system and maintain

water quality.

Swimming respirometer

Each fish was swum using a custom-built, glass, Blazka-style swimming respirometry chamber

(volume (V) = 125 ml; length (L) = 14.5 cm; diameter (⌀) = 2.7 cm), which permits a simulta-

neous measure of oxygen uptake rates (ṀO2) while an individual swims at any given speed.

The swimming respirometry chamber was calibrated prior to experimentation using a high-

speed camera (Casio Exilim High Speed Camera) and passive particles. To reduce the volume

of the respirometry chamber, thus providing more accurateṀO2 measurements for the size of

animals swum, an insert (⌀ = 2.6 cm, L = 8.5 cm) was placed in the respirometry chamber to

create a smaller working section (V = 38 ml, L = 4.5 cm, ⌀ = 2.7 cm), which fit a smaller cham-

ber (V = 3.5 ml, L = 2 cm, ⌀ = 1.5 cm) where the individual fish swum. This smaller chamber

was fitted with a flow straightener (capillary tubes; ⌀ = 1.1 mm, L = 40 mm) to mitigate micro-

turbulent flow and a downstream mesh barrier (mesh ⌀ = 0.415 mm) to prevent the individual

fish from being sucked into the propeller. The swimming chamber was large enough for an

individual fish to swim in any direction comfortably (i.e., to mitigate enclosure stress) while

prevented blocking effects (< 5% of the chamber’s cross-section), which would alter the flow

within the chamber. An external flush pump was used to deliver clean, fully aerated seawater

(temperature, T = 28˚C; total pressure, P = 758 mm Hg; salinity, S = 33 ppt, oxygen partial

pressure, PO2 = 152.86 mm Hg, dissolved oxygen, DO2 = approximately 6.45 mg L−1) to the

system in between measurement periods (see Experimental protocol for details). Oxygen

uptake rates (mg O2 L−1) and T (˚C) were simultaneously measured (oxygen probe: OXROB3

Robust Oxygen Probe, PyroScience, Achen Germany; T sensor: TSUB36 Shielded submersible

temperature sensor, Pyroscience, Achen, Germany). Oxygen probes were calibrated to 100%

of air saturation using fully aerated seawater (T = 28˚C, S = 33 ppt, P = 1,011 hpa, PO2 = 153

mm Hg, DO = 6.45 mg O2 L−1) and to 0% oxygen saturation (T = 28˚C, S = 33 ppt, P = 1,011

hpa, DO = 0 mg O2 L−1) using sodium sulphite (Na2SO3; UNIVAR Analytical Reagent, Ajax

Finechem, New South Wales, Australia). Oxygen and temperature probes were connected to a

Firesting 4-channel optical oxygen meter (Pyroscience, Achen Germany) that constantly mea-

sured both of these variables throughout each experiment (1 Hz, or s−1). The Firesting optical

oxygen meter has integrated atmospheric pressure sensors for automatic pressure compensa-

tion of the oxygen measurements. Water temperature was maintained at experimental condi-

tions (T = 28˚C), even at high water velocities, by means of a temperature jacket (V = 85 ml,

L = 6.5 cm). Prior to and following all swimming trials, all components of the swimming
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respirometry chamber were washed in a 10% bleach solution to eliminate any microbial activ-

ity from the system.

Experimental protocol

The experiment was designed to measure daily ontogenetic changes in oxygen uptake rates

(ṀO2) during periods of activity over the entire larval phase of the anemonefish. Because we

measuredṀO2 on active larvae, we can also estimate MMR (estimate of primarily oxygen

demands of an ectotherm under intense exercise), SMR (estimates of oxygen demands of an

ectotherm at rest), and calculate AS (animal’s capacity to increase their oxygen uptake rates

above rest) from each swimming experiment (see below for further details). Each developmen-

tal age was exposed to the same protocol. Experiments were conducted daily on larvae from

time at hatch (0 dph) until settlement (9 dph) (n = 8 to 10 larvae per developmental age). Since

this study relies heavily on ontogenetic changes in metabolic rate, for consistency, all larvae

used in this experiment came from the same parent anemonefish breeding pair to mitigate

parental effects, all larvae were reared in the same rearing aquaria to eliminate potential tank

effects, and all larvae were individually swum using the same swimming respirometry cham-

ber. Multiple clutches were used to achieve the sample size for each developmental age, but

breeding pair consistency aligned with the goal of mitigating any potential differences in phys-

iology between offspring of different breeding pairs. Occasionally, only 50% to 60% of a clutch

would hatch with remaining larvae hatching 1 to 3 days later. These split clutches were

removed from the rearing tank, and the pot was placed in a sperate rearing tank adjacent to

the other tank, using the same water supply (i.e., same conditions between tanks) until the

remaining larvae hatched. This prevented mixing of ages (it is difficult to tell ages apart),

which would influence results, and the lag between ages allowed us to back-fill to previous

days to maximise the use of the clutch.

