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Abstract Settlement is a key life history transition for

coral reef fishes, and how long a fish spends close to a reef

prior to settlement is poorly understood. We used laser

ablation inductively coupled plasma mass spectrometry

(LA-ICP-MS) and otolith microstructure analysis (daily

increments and settlement marks) to determine the length

of time larval fish spend near a reef prior to settlement. The

otoliths of Pomacentrus amboinensis collected from four

neighbouring reefs in the southern Great Barrier Reef

showed clear and consistent differences in their elemental

signatures prior to and following settlement. Elevated

Ba:Ca near settlement and post-settlement was found in

fish from all four reefs. However, there was individual

variation in elemental profiles, with an increased otolith

Ba-to-Ca ratio (near-reef signature) at settlement in 33 %

of fish, and up to 8 d prior to settlement in others. Incre-

ment widths, often used as a proxy for growth, decreased

approaching the settlement mark for all fish, providing

further evidence for a ‘‘search phase’’ in larvae. We

demonstrated experimentally that otoliths of fish kept in

reefal or inter-reefal waters had different elemental

chemistry. There were differences in the elemental com-

position of water samples within the study area, but no

consistent trends with distance from reefs. There was poor

discrimination of multi-element signatures among fish

from different reefs during their pre-settlement phases.

However, discrimination improved in the settlement and

post-settlement phases of otoliths, indicating that reef

waters and perhaps stage of ontogeny affected otolith

chemistry. This study demonstrated clear near-reef ele-

mental signatures in fish around settlement. We suggest

these differences are due to a combination of water

chemistry and physiological influences (e.g., growth).

Combining LA-ICP-MS with otolith microstructure anal-

ysis can provide high-resolution information on the early

life history of reef fishes. Further, a near-reef ‘‘search

phase’’ prior to settlement may be common in reef fishes.

Keywords Near-reef signature � Settlement �
Pomacentridae � Otolith microchemistry � LA-ICP-MS

Introduction

A high percentage of fishes return to their natal reefs (Jones

et al. 1999, 2005; Almany et al. 2007); however, there is

little known about where larvae go and how they behave

prior to settlement. Larval fishes were traditionally thought

of as passive particles subject to hydrodynamic processes

(Sponaugle and Cowen 1996; Sponaugle et al. 2002);

however, a growing body of evidence now suggests that

larval fishes can actively control where and when they

settle. Larval fishes often have competent swimming abil-

ities (Stobutzki and Bellwood 1997) and can use a variety

of sensory cues including water chemistry, light gradients,

sound, sun compass, and currents to orientate within the

water column (Kingsford et al. 2002; Dixson et al. 2008;

Mourtisen et al. 2013). The sensory acumen and swimming

capabilities of many pre-settlement fishes highlight the

Communicated by Ecology Editor Dr. Michael Berumen

Electronic supplementary material The online version of this
article (doi:10.1007/s00338-015-1376-x) contains supplementary
material, which is available to authorized users.

& Tiffany L. Sih

Tiffany.Sih@my.jcu.edu.au

1 ARC Centre of Excellence for Coral Reef Studies, College of

Marine and Environmental Sciences, James Cook University,

Townsville, QLD 4811, Australia

123

Coral Reefs (2016) 35:303–315

DOI 10.1007/s00338-015-1376-x

http://orcid.org/0000-0001-8347-6087
http://dx.doi.org/10.1007/s00338-015-1376-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-015-1376-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-015-1376-x&amp;domain=pdf


probability that species may use environmental cues to

locate, distinguish between, and navigate towards settle-

ment sites. Potential settlement sites may have biological

and chemical gradients that influence where and when

fishes settle (Kingsford et al. 2002). Studies investigating

the olfactory capabilities of reef fishes pre-settlement have

demonstrated preference for water altered by reefal or

terrestrial sources (Atema et al. 2002; Gerlach et al. 2007;

Dixson et al. 2008), but the spatial scale of these influences

has yet to be determined. Oceanographic factors may

influence eventual settlement on scales of tens of metres to

kilometres, depending on the physical, biological, and

chemical features involved, and the behavioural responses

of larvae (Kingsford et al. 2002).

Otolith microchemistry can provide retrospective

information on the movements of different life history

stages of fishes. Otoliths, the ear stones in fish, are a

‘‘natural tag’’ and a data recorder of environmental con-

ditions that the fishes have experienced throughout various

life stages (Campana 1999; Campana and Thorrold 2001).

Otolith microchemistry can discern geochemical differ-

ences between areas of the otolith, discriminating habitats

used by individual fish through time (Campana and Thor-

rold 2001; Elsdon and Gillanders 2003). Certain elements

substitute for calcium in the otolith matrix (Campana 1999)

and are an accurate proxy for variation in ambient levels of

some trace elements (Bath et al. 2000; Campana and

Thorrold 2001; Elsdon and Gillanders 2003, 2005a). The

strontium-to-calcium (Sr:Ca) and barium-to-calcium

(Ba:Ca) ratios have been useful in ecological studies of fish

movements (Campana et al. 2000; Elsdon et al. 2008).