All experiments were performed in a dark experimental room at MARFU, which was sepa-

rate from the larval rearing room to prevent external stimuli from influencing the experiment;

however, a red headlamp (600 lumens, Ledlenser MH10; Ledlenser Australia, New South

Wales) was used during the experiments. Prior to each individual experiment, background res-

piration (i.e., microbial oxygen uptake rates) was measured for 10 min [69]. To mitigate micro-

bial respiration, the seawater (28˚C) used for all experiments was passed through an ultraviolet

light filter (Blagdon Pro 24W ultraviolet clarifier, Dreative Pumps, South Australia, Australia).

Larvae were fasted for at least 12 to 15 h before experimentation (i.e., not fed overnight) to

ensure they were in a post-absorptive state and there would be no influence of digestion (i.e.,

specific dynamic action) on oxygen uptake rates [57]. Then, an individual larva was gently

removed from the rearing tank, placed in a black covered bucket, and gently transported to the

experimental room (< 2-min time frame). The individual larva was then placed into the swim-

ming respirometry chamber by gently pouring it in and then quickly positioning it into the

working section of the swimming respirometry chamber. This was performed in a separate

tank (“preparation tank”), so the entire swimming respirometry chamber could be sealed

underwater to prevent air bubbles from building up in the system. The swimming respirome-

try chamber was then gently removed from the “preparation tank,” and then the motor was

attached. Each individual fish was allowed to habituate to the chamber and recover from han-

dling/transport stress for 60 min, under constant, gentle flow conditions at a water velocity

equivalent to 1 body length per second (BL s−1; a subsample of individuals was measured per

species [total length; snout to tip of caudal fin] to provide an overall estimate for BL).

Individual larvae underwent a stepped velocity test, post-habituation, to measure critical

swimming speed (Ucrit), a test designed to estimate the (primarily) aerobic capacity of fishes
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during swimming [70,71]. Every 20 min, the water velocity in the chamber was increased by 1

BL s−1 until the individual fish fatigued, as indicated by impingement on the downstream bar-

rier [70,71]. Critical swimming speed was calculated using the following formula:

Ucrit cms� 1ð Þ ¼ Vf þ ðT=tÞ∗Vi

where Vf is the penultimate speed (cm s−1), T is the time swum at the fatigue speed, t is the

time interval (20 min), and Vi is the velocity increment (approximately 1 BL s−1) [70]. We con-

verted Ucrit to BL s−1 by dividing each individual’s Ucrit by its BL (cm). At each swimming

speed,ṀO2 was measured using intermittent flow respirometry, consisting of a 20-min mea-

surement period (i.e., the time interval portion of the Ucrit protocol), followed by a 3-min flush

period (i.e., to replenish the swimming chamber with clean, fully aerated seawater, which

lasted until the water velocity increases to the next speed) [69]. The flush period was long

enough for oxygen levels within the swimming chamber to be replenished to 100% of air satu-

ration (DO = 6.45 mg O2 L−1). However, oxygen within the swimming chamber was never

allowed to fall below 90% air saturation to prevent oxygen uptake rates of the fish from being

influenced by hypoxia [69]. Upon completion of a Ucrit protocol, the fish was removed from

the respirometry chamber, killed in an ice bath (so the larva could be weighed), and back-

ground respiration was measured for 10 min to account for accumulated microbial activity

introduced by the fish.