Otolith microchemistry has demonstrated that patterns of

movement are often more complex than previously

thought, with some fishes displaying complicated transi-

tions through marine, estuarine, and freshwater environ-

ments (Elsdon and Gillanders 2005b; Feutry et al. 2011).

The use of otolith microchemistry at smaller (tens of

kilometres) spatial scales in solely marine systems has been

limited, and often the source of variation in otolith chem-

istry at these smaller spatial scales has been attributed to

differences in water chemistry (Bath et al. 2000; Walther

and Thorrold 2006; Elsdon et al. 2008). But due to tem-

poral and spatial variability, few studies have simultane-

ously analysed both water and otolith chemistry at the same

scales.

Translating chemical changes with specific increments

spaced over the otolith may even reveal the environmental

background of the pre-settlement phase. Many reef fishes

deposit otolith rings at daily intervals and have distinctive

transitional marks on the otolith coinciding with settlement

or metamorphosis (Pannella 1971; Tyler et al. 1993; Wil-

son and McCormick 1999). Previous studies observed a

‘‘near-reef’’ elemental signature in the chemical profile of

barium across an otolith transect. Patterson et al. (2005)

found evidence for an increase in Ba:Ca prior to settlement

in Pomacentrus coelestis around One Tree Island, Aus-

tralia. Further, Hamilton and Warner (2009) also showed

elevated Ba:Ca signatures in Thalassoma bifasciatum just

prior to settlement and suggested otolith chemistry may

provide a useful technique for identifying the timing of

settlement in other marine fishes with similar early life

histories. They did not suggest the potential for near-reef

signatures (i.e., pre-settlement). Evidence from distribu-

tional studies indicates that larvae may aggregate near reefs

immediately prior to settlement (i.e., potential settlers)

(Doherty et al. 1996). Growth may be reduced close to

settlement (Kingsford et al. 2011), and larval behaviour

may alter in response to near-reef waters (Paris et al. 2013).

However, the spatial generality of near-reef signals and

related elemental signatures in otoliths has not been

determined.

We are not aware of any studies that described natural

variation in water chemistry that may be responsible for

near-reef signatures. For example, can differences in water

masses be identified with distance from reefs and among

reefs (inter-reefal waters)? Localised oceanographic phe-

nomena, such as lagoonal plumes (Atema et al. 2002), may

be a source of large variation in water chemistry within a

few kilometres of a reef. This type of environmental

variation in water chemistry is hypothesised to influence

elemental uptake in fish (Patterson et al. 2005).

The objectives of this study were to investigate indi-

vidual variation in the elemental profiles of larval fish as

they approach reefs prior to settlement, and to determine

the spatial generality of near-reef signatures among reefs

separated by kilometres. The otoliths of Ambon damselfish,

Pomacentrus amboinensis, were collected from four

neighbouring reefs in the southern Great Barrier Reef. The

specific aims were to (1) test for differences in ambient

water chemistry with distance from reefs (i.e., between reef

and inter-reefal waters); (2) experimentally verify the

effect of water mass on otolith chemistry; (3) use otolith

increments as a proxy for growth prior to and after settle-

ment; (4) compare the known timing of settlement from

settlement marks in otoliths with chemical patterns pre-

and post-settlement in the otoliths of fish during the

potential settler stage; and (5) use near-reef signatures in

otoliths to determine the time fish spend near reefs prior to

settlement.

Materials and methods

In January 2012, fieldwork was conducted near One Tree

Island (OTI) in the Capricorn Bunker Group in the south-

ern Great Barrier Reef (23�300S, 152�060E). OTI is a
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platform reef; the reef crest is exposed at low tide, creating

a substantial shallow ponding lagoon between high tides.

Near-reef waters can be affected by flushing of the lagoon.

Previous studies have observed measurable differences

(e.g., temperature, water chemistry) between the lagoon

and surrounding waters (Atema et al. 2002; Kingsford

unpublished data; Patterson et al. (2004) concluded that

lagoonal waters are often geochemically distinct from

ocean water. Ebb tide plumes generate turbidity that is

visible as a tracer, showing that lagoonal waters bathe near-

reef waters extending kilometres from the reef (Booth et al.

2000; Atema et al. 2002; Patterson et al. 2004). Adjacent

reefs also generate visible plumes to varying degrees (pers.

obs.). The generality of near-reef signatures in the otoliths

of fish was investigated at four neighbouring reefs: OTI,

Heron, Lamont, and Fitzroy reefs. Each reef potentially has

unique chemical characteristics to which fish respond

(Atema et al. 2002; Gerlach et al. 2007), and we predicted

that this could include variation in trace element concen-

trations that would be reflected in otoliths.

Pomacentrus amboinensis, a widespread reef fish

known to settle on patch reefs, has distinctive settlement

marks and deposits daily otolith rings (Wilson and

McCormick 1999). Once settled, these territorial dam-

selfish have restricted movements and stay close to where

they settled (Ault and Johnson 1998). Fish were collected

using 1:5 clove oil-to-ethanol mixture and preserved in

100 % ethanol. The survivorship of experimental P.

amboinensis was enhanced by capturing them using 1:10

clove oil-to-ethanol mixture. Sagittal otoliths were

extracted, transverse-sectioned, placed in Crystalbond

(thermoplastic adhesive) resin on glass microscope slides,

ground and polished with 3-lm lapping film. Slides were

cut and mounted on 45-mm slides for the LA-ICP-MS

stage.