Text files from the Firesting were imported and analysed in LabChart (ver 8, AD instru-

ments, New South Wales, Australia) to calculateṀO2 at each swimming speed. The oxygen

uptake rate (ṀO2) at each 20-min interval was calculated as follows:

_MO2 mg O2 g
� 1h� 1

� �
¼ S � VrespM

� 1

where S is slope of the linear regression during the measurement period (mg O2 s−1), Vresp is

the volume of the respirometry chamber (minus the fish), and M is the mass of the individual

fish (g) [69]. Commonly, mass in kilograms is used to standardise mass-specific MO2; how-

ever, for cleanliness of the figures (reduce the size of the numbers in the y-axis), we used body

mass in grams. Background respiration was subtracted from each value ofṀO2. For each indi-

vidual swimming experiment (i.e., for each individual larva per day), eachṀO2 value was plot-

ted against each swimming speed (cm s−1). The appropriate linear regression (1) or power

curve (2) was fit through this relationship:

RðuÞ ¼ aþ bu ð1Þ

RðuÞ ¼ aþ cub ð2Þ

where R(u) is an estimate of mass-specific oxygen uptake (mg O2 g−1 h−1) at any given speed

(u; cm s−1), a is the y-intercept, b is the slope of the equation (linear regression; Eq 1) or scaling

exponent (power curve; Eq 2), and c is an estimated parameter [72,73]. If a line could not be

fitted through the points (e.g., line went through the negative y-axis), then the fish was omitted

fromṀO2 analysis but was still used for Ucrit. It should be noted that fish at hatch (0 dph) did

not have enough data points (swimming speeds) for accurate measures of SMR or MMR, but

Ucrit could be calculated since they swam at a low speed during the habituation period. The y-

intercept of this relationship betweenṀO2 and swimming speed provides an estimate of the

fish’s SMR (mg O2 g−1 h−1), which is an estimate of the basic metabolic functions of the animal

at rest (u = 0 cm s−1) [72]. The maximumṀO2 value when the individual fish fatigued is an

estimate of MMR (mg O2 g −1 h−1), which is also an estimate of the maximum sustainable (i.e.,

aerobic) swimming speed [69]. AS (mg O2 g−1 h−1) was calculated by subtracting SMR from
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MMR and represents the total amount of oxygen available to the fish to perform aerobically

driven tasks (swimming, finding food, avoiding predators, etc.) beyond basic maintenance

[69]. AS was presented as both absolute scope (AAS = MMR − SMR) and factorial aerobic

scope (FAS = SMR / MMR) for each developmental age, with the latter showing the fold

increase between rest and maximumṀO2 [57].

Hypoxia tolerance

Hypoxia tolerance experiments were performed on larvae aged 4, 6, and 9 dph. These ages cor-

respond with ontogenetic changes inṀO2 (see Results). Hypoxia experiments involve placing

an individual larva into a chamber (1.5 ml glass vial) and allowing it to naturally reduce oxygen

within the chamber until the animal loses equilibrium [12]. An oxygen probe (oxb430 bare

fiber oxygen microsensor; Pyroscience, Aachen, Germany) was affixed through the lid of the

chamber, sealed into the lid using silicone, and placed near the bottom of the chamber where

the larvae typically stayed. Oxygen probes were connected to a Firesting 4-channel optical oxy-

gen meter (Pyroscience, Achen Germany), which measured the change in dissolved oxygen

levels in the chamber as the fish respired. Because attempts to mechanically mix the chamber

(e.g., using magnetic stir bar) resulted in too much turbulence in the chamber and inevitable

death of the larva, mixing was solely reliant on movement of the larva.

Prior to the start of each hypoxia experiment (i.e., first trial of the day and between trials),

all equipment was cleaned with a 10% bleach solution to eliminate microbial activity that

would influence measured oxygen uptake rates. The chambers were submerged in water with

a temperature of 28˚C and fully saturated with O2, i.e., 100% of air saturation [PO2 (partial

pressure) = 153 mm Hg and DO (dissolved O2) = 6.45 mg O2 L−1]. Then, individual larvae

were gently placed into each chamber (4 chambers total; 1 larva per chamber); the chambers

were sealed underwater and gently place into a water bath (28˚C, larval rearing temperature,

replenished between trials), which was covered to mitigate external stimuli. Larvae were visu-

ally checked every 2 to 5 min using a red light. The endpoint of each hypoxia experiment was

LOE, which is a behavioural response to low oxygen levels that represents “ecological death”

[12]. If a larva exhibited LOE for 10 to 15 s, the water oxygen level (% of air saturation) was

recorded, and the chamber was gently removed from the water bath in a manner to not disturb

the other chambers. Then, the larvae were killed in an ice bath; body mass (g) was recorded.