Variation in water chemistry

Water samples were collected by surface water sampler,

filtered through a polypropylene syringe-driven unit

(0.45 lm) into an acid-washed polypropylene vial, and

acidified to 1 % with 0.3 ml of 20 % super-pure nitric acid

to fix the sample and enable storage. Water samples were

analysed for trace elements using a CASS-4 (National

Research Council, Canada) near-shore sea water reference

comparison technique, and for major elements using

inductively coupled optical emission spectrometry (ICP-

OES). Each sample was tested five times, with the mean

and standard deviation reported in ppb for trace elements

(Li, Mn, Pb, Cd, Cu, Fe, Sr, and Ba). Water samples were

diluted 10-fold on a Varian 820-MS inductively coupled

plasma mass spectrometer (ICP-MS) using helium as a

collisional reaction interface gas at a flow rate of

120 ml min-1. Multi-element standard solutions (1 and

5 ppb) calibrated the instrument, while 20 ppb of Y and In

was added online to work as internal standards to control

for instrumental drift and matrix effects. CASS-4 sea

water-certified reference material was diluted 10-fold and

then spiked with 1 ppb of the multi-element standard.

Every twentieth sample was analysed for quality control

and used to subtract backgrounds from all analysed sam-

ples. Major elements (e.g., Ca, Mg) were determined by a

Varian Liberty Series II ICP-OES after trace element

analysis. A series of multi-element standard solutions were

used to calibrate the instrument, and a 1 ppm independent

standard was used as the quality control sample. For each

element, two samples were monitored to check the poten-

tial interferences. Analytical precisions (relative standard

deviations) were estimated to be 2.8 % for Sr:Ca and 3.6 %

for Ba:Ca.

It has been assumed that near-reef signatures in otoliths

are primarily due to variation in water chemistry near to

and away from reefs. Water chemistry was tested for broad

reefal and inter-reefal differences in elemental composi-

tion. Samples were taken at reefal (OTI, Lamont, Fitzroy,

Heron reefs, two sites per reef) and inter-reefal sites (ap-

proximately halfway between reefs sampled) to investigate

water chemistry in January 2012 (15 reefal sites; 5 inter-

reefal sites) and January 2013 (18 reefal sites; 9 inter-reefal

sites) with two replicates at each site (Fig. 1).

Natural variation in water chemistry was described as

follows: (1) the relationship between distance from shore

and elemental concentration was determined using data

from 2012 and 2013 (univariate analyses); (2) elemental

concentrations in reefal and inter-reefal waters were tes-

ted with a nested ANOVA with factors water (reefal,

inter-reefal) and site (nested in water), n = 2; (3) the

coefficient of variation was calculated to compare the

variation in reefal versus inter-reefal samples, and

between sampling years; and (4) multivariate analyses

were done using nine elements (Ba, Ca, Cd, Cu, Mg, Mn,

Ni, Sr, and Zn). Lastly, elemental ratios for all elements

were log(x ? 1)-transformed and analysed using principal

component analysis (PCA). A correlation matrix was used

to normalise the data as the range of values varied greatly

by element. The PCA enabled the identification of the

elemental ratios that explained most of the variation in the

data set (component loadings): Ba, Cu, Li, Mn, Ni, Sr, and

Zn. Additionally, a test was done for elemental differ-

ences between reefal and inter-reefal waters. The selected

elements were analysed with canonical discriminant

analysis (CDA), and Pillai’s trace was used as a robust

test for differences between groups (Legendre and

Legendre 1998). A jack-knifed classification matrix was

used to determine the accuracy of allocating elemental

signatures by reef and inter-reef.
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Laboratory analytical methods for otoliths

A Varian 820 mass spectrometer and GeolasPro Excimer

Laser (193 nm) Ablation System sampled otolith sections

along the greatest axis, through the primordium. Otoliths

were pre-ablated using a 24-lm aperture at 1 Hz and

*100 mJ in overlapping positions to remove surface

material and potential contaminants. Ablation consisted of

16-lm concentric spots pulsed at 10 Hz in a step-and-re-

peat method to maintain high resolution of elemental

composition for the material ablated. Otoliths were anal-

ysed for 7Li, 25Mg, 43Ca, 44Ca, 55Mn, 57Fe, 60Ni, 65Cu,
66Zn, 88Sr, 111Cd, 138Ba, and 208Pb in a helium carrier gas

environment. Gas blank and certified reference material

NIST610 (National Institute of Standards Technology)

standard reference scans were baselines for the mass

spectrometer. Each otolith scan included a 30-s background

scan for baseline information. NIST610 readings were

done every 6–8 samples, at the start and end of each slide,

to account for drift. Data were extracted using IGOR Pro

One Tree Island

Heron Reef

Wistari Reef

Lamont Reef

Fitzroy Reef

0 5.5 11 Kilometers2.75

Legend
Water samples: either 2012 or 2013

Water samples: both years

Queensland, 
Australia

Rockhampton

Gladstone

Townsville

Fig. 1 Map of locations

sampled by surface water

sampler to measure major and

trace elements in both reef and

inter-reefal waters around One

Tree Island and neighbouring

reefs. Circles indicate where

samples were collected in 2012

and 2013; triangles indicate

where sampling occurred in

either 2012 or 2013. Each

symbol represents n = 2
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6.22A with Iolite v2.15 interface software and a mean with

two standard deviation outlier reject data reduction

scheme. Elemental intensities were calibrated to 43Ca.