RNA extraction and sequencing

A subset of 60 larvae from 4, 6, and 9 dph groups were killed as above and preserved in individ-

ual 1.5 ml vials containing RNAlater (Sigma, Germany) and stored at −80˚C until RNA extrac-

tions were performed. These larvae were living under fully saturated oxygen conditions and

had not experienced hypoxic conditions prior to sampling. These developmental days were

selected based on ontogenetic changes inṀO2 and hypoxia tolerance that could be linked to

changes in expression patterns of genes associated with oxygen transport. We performed a

trial extraction on the smallest sized larvae (4 dph) using the RNA extraction procedure

(described below) with 1, 2, or 3 larvae pooled per replicate and determined that 1 larva was

sufficient to extract enough RNA. In total, RNA was therefore extracted from 6 larvae for each

developmental age (n = 18 total).

Using sterilised forceps, the RNAlater preserved larvae were removed from their individual

vials, dabbed on aluminium foil to remove excess RNAlater, and subsequently added to a

powerbead tube (ceramic 2.8 mm beads; Qiagen, Germany). A 600-μl aliquot of a DTT/RLT

mix (containing 20 μl 2M Dithiothreitol [DTT; Sigma, Germany] and 1 ml of RLT buffer [lysis

buffer; Quigen, Germany]) was then added into each PowerBead tube. The samples were
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homogenised in a bead beater (Benchmark Scientific Beadbug D1030 Microtube Homoge-

nizer; Benchmark Scientific, USA) in two 45-s cycles at 5.5 to 6 m s−1 with 30 s in between

cycles. The samples were then centrifuged (Mikro 185 centrifuge, Labgear, Australia) at

18,000g for 3 min. The resulting supernatant (hereafter, lysate) from each tube was then

decanted into individual sterile, RNAse-free 1.5 ml tubes. Approximately 550 μl of 70% ethanol

was added to each of the tubes containing lysate and mixed via pipette. From each tube, 700 μl

of lysate was loaded onto an individual RNeasy column (RNeasy Mini kit, Qiagen, Germany)

and centrifuged at 8,000g for 15 s. The flow-through was discarded. Then, the remaining sam-

ple from each tube was loaded onto their respective RNeasy column and centrifuged at 8,000g
for 15 s, subsequently discarding the flow-through. To each RNeasy column, 350 μl of RW1

(wash buffer; RNeasy mini kit; Qiagen, Germany) was added and centrifuged at 8,000g for 15

s, subsequently discarding the flow-through. Then, 10 μl of DNase stock—which was prepared

beforehand by dissolving lyophilised DNase (1500k units) in 550 μl of RNase-free water that

had been divided into single-use aliquots and stored at −20˚C until use—was added to 70 μl or

RDD buffer (RNeasy mini kit; Qiagen, Germany) and mixed gently by pipetting. Exactly 80 μl

of DNase/RDD buffer mix was added to each RNeasy column filter and allowed to incubate at

room temperature for 15 min. Then, 350 μl of RW1 was added to each RNeasy column and

centrifuged for 15 s, subsequently discarding the flow-through. Then, 500 μl of RPE buffer

(wash buffer; RNeasy mini kit; Qiagen, Germany) was added to each column and centrifuged

at 8,000g for 15 s, subsequently discarding the flow-through. Another 500 μl of RPE buffer was

added to each column and centrifuged at 8,000g for 2 min. Afterwards, each RNeasy column

was placed on a new collection tube and centrifuged at 18,000g for 1 min. Then, each RNeasy

column was placed onto a clean labelled 1.5 ml tube; 50 μl of RNase-free water was directly

added to each column and centrifuged at 8,000g for 1 min. This step was repeated to acquire

100 μl elutes. Elutes were stored at −80˚C until shipped for sequencing. Samples were shipped

on dry ice, and then sequencing was performed by the Australian Genome Research Facility

(AGRF) in Melbourne. From the total RNA provided, poly(A) tail selected mRNA libraries

were prepared using the Illumina Stranded TruSeq kit. The 18 samples were sequenced on 1

lane NovaSeq6000 SP with 300 cycles (150 bp PE), yielding 510,893,644 paired reads in total

(per sample mean ± SD = 28,382,980 ± 5,130,537).