Molar ratios of metals to calcium (Me:Ca) were calculated

as ratios corrected for potential variation due to uneven

ablation and drift effects of ICP-MS (Thorrold and Swearer

2009). Several checks were used to compare ICP-MS

ablation readings: profile symmetry and 44Ca profiles may

show ablation variation. Consistent calcium readings

indicated even ablation across the entire transect of the

otolith and provided a stable signal for ratios (Ben-Tzvi

et al. 2007). Data were reduced using averages of six

consecutive ICP-MS measurements.

The effect of ambient water masses on otolith

chemistry

We hypothesised that water collected from inter-reefal and

reef-based sources would alter otolith chemistry in fishes.

Recently settled reef fish were experimentally treated with

inter-reefal or lagoonal waters to measure variation in

otolith chemistry. Thirty-six juvenile P. amboinensis were

collected from three sites within One Tree Lagoon and

placed in water treatments with two replicate tanks by

treatment and site for 6 d; n = 3 fish per tank. Each fish

was 10–16 d post-settlement based on daily ring estimates

before treatment. Water was collected outside the reef

during high tide for inter-reefal treatments and from inside

the reef crest for lagoon water as per Atema et al. 2002.

Each day, [50 % of tank water was replaced. Replicate

tanks were placed in the facilities at OTI in positions to

minimise exogenous differences (e.g., variation in tem-

perature due to sunlight), and tanks were fed equal allo-

cations of wild-caught plankton from nightly tows in

random order to reduce potential confounding effects due

to dietary differences. Fish from replicate tanks were

pooled for statistical analysis (31 of the 36 fish survived).

Some fish were exposed to tetracycline for 24 h (a

marker of calcium carbonate, 375 mg L-1, as per Kings-

ford et al. 2011) at the experiment’s start (n = 18) and end

(n = 6) to validate the position of the experimental area on

the otolith (6 d of treatment). Fish were maintained in

lagoonal waters so the experimental area was further from

the edge for LA-ICP-MS. Otoliths were placed in the dark

to minimise light exposure to the tetracycline. The exper-

imental area was measured using tetracycline markings

under ultraviolet fluorescence. This is a critical step to

ensure no physiological lag in the uptake into the otolith.

Data were log(x ? 1)-transformed, and a nested

ANOVA was used (treatment, sites nested in treatment) to

test for differences due to the water treatment combining

pre-treatment and treatment areas of the otolith. Pre-

treatment otolith areas showed no significant differences in

any of the elements analysed.

Near-reef signatures in fish growth and chemistry

We hypothesised that there would be substantial changes in

elemental signals near the time of settlement. To investi-

gate chemical patterns: (1) otolith increments were mea-

sured around the settlement mark; (2) Me:Ca profiles

showing individual variation across the otolith before,

during, and after settlement were described; (3) the near-

reef signatures were identified and related to daily rings;

and (4) life history-related areas of the otolith were cate-

gorised into pelagic larval, potential settler, settlement, and

post-settlement phases. Otolith sections were viewed using

a Leica camera microscope; images and increment mea-

surements were processed using IM50 software.

From the total number of P. amboinensis otoliths abla-

ted (n = 68), 61 sectioned otoliths were of suitable quality

to obtain information on increment widths. Ten increments

were measured just before the settlement mark and 10

increments just after the settlement mark (Fig. 2). Pre-

settlement mark increments were wider (7–10 lm) and

corresponded to 0–2 d per 16-lm ablation spot; post-set-

tlement increments were narrow (2–4 lm) and equated to

3–6 d per spot (Fig. 3a).

We determined the presence of near-reef signatures and

measured the number of days between the initial rise in

Ba:Ca to the settlement mark. All profiles of Ba:Ca in

otoliths had strong peaks around settlement, and the near-

reef signature was identified in the elemental profile, fol-

lowing Patterson et al. (2005). Fish were considered to

Fig. 2 Otolith rings, ablation spots (white arrows), and settlement

mark (black arrow) used in analysis. One ablation spot corresponds to

0–3 increments before the settlement mark or 2–5 post-settlement

increments (days). Image taken with 9400 objective with Leica IM50

imaging software
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have a near-reef signal if the elevated elemental ratios were

greater than the pelagic larval averages of the otolith

transect. Daily rings were counted to the settlement mark to

determine the number of days fish spent near-reef before

settlement (Fig. 3b). Due to the LA-ICP-MS, not all of the

otoliths ablated were of sufficient quality to determine the

number of days from the ablation spots, and some were

rejected based on quality.

The 68 total profiles from ablated otoliths were pooled to

characterise the shapes of Ba:Ca profiles. Profiles were cat-

egorised according to general characteristics such as the

number, size, and position of peaks. A peak was defined as a

substantial change in Ba:Ca concentration[5 lmol mol-1.

Statistical treatment of multivariate otolith data

The generality of near-reef signatures and differences among

life history stages were tested among four reefs: OTI, Heron,

Fitzroy, and Lamont reefs. Fish were collected at two sites

separated by hundreds of metres to kilometres at each reef,

n = 3 fish per site. Fish from the four reefs were analysed

using repeated measures ANOVA (RM-ANOVA) with

STATISTICA v10 software. Sites were pooled for analyses.

RM-ANOVA was used because of multiple measurements

within each otolith (Elsdon et al. 2008; Sturrock et al. 2012).

Six fish from each reef (total n = 24) and four levels of life

history phases (pelagic larval, potential settler, settlement,

and post-settlement phases) were tested separately for

among-reef comparisons.

Data were log(x ? 1)-transformed to conform to

assumptions of normality. Mauchley’s test for sphericity

revealed significant correlation co-variances and were

corrected with a Huynh–Feldt (H–F) estimate. For the near-

reef comparison, H–F corrections were applied for Ba, Sr,

and Fe among phases, but significance levels did not

change.

Multi-element signatures were analysed using CDA.

Each life history phase (pelagic larval, potential settler,

settlement, and post-settlement) was analysed separately on

equal a priori probabilities for each reef. For the experi-

mental otoliths, CDA was used to see which elements

discriminated between treatment-site groups. Each of the

eleven elements was kept as unique variables; redundancy

rankings were calculated according to minimum accept-

able tolerance values [0.01 to see which elements con-

tributed most to discrimination (Legendre and Anderson

1999). Factor structure was used to determine which ele-

mental ratios contributed to the discrimination between

groups. The standardised coefficients for Root 1 and Root 2

scores were used to see which elemental ratios drove dis-

crimination between groups, the most discriminatory (i.e.,

most positive and most negative) were noted on the com-

ponent axes for each otolith phase.

Results

Near-reef versus inter-reefal water chemistry

Element concentrations did not vary with distance from the

reefs (Fig. 4). Correlations between multiple Me concen-

trations and distance from reef were not significant in 2012

or 2013. There was great variation in concentration in

waters\1 km from shore. Values for Mg and Mn were less

variable at distances greater than 3 km, but this trend was

not clear for Ba or Ni. Although variation among samples

was high, there were few differences in the coefficients of

variation between reefal and inter-reefal samples. Pb and

Zn were more variable in inter-reefal waters [coefficients

of variation (reefal, inter-reefal): Pb (66.6, 151.7 %), Zn

(50.4, 78.9 %)], while Cd was more variable in reefal

waters (100.4, 82.3 %). Most elements had small differ-

ences between coefficients of variation, and low variation

among samples: Ba (3.9, 4.0 %); Ca (5.6, 6.2 %); Li (8.9,

10.7 %); Mg (7.2, 6.6 %); Mn (15.6, 14.2 %); Sr (4.4,
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5.9 %). Two elements had large variation between sam-

ples, regardless of water mass: Cu (99.7, 107.1 %) and Ni

(123.7, 152.6 %). There were similar patterns when years

were tested separately.

The nested ANOVAs detected significant differences in

the elemental ratios of nine detectable elements between

reefal and inter-reefal waters (water mass). Some elements

were significantly different among sites nested within

water mass: Cu (F = 12.25, df = 8, p B 0.05), Mn

(F = 613.75, df = 8, p B 0.01), and Ni (F = 4.51, df = 8,

p B 0.05). Copper and nickel were higher, and Mn lower at

OTI than at Fitzroy, Heron and Lamont reefs.

Discrimination of elemental signatures between reefal

and inter-reefal water masses using PCA was poor. No

significant differences in elemental signatures were found

between water masses [Pillai’s trace = 0.156, F(6,

33) = 1.02, p = 0.429]. Furthermore, the discrimination of

multi-element signals between water masses was poor with

a maximum of 43 % correct allocation to a water mass.

Experimental assessment of different water masses

on otolith chemistry

Univariate differences were found between experimental

areas of the otoliths of fishes that had been treated with

lagoonal or inter-reefal waters. Of the eleven elements

analysed, significant differences between treatments were

found for four of eleven elements, with no significant dif-

ferences pre-treatment (Electronic Supplementary Mate-

rial, ESM, Table S1). Although differences were found

among sites within treatments, these were small when

compared to treatment effects.

Daily otolith increments and near-reef elemental

signatures

Increment widths progressively narrowed prior to the set-

tlement mark (Fig. 3a). There was a substantial drop of

*3 lm in increment width at settlement and remained

narrow (3–4 lm) post-settlement. Pelagic larval duration

was estimated to be 9–21 d (mean = 12.7 d) prior to

settlement.