Bioinformatics

Sequencing data were analysed on resources provided by Sigma2—the National Infrastructure

for High Performance Computing and Data Storage in Norway. The raw sequence reads were

trimmed using Trimgalore (0.6.2; Babraham Bioinformatics group; https://www.

bioinformatics.babraham.ac.uk/projects/trim_galore/) with default parameters except for min-

imum length, which was set to 40 bp, and quality score, which was set to 20. The trimmed

reads were quality checked using FastQC (0.11.8; Babraham Bioinformatics group; https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) [74]. The trimmed reads were then

aligned to the genome of the closely related ocellaris clownfish (A. ocellaris) using STAR

(2.7.6a; [75]) in two-pass mode for discovery of novel splice junctions. The genome index was

first prepared using genome and annotation files downloaded from Ensembl (release 107;

[76]) with default parameters and—sjdbOverhang 149. Several trial runs were performed

using different parameters to identify the command yielding an acceptable alignment rate, tak-

ing into consideration that the genome was from a closely related species and that reads were

long. The final parameters used were as follows:

--twopassMode Basic
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--peOverlapNbasesMin 12

--alignSJoverhangMin 10

--alignSJDBoverhangMin 10

--alignMatesGapMax 100000

--alignIntronMax 100000

--alignSJstitchMismatchNmax 1–1 1 1

--alignSplicedMateMapLmin 30

--alignInsertionFlush Right

--chimSegmentMin 12

--chimJunctionOverhangMin 8

--chimOutJunctionFormat 1

--chimMultimapScoreRange 3

--chimScoreJunctionNonGTAG -4

--chimMultimapNmax 20

--chimNonchimScoreDropMin 10

--outSAMattrRGline ID:GRPundef

--quantMode GeneCounts

--outSAMtype BAM SortedByCoordinate

--limitBAMsortRAM 3000000000

--outBAMsortingThreadN 5

--outSAMattributes All

The average alignment rate across samples of uniquely mapped reads was 76.1 ± 1.5%.

Counting for downstream expression analysis was performed using the featureCounts tool

from Subread (2.0.1; [77]) treating alignments as paired and reverse-stranded (-p -s 2), not

counting chimeric alignments (-C), counting at the feature level exon (-t exon) but summaris-

ing at the meta-feature level gene (-g gene_id). Multi-mapping and multi-overlapping reads

were discarded, but singletons (i.e., only 1 read in a pair had a valid alignment) were allowed.

Of the alignments output by STAR, the average assignment rate across samples and included

for counting by FeatureCount was 70.6 ± 0.8%.

Analysis and plotting of gene expression data were done in R (4.2.1). Raw count data (data

available in sheet 2 in S2 Data) were used as input for identification of DEGs, but for plotting,

data were normalised using the gene length corrected trimmed mean of M-values (GeTMM;

[78]), which first correct for differences in the gene length (estimated as the merged exon

length) and then accounts for differences in library size and composition across samples using

the TMM normalisation function in the EdgeR package (3.30.3; [79]), which first correct for

differences in the gene length (estimated as the merged exon length) and then accounts for dif-

ferences in library size and composition across samples. For identification of DEGs, we used

the DESeq2 package (v. 1.36; [80]) on the raw counts, setting the significance (parameter

“alpha”) to< 0.05 and log-fold change threshold to 0.585 (parameter “lfcThreshold”;
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corresponding to a fold-change of 1.5), and using the lfcshrink() function with method

“apeglm” [81] to obtain log2foldchange and its error estimate. The same criteria were used to

filter the result to obtain a set of DEGs for each of the 3 comparisons. The R package VennDia-

gram (1.7.3; [82]) was used to generate Venn diagrams comparing numbers of up- and down-

regulated genes that were unique or shared between different comparisons. The R package

ComplexHeatmap (2.12.0; [83]) was used to generate a heatmap of all the identified DEGs as

well as the top 10 most significant genes from each of the 3 comparisons. The R package

ggplot2 (ver 3.3.6) was used to generate volcanoplot, PCA plot, and visualisation of GO enrich-

ment analysis. The GO enrichment analysis was done using the package goseq (1.48; [84]).

The package biomaRt (v. 2.52.0; [85]) was used to obtain GO terms for the gene IDs of A.

ocellaris.
To further examine and compare the expression of specific globin paralogous genes across

age groups, we searched for globin genes in the Ensembl genome browser for A. ocellaris
(107). This search gave 15 hits, of which some were very lowly expressed or exact duplicates

(in the protein sequence) of one another. For simplicity, we here show data (GeTMM-normal-

ised) for only the most expressed genes or paralogs with differing expression patterns, but data

for all identified globin genes can be found in sheet 1 in S2 Data.

Statistical analyses

All statistical analyses of the physiological data and the expression of specific globin genes

were performed in R (v. 3.6.1; http://www.R-project.org/). LMs were used to determine how

physiological metrics changed as a function of age and mass, and the best model was selected

based on the lowest Akaike information criterion (AIC) using the MuMIn package [86]. Age

acted as a categorical variable when analysing swimming, oxygen uptake, hypoxia tolerance

experiments (LOE being the response variable), and gene expression (Hb, Mb, Cytgb, and Ngb

expression acted as response variables). The best model fit was validated using Dharma residu-

als using the Dharma package [87]. Upper and lower confidence intervals, as well as post hoc
tests determining differences in physiological metrics (Ucrit, oxygen uptake [SMR, MMR, AS],

hypoxia tolerance, and gene expression) when age acted as a categorical variable (α = 0.05),

were determined using the emmeans package [88]. Generally, oxygen uptake (e.g., SMR and

MMR) was measured in relation to changes in body mass to examine the scaling exponent

used to predict how oxygen demands are expected to change as fish develop and grow. How-

ever, we predicted a priori that mass may likely be variable over age (S1 Fig), and distinct

changes in oxygen uptake, hypoxia tolerance, and gene expression of oxygen-carrying proteins

will occur at specific ages. We show the mass scaling exponent by plotting mass-specific oxy-

gen uptake rates (mg O2 g−1 h−1) for SMR and MMR against body mass (mg) to predict how

oxygen uptake rates are expected to change as fish age (S2 and S3 Figs). We determined the

scaling exponent by fitting an exponential curve (y = axb, where y is mass-specific oxygen

uptake (mg O2 g−1 h−1), a is the intercept, x is mass (mg), and b is the scaling exponent) to the

data. The scaling exponents for anemonefish larvae are different than traditional scaling expo-

nents [57,73]. We modelled changes in mass-specific oxygen uptake rates for SMR, MMR, and

AS over age (categorical variable) to determine any potential differences in oxygen uptake

rates that may be related to age, which would be used to parametrize our hypoxia experiments

and when we should collect samples for gene expression.

Supporting information

S1 Data. Contains data used for Fig 2 (sheet 1: critical swimming speed in BL s−1; sheet 2:

SMR and MMR; sheet 3: hypoxia tolerance) and Fig 3 (sheet 4: gene expression of Hb, Mb,
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Cytgb, and Ngb), as well as S1 Fig (sheet 2: age versus mass), S2 Fig (sheet 1: critical swimming

speed, cm s−1), S3 Fig (sheet 2: SMR versus mass), S4 Fig (sheet 2: MMR versus mass), and S5

Fig (sheet 2: AAS and FAS). AAS, absolute aerobic scope; BL, body length; Cytgb, cytoglobin;

FAS, factorial aerobic scope; Hb, haemoglobin; Mb, myoglobin; MMR, maximum metabolic

rate; Ngb, neuroglobin; SMR, standard metabolic rate.

(XLSX)

S2 Data. Expression and statistical results from transcriptomic analysis presented in Fig 4.

Sheet 1. Haemoglobin_getmm. GeTMM-normalised expression and gene IDs for Hb (alpha

and beta subunits and paralogs i, ii, and iv), Mb, Cytgb, and Ngb for each individual larval ane-

monefish at ages 4, 6, and 9 dph. These data are the same as S1 Data sheet “Fig 3” but include

Ensembl gene IDs. Sheet 2. Raw_counts. Raw, nonnormalised gene counts for all genes from

the FeatureCount pipeline (Fig 4A). Sheet 3. all_degs_getmm. GeTMM-normalised expression

and gene IDs (with abbreviations and descriptions) for genes identified as DEGs, for each indi-

vidual fish larvae across 3 age groups (4, 6, and 9 dph) (Fig 4B). Sheet 4. Heatmap_toptags.

GeTMM-normalised expression and gene IDs (with abbreviations and descriptions) for the

top most significant genes across 3 age groups (4, 6, and 9 dph), used to create Heatmap (Fig

4D). Sheet 5. Volcanoplot_toptag. Mean across all groups (“baseMean”), log10 of the mean

(“log10basemean_amel”), log of the fold-change (“log2FoldChange”), error estimate of the log

fold-change (lfcSE), significance (“pvalue”), and adjusted p-value (“padj”) for the top most sig-

nificant DEGs when comparing 9 to 4 dph, used to create Volcano plot (Fig 4E). Sheet 6. GOs.