In all elemental profiles of P. amboinensis, an increase

in Ba:Ca occurred towards the end of the pelagic phase and

around the time of settlement. All fish had low Ba:Ca ratios

during the pelagic phase and showed a rapid increase near

settlement. The settlement mark position varied along the

elemental profile, immediately after the initial increase or

several daily rings after. Analysis of 58 otoliths showed

that all fish settled 0–8 d after the initial increase in Ba:Ca

(Fig. 3b), indicating that at least 79 % of fish spent a period

of time near reefs prior to settlement.

While multiple elements were investigated, Ba:Ca ratios

had the most consistent pattern of the trace elements

incorporated over the area of the otolith analysed. Although

settlement always occurred after the near-reef signature,

individual Ba:Ca profiles showed substantial variation in

form, and magnitude varied by individual (Fig. 5). In the

majority of fish, settlement occurred at the Ba:Ca peak

(37 %) or at the first peak of multiple peaks (19 %). A

smaller proportion of fish settled within a few days of the

first peak (18 %), and 26 % of fish settled during the first
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rise in Ba:Ca. Approximately two-thirds (62 %) of profiles

studied had one major peak, but 38 % of profiles had two

or more peaks.

There was great variation in elemental ratios from the

pelagic larval phase to the post-settlement phase at four

reefs. The magnitude of differences among phases varied

by element, and there was strong evidence for a near-reef

signal in potential settler and settlement phases at all four

reefs for some elements (Fig. 6). Ba:Ca ratios in the oto-

liths were lowest in the pelagic larval areas of otoliths from

all reefs. Ba:Ca ratios were consistently higher at all reefs

just prior to settlement and continued to increase at set-

tlement and post-settlement. RM-ANOVA detected sig-

nificant differences in Ba:Ca among phases with respect to

reef [Wilks = 0.215; F(9, 44) = 4.293; p B 0.05]

(Table 1). The magnitude of differences among phases of

otolith varied by reef, and this resulted in a significant

interaction between phases and reef. Differences among

phases were greatest for Ba:Ca at Heron Reef and lowest at

Fitzroy Reef.
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Fig. 5 Ba:Ca profiles showed variation in shape and magnitude

among individual fish. Two examples of six types of Ba:Ca profiles

are given (% of 68 fish). a Settlement at the Ba:Ca peak. b Settlement

at or neighbouring first peak, followed by multiple peaks. c Settlement

shortly after the first peak. d Settlement shortly after the first peak,

followed by multiple peaks. e Settlement shortly after initial increase

in Ba:Ca, before substantial increase and single peak. f Settlement

shortly after initial increase in Ba:Ca, before substantial post-

settlement increase and multiple peaks
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Sr:Ca and Li:Ca profiles showed trends across the oto-

lith in the four-reef comparison. Among reefs, Sr:Ca pro-

files indicated a similar trend of increasing elemental

incorporation around settlement. Pelagic larval and poten-

tial settler phases of the otolith had low Sr:Ca, while

average Sr:Ca substantially increased at settlement and

post-settlement. Lithium concentrations also varied sig-

nificantly among the phases; average Li:Ca was low in the

pelagic larval phase, increased by the potential settler

phase with minimal change during the settlement phase and

increased post-settlement at some reefs (Heron, Lamont).

Values for Li:Ca at settlement and post-settlement were

five to six times that of the larval stage. Other elements,

such as Mg, did not show any significant trends in otolith

chemistry through early life.

There was increasing separation of multi-element sig-

natures between life history phases from pelagic larval

phase to post-settlement (Fig. 7). No differences were

detected in fish from different reefs during the pelagic

larval and potential settler phases. In contrast, there were

significant differences among reefs in settlement and post-

settlement phases. Predictive classification of cases was

high at[79 % total accuracy for each life history phase of

otolith analysed. The highest classification accuracy for all

for reefs (96 % total) was for the post-settlement phase.

Discussion

We demonstrated experimentally that water chemistry had

an effect on the elemental chemistry of P. amboinensis

otoliths, as has been demonstrated experimentally in other

studies (Patterson et al. 2004; Walther and Thorrold 2006;

Kingsford et al. 2008). However, our measurements of

water chemistry near reefs and in adjacent inter-reefal

waters clearly indicated that natural variation in water

chemistry could not explain the consistent and strong ele-

mental signals that we found in fish otoliths (at multiple

reefs) in and around the time of settlement. The inference,

therefore, is that physiological processes may influence

elemental signatures. We know that P. amboinensis (this

study) and other congeners (e.g., P. coelestis, Kingsford

et al. 2011) show a narrowing of increments immediately

prior to settlement, indicating a reduction in growth. This is

perhaps a result of fish changing from spending most of the

time feeding to searching for a suitable settlement site (e.g.,

Paris et al. 2013). Furthermore, we have demonstrated

experimentally on another species of damselfish that a

stronger Ba:Ca signal corresponds with periods of low

feeding (Walther et al. 2010). We suggest that any varia-

tion in water chemistry near reefs may affect otoliths, but
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Fig. 6 Variation in metal-to-calcium ratios in pelagic larval, poten-

tial settler, settlement, and post-settlement phases in the otolith among

Fitzroy, Heron, Lamont, and One Tree Island reefs (with standard

error bars, n = 6 fish). a Ba:Ca; b Sr:Ca; c Li:Ca; d Mg:Ca

Coral Reefs (2016) 35:303–315 311

123



this is relative ‘‘noise’’ compared to the effect on otolith

chemistry from a decrease in growth experienced during

the ‘‘search phase’’.