GO enrichment analyses (of the significantly up- or down-regulated genes when comparing 9

dph and 4 dph. Data include the fold enrichment (how many more times than expected did a

gene belonging to a given GO category appear in the list of DEGs) and the adjusted p-value

(FDR) (Fig 4F). Sheet 7a. 6dph_vs_4dph, 7b. 9dph_vs_4dph, 7c. 9dph_vs_6dph. Mean across

all groups (“baseMean”), log10 of the mean (“log10basemean_amel”), log of the fold-change

(“log2FoldChange”), error estimate of the log fold-change (lfcSE), significance (“pvalue”), and

adjusted p-value (“padj”) for all DEGs identified when comparing 9 dph and 4 dph, 9 dph and

6 dph, and 6 dph and 4 dph. Sheet 8a. down_unique_6dph_vs_4dph, Sheet 8b. up_uni-

que_6dph_vs_4dph. Mean across all groups (“baseMean”), log10 of the mean (“log10basemea-

n_amel”), log of the fold-change (“log2FoldChange”), error estimate of the log fold-change

(lfcSE), significance (“pvalue”), and adjusted p-value (“padj”) for DEGs that were unique when

comparing 6 dph and 4 dph, i.e., down or up at 6 dph but not 9 dph. Sheet 9a. down_uni-

que_9dph_vs_6dph, Sheet 9b. up_unique_9dph_vs_6dph. Mean across all groups (“base-

Mean”), log10 of the mean (“log10basemean_amel”), log of the fold-change

(“log2FoldChange”), error estimate of the log fold-change (lfcSE), significance (“pvalue”), and

adjusted p-value (“padj”) for DEGs that were unique when comparing 9 dph and 6 dph, i.e.,

down or up at 9 dph but not at 6 dph.

(XLSX)

S1 StatisticalOutput. List of model summaries and pairwise comparisons for Figs 2A, 2B, 2C,

2D, S3A, 3B, 3C, 3D, 3E, 3F, 3G, 3H, 3I, 3S, S2, S5A, and S5B.

(DOCX)

S1 Metadata. Description of metadata for each fish used in the study, and definition of vari-

ables.

(DOCX)

S1 Fig. Relationship between age (dph) and mass (mg) for the anemonefish (Amphiprion mel-
anopus) over the entire larval duration (1–9 dph; n = 8–10 individuals per day) during swim-

ming respirometry experiments. LMs are present with 95% confidence intervals. The

PLOS BIOLOGY Physiological changes associated with coral reef fish recruitment

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002102 May 11, 2023 22 / 28

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002102.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002102.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002102.s004
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3002102.s005
https://doi.org/10.1371/journal.pbio.3002102


regression equation is based on the best fitting LM: mass = 0.422(age)+0.0328; r2 = 0.65). The

data underlying this figure can be found on sheet 2 in S1 Data. dph, days post hatch; LM, linear

model.

(TIF)

S2 Fig. Relationship between age (dph) and critical swimming speed (cm s−1) for the anemo-

nefish (Amphiprion melanopus) over the entire larval duration (1–9 dph; n = 8–10 individuals

per day) during swimming respirometry experiments). Each point is colour coded to represent

the size range (length; cm) of the individual larva. Boxplots show median and interquartile

ranges, and “X” indicates average age (dph), and different lowercase letters represent statistical

differences (LMs; α = 0.05). The data underlying this figure can be found on sheet 1 in S1

Data, and details on statistical output can be found in the supporting information S1 Statistica-

lOutput. dph, days post hatch; LM, linear model.

(TIF)

S3 Fig. Relationship between mass-specific SMR (mg O2 g−1 h−1) and mass (mg) for the ane-

monefish (Amphiprion melanopus) over the entire larval duration (1–9 dph; n = 8–10 individ-

uals per day) during swimming respirometry experiments (see Methods for details). Each

point is colour coded to represent the age (dph) of the individual larva. Model predictions are

presented with 95% confidence intervals. The equation for the exponential curve fit is present

on the figure showing the scaling exponent for how mass-specific SMR is predicted to change

with mass (r2 = 0.47). The data underlying this figure can be found on sheet 2 in S1 Data. dph,

days post hatch; SMR, standard metabolic rate.

(TIF)

S4 Fig. Relationship between mass-specific MMR (mg O2 g−1 h−1) and mass (mg) for the ane-

monefish (Amphiprion melanopus) over the entire larval duration (1–9 dph; n = 8–10 individ-

uals per day) during swimming respirometry experiments (see Methods for details). Each

point is colour coded to represent the age (dph) of the individual larva. Model predictions are

presented with 95% confidence intervals. The equation for the exponential curve fit is present

on the figure showing the scaling exponent for how mass-specific MMR is predicted to change

with mass (r2 = 0.39). The data underlying this figure can be found on sheet 2 in S1 Data. dph,

days post hatch; MMR, maximum metabolic rate.