Fish from four reefs showed consistent increases in

Ba:Ca at or close to the time of settlement. Moreover, Ba

ratios were elevated at settlement and post-settlement when

Table 1 RM-ANOVA results

for selected elements among

otolith phases analysed for a

four-reef comparison (OTI,

Lamont, Fitzroy, and Heron)

Four-reef comparison Wilks F df effect df error p

Ba:Ca among phases 0.045 126.564 3 18 B0.001 H–F

Ba:Ca among phases * reef 0.215 4.293 9 44 B0.05 H–F

Sr:Ca among phases 0.152 33.477 3 18 B0.001 H–F

Sr:Ca among phases * reef 0.631 1.016 9 44 0.442

Li:Ca among phases 0.438 7.713 3 18 B0.01

Li:Ca among phases * reef 0.610 1.099 9 44 0.383

Mg:Ca among phases 0.875 0.861 3 18 0.479

Mg:Ca among phases * reef 0.725 0.690 9 44 0.714

Mn:Ca among phases 0.888 0.760 3 18 0.531

Mn:Ca among phases * reef 0.594 1.165 9 44 0.341

Zn:Ca among phases 0.773 1.766 3 18 0.190

Zn:Ca among phases * reef 0.716 0.718 9 44 0.690

Pb:Ca among phases 0.929 0.461 3 18 0.713

Pb:Ca among phases * reef 0.843 0.354 9 44 0.950

H–F indicates Huynh–Feldt correction was applied

Fig. 7 Canonical discrimination analysis scatter plots for otolith

larval phases showing individual values (n = 6 fish per reef) of the

first and second optimal discriminant functions plotted with 95 %

confidence ranges. The individual variables (Me:Ca) largely respon-

sible for differences among groups are indicated for Root 1 and Root

2 in the corners of plots. a Pelagic larval phase: Wilks

lambda = 0.119; approx. F(33, 30) = 0.968; p\ 0.537. b Potential

settler phase: Wilks lambda = 0.034; approx. F(33, 30) = 1.957;

p\ 0.033. c Settlement phase: Wilks lambda = 0.030; approx. F(33,

30) = 2.076, p\ 0.023. d Post-settlement phase: Wilks

lambda = 0.011; approx. F(33, 30) = 3.283; p\ 0.001
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compared to low pelagic larval values; this was consistent

in all fish from separate reefs although profiles varied

among individuals. This study revealed a near-reef signal

in the elemental profiles up to 8 d prior to the settlement

mark and at multiple reefs, which is strong evidence of a

larval ‘‘search phase’’. Most fish had a near-reef signal of

1–8 d. We found increment width (a proxy for growth) was

narrower prior to settlement, and we also know that larval

behaviour may change during this phase (e.g., Paris et al.

2013). Decreased growth and prolonged pelagic larval

duration may be due to larvae displaying preference in

settlement. Search activity for suitable habitat (Kingsford

et al. 2011) may be an important mechanism for reducing

dispersal and may explain high abundances of potential

settlers near reefs (Doherty et al. 1996) and higher levels of

self-recruitment with some fishes returning to natal reefs

(Jones et al. 1999; Almany et al. 2007). Active swimming

and orientation within currents by larval fish can augment

self-recruitment (Sponaugle et al. 2002; Wolanski and

Kingsford 2014), and a near-reef search phase may be

crucial to successful settlement by habitat and other pri-

ority effects (e.g., Jones 1988; Hixon and Beets 1989;

Sweatman and St John 1990; Almany 2003).

Elemental anomalies near settlement have been found in

other species (Patterson et al. 2005; Hamilton and Warner

2009), but have not been demonstrated at multiple reefs.

Our study is the first to measure elemental variation in P.

amboinensis and highlights the utility of elemental otolith

profiles to elucidate early life history patterns of reef fish,

particularly settlement transitions. Hamilton and Warner

(2009) were the first to suggest that otolith barium profiles

could be used to identify settlement. However, it was not

clear how close to settlement these anomalies were found.

The identification of near-reef signatures is likely to vary

according to the spatio-temporal resolution of the LA-ICP-

MS. Berumen et al. (2010) did not find a near-reef signal in

Amphiprion percula. However, the sampling was not

designed to detect fine-scale variation in elemental chem-

istry at the time of settlement. ‘‘Near-reef signatures’’ were

first described by Patterson et al. (2004); from the timing of

events, the changes begin to occur prior to settlement,

which we think is accurately described as ‘‘near-reef’’.

Patterson et al. (2005) found otolith signatures indicating

65 % of P. coelestis settled within a day of encountering a

reef but 35 % spent up to 4 d near the reef before settle-

ment. Our study on P. amboinensis suggests that near-reef

signatures may be common in reef fishes.

A central assumption of many studies (Sturrock et al.

2014) has been that water chemistry influenced otolith

chemistry. Our reefal versus inter-reefal water experiment

supported this assumption in that measurable effects of

different water sources within close proximity of the reef

(\5 km) were detected in the elemental composition of the

otoliths. Further, tetracycline confirmed the experimental

area of the otolith; there was no measurable lag effect in

the uptake from the ambient environment into the otolith.

Although differences in the chemistry of reefal versus

inter-reefal waters were found, distance from reef was a

poor predictor of variation in elemental concentrations.

Discrimination among water masses is more difficult in

marine systems than in temperate or estuarine systems on

comparable spatial scales because of the higher potential

uniformity between reefal and inter-reefal waters (Patter-

son et al. 1999, 2005). There is little or no measurable

freshwater influence; upwelling pulses are likely to be

broad among reefs (Weeks et al. 2010) and of low utility

for discriminating among reefal and inter-reefal waters.

Little variation was apparent in the pelagic larval areas of

otoliths of reef fish for the majority of metals studied. In

the pelagic environment dispersing larval reef fish may

encounter relatively uniform conditions (Proctor et al.

1995). Although there are clearly oceanographic signals

coming off reefs, including warm and cold turbidity plumes

(Patterson et al. 2004; Paris et al. 2013), there was no

consistency between near-reef and inter-reef water chem-

istry. Reef processes that could influence water chemistry

may include increased temperature due to ponding (Atema

et al. 2002), and algal blooms extracting elements such as

Ba from water to form barite (Stecher and Kogut 1999).

Some spatial differences in these effects would be expec-

ted. Patterson et al. (2005) hypothesised that natural ele-

mental signatures may not be able to discriminate among

individual reefs. Depending on the spatial scale, differ-

ences in water chemistry may be a major source of influ-

ences (e.g., dissolved organic matter, planktonic

assemblages) affecting larval movements near to reefs, but

not translating to direct changes to otolith composition.

There are exceptions—spatial differences in otolith

chemistry were found among sites within the reefs in

Acanthochromis polyacanthus, but the differentiation of

reefs within reef clusters was weak (Kingsford et al. 2009).

On a similar scale, otoliths were tested for differences

between self-recruiting and immigrant dispersing larval A.

percula, but no differences were found among fish settling

from the same reef, or those from reefs at least 10 km away

(Berumen et al. 2010). We could find no studies that

specifically tested differences between reefal and inter-

reefal waters.

While discrimination of inter-reefal from near-reef

waters was inconsistent, Ba:Ca peaks at or near settlement

were consistently found in fish from multiple reefs; this

suggests that other processes contribute to Me:Ca deposi-

tion. The types of Ba:Ca profiles in fish otoliths categorised

a posteriori showed considerable fine-scale variation post-

settlement among individuals. These fine-scale differences

would be undetected where otoliths are sampled from few
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ablation points. Concurrent with the potential settler and

settlement phases, fish are undergoing changes in growth

(e.g., Kingsford et al. 2011), the development of muscle,

and metamorphosis (Gagliano and McCormick 2004;

Bergenius et al. 2005), which may affect incorporation of

elements into the otolith. Age of fish can be a confounding

factor due to change in hormone levels (Kalish 1989;

Elsdon et al. 2008; Thorrold and Swearer 2009; Sturrock

et al. 2014). However, all of the fish used in this study were

immature and of a similar size and age. Although elemental

concentrations in water influence the species of elements

incorporated into otoliths, other factors that can play a role

include quantity and type of food, and stress. More

emphasis should be placed on the physiological and

growth-related factors that affect Me:Ca ratios.

We sampled the otolith life history transect through a

step-and-repeat method (Mooney and Kingsford 2012), to

provide higher-resolution information over a specific sec-

tion of the otolith. The thinness of the section, with the

consistent depth of ablation, ensured that our comparisons

did not confound the number of layers sampled. Additional

steps—checking for even ablation of Ca across the otolith

and analysing a ratio of Me:Ca—ensure that even samples

of material are ablated. Our experimental areas are unlikely

to have been confounded with controls, especially since we

found significant differences, and the tetracycline check

indicated no delay in the incorporation into the otolith

while defining the experimental area.

In conclusion, consistent differences in the elemental

chemistry of recently settled fish were found at four reefs

on the Great Barrier Reef. Elevated Ba:Ca ratios were

found at or close to settlement. There was strong evidence

for a near-reef signature of up to 8 d in many fish during

the potential settler stage and 79 % of fish spent 1–8 d

near reefs prior to settlement. On average, elemental

signals were higher in fish after settlement. Experimen-

tally, otoliths were influenced by natural differences in

water chemistry between the lagoon and outside the reef.

Broad-scale water samples (separated by hundreds of

metres to kilometres) indicated differences in water

chemistry, but there was no consistent pattern with respect

to proximity to reefs. Increment width in otoliths dropped

prior to settlement during the ‘‘habitat selection phase’’.

We speculate that this, combined with known physio-

logical changes in potential settlers, may contribute to

variation in Me:Ca ratios close to settlement. Evidence

from elemental chemistry, patterns of growth, near-shore

aggregations, and larval behaviour suggest that a near-reef

phase close to settlement may be a general phenomenon

for reef fishes.
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