(TIF)

S5 Fig. Relationship between (A) AAS (mg O2 g−1 h−1) and (B) FAS with age (dph) over the

entire larval duration of the anemonefish (Amphiprion melanopus). Each individual point rep-

resents calculations from oxygen uptake rates from each individual larva (n = 8–10 per age)

swum under a swimming respirometry protocol (see Methods for details) to achieve simulta-

neous measures of swimming speed and oxygen uptake rates. Each point is colour coded to

represent the size range (mass; mg) of the individual larva. Boxplots show median and inter-

quartile ranges, and “X” indicates average AAS or FAS per age (dph). The data underlying this

figure can be found on sheet 2 in S1 Data, and details on statistical output can be found in the

supporting information S1 StatisticalOutput. AAS, absolute aerobic scope; dph, days post

hatch; FAS, factorial aerobic scope.

(TIF)
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References
1. Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, Friedman M, et al. An inverse latitudinal gradient

in speciation rate for marine fishes. Nature. 2018; 559:392–395. https://doi.org/10.1038/s41586-018-

0273-1 PMID: 29973726

2. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O, McCook L, et al. Phase

Shifts, Herbivory, and the Resilience of Coral Reefs to Climate Change. Curr Biol. 2007; 17:360–365.

https://doi.org/10.1016/j.cub.2006.12.049 PMID: 17291763

3. Leis JM, McCormick MI. The Biology, Behavior, and Ecology of the Pelagic, Larval Stage of Coral Reef

Fishes. Coral Reef Fishes. Elsevier; 2002. p. 171–199. https://doi.org/10.1016/b978-012615185-5/

50011-6

4. Leis JM. Are Larvae of Demersal Fishes Plankton or Nekton? Adv Mar Biol. 2006; 51:57–141. https://

doi.org/10.1016/S0065-2881(06)51002-8 PMID: 16905426

5. Downie AT, Leis JM, Cowman PF, McCormick MI, Rummer JL. The influence of habitat association on

swimming performance in marine teleost fish larvae. Fish Fish. 2021; 22:1187–1212. https://doi.org/10.

1111/faf.12580

6. Downie AT, Illing B, Faria AM, Rummer JL. Swimming performance of marine fish larvae: review of a

universal trait under ecological and environmental pressure. Rev Fish Biol Fish. 2020:93–108. https://

doi.org/10.1007/s11160-019-09592-w

7. Stobutzki IC, Bellwood DR. An analysis of the sustained swimming abilities of pre- and post-settlement

coral reef fishes. J Exp Mar Biol Ecol. 1994; 175:275–286. https://doi.org/10.1016/0022-0981(94)

90031-0

PLOS BIOLOGY Physiological changes associated with coral reef fish recruitment

PLOS Biology | https://doi.org/10.1371/journal.pbio.3002102 May 11, 2023 24 / 28

https://doi.org/10.1038/s41586-018-0273-1
https://doi.org/10.1038/s41586-018-0273-1
http://www.ncbi.nlm.nih.gov/pubmed/29973726
https://doi.org/10.1016/j.cub.2006.12.049
http://www.ncbi.nlm.nih.gov/pubmed/17291763
https://doi.org/10.1016/b978-012615185-5/50011-6
https://doi.org/10.1016/b978-012615185-5/50011-6
https://doi.org/10.1016/S0065-2881(06)51002-8
https://doi.org/10.1016/S0065-2881(06)51002-8
http://www.ncbi.nlm.nih.gov/pubmed/16905426
https://doi.org/10.1111/faf.12580
https://doi.org/10.1111/faf.12580
https://doi.org/10.1007/s11160-019-09592-w
https://doi.org/10.1007/s11160-019-09592-w
https://doi.org/10.1016/0022-0981(94)90031-0
https://doi.org/10.1016/0022-0981(94)90031-0
https://doi.org/10.1371/journal.pbio.3002102


8. Leis JM, Sweatman HPA, Reader SE. What the pelagic stages of coral reef fishes are doing out in blue

water: Daytime field observations of larval behavioural capabilities. Mar Freshw Res. 1996; 47:401–

411. https://doi.org/10.1071/MF9960401
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