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INTRODUCTION

There is an urgent need to better understand how
organisms respond to changing temperatures as
overwhelming evidence for rapid global warming
accumulates (Bopp et al. 2013, IPCC 2013). The lati-
tudinal ranges of some marine and terrestrial species
are shifting poleward in response to increasing tem-

peratures (Hickling et al. 2006, Chen et al. 2011,
Poloczanska et al. 2013). Tropical species are pre-
dicted to be among the most sensitive to global
warming as they already experience high tempera-
tures, with relatively little seasonal change (Tewks-
bury et al. 2008). Yet, many tropical species are dis-
tributed over a broad latitudinal range and their
responses to the gradient in temperatures across

© Inter-Research 2015 · www.int-res.com*Corresponding author: ianmcleodnz@gmail.com

Latitudinal variation in larval development of coral
reef fishes: implications of a warming ocean

I. M. McLeod1,2,3,4,5,*, M. I. McCormick1,2, P. L. Munday1,2, T. D. Clark5, 
A. S. Wenger1,2, R. M. Brooker1,2,6, M. Takahashi1, G. P. Jones1,2

1College of Marine and Environmental Sciences, 2ARC Centre of Excellence for Coral Reef Studies, 
3Estuary and Coastal Wetland Ecology Laboratory, and 4TropWATER (Centre for Tropical Water and Aquatic Ecosystem

Research), James Cook University, Townsville, QLD 4811, Australia
5AIMS@JCU and Australian Institute of Marine Science, Townsville, QLD 4810, Australia

6School of Biology, Georgia Institute of Technology, 310 Ferst Drive, Atlanta, GA 30332, USA

ABSTRACT: Latitudinal gradients in water temperature may be useful for predicting the likely
responses of marine species to global warming. The ranges of coral reef fishes extend into the
warmest oceanic waters on the planet, but the comparative life-history traits across their full lati-
tudinal range are unknown. Here, we examined differences in early life-history traits of 2 coral
reef fishes, the damselfish Pomacentrus moluccensis and the wrasse Halichoeres melanurus,
among 8 locations across 21° of latitude, from northern Papua New Guinea (2.3°S) to the southern
Great Barrier Reef (23.3°S). Water temperature during larval development ranged between 25.6
and 29.8°C among sites, with the warmest sites closest to the equator. Recently settled juveniles
were collected and otolith microstructure was analysed to estimate pelagic larval duration (PLD),
daily growth, and size at settlement. Latitudinal comparisons revealed a non-linear relationship
between temperature and each of PLD, larval growth and size at settlement. PLD declined with
increasing temperature up to approx. 28 to 29°C, above which it stabilised in P. moluccensis and
increased in H. melanurus. Larval growth increased with increasing temperature up to approx.
28 to 29°C before stabilising in P. moluccensis and decreasing in H. melanurus. Size at settlement
tended to be highest at mid-latitudes, but overall declined with increasing temperature above
28.5°C in both species. These results indicate that the thermal optima for growth and development
is reached or surpassed at low latitudes, such that populations at these latitudes may be particu-
larly vulnerable to global warming.

KEY WORDS:  Climate change · Growth rate · Life history plasticity · Latitudinal comparison ·
Lemon damselfish · Pelagic larval duration · Tail-spot wrasse · Thermal reaction norm

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 521: 129–141, 2015

their range can provide clues as to how they will
respond to a markedly warmer climate (Deutsch et
al. 2008, Dillon et al. 2010, Sunday et al. 2011). In par-
ticular, establishing the relationships between lati-
tude and critical life-history traits will assist in defin-
ing the thermal reaction norm (sensu Angilletta
2009) for these traits and indicate how close popula-
tions are to their thermal limits.

The persistence of populations in a changing cli-
mate will be constrained by their most vulnerable
life stages or reproduction (Pankhurst & Munday
2011). For many marine fish species it is the small
pelagic larval life stage that is the most vulnerable
to environmental stressors such as temperature
changes (Pankhurst & Munday 2011, Pörtner & Peck
2011). The larval stage is critically important for dis-
persal and connectivity among adult populations
(Cowen & Sponaugle 2009, Jones et al. 2009). Since
mortality rates are extremely high during this life
phase (Leis 1991, Peck et al. 2012), small changes in
larval growth, developmental, or survival rates
could have large impacts on adult population
dynamics. For example, Lo-Yat et al. (2011) docu-
mented a severe reduction in larval supply to the
adult reef fish population in French Polynesia asso-
ciated with abnormally warm waters during an El
Niño event. Therefore, identifying temperature
effects on fish larvae is essential to predict the
impacts of climate warming on marine fish popula-
tions and fisheries.

In the tropics, reef-building corals appear to be
close to their thermal maxima and episodes of mass
coral bleaching in response to extreme tempera-
tures are predicted to become more common as the
oceans continue to warm (Hoegh-Guldberg 1999,
Hoegh-Guldberg et al. 2007). However, we are
only beginning to understand how coral reef fishes
will respond to temperature change. To predict
future responses to temperature change it is critical
to define the thermal reaction norms (the shape of
the relationship between a particular trait and tem-
perature). Thermal reaction norms typically exhibit
a dome-shaped relationship, where rates increase
with temperature up to an optimal level (thermal
optimum) then decrease gradually with further
increases in temperature (Pörtner & Farrell 2008,
Tewksbury et al. 2008). However, most research to
date has shown that the thermal reaction norms for
growth of larval fishes tend to be approximately
linear until an upper lethal temperature is reached
(Sponaugle & Cowen 1996, Rombough 1997). Meta-
analyses (Houde 1989, Laurel & Bradbury 2006),
experiments (McCormick & Molony 1995, Green &

Fisher 2004) and field studies (Meekan et al. 2003,
Sponaugle et al. 2006) have indicated that larval
growth rates generally increase with increasing
temperature. Additionally, within the temperature
range currently experienced by reef fishes, warmer
years generally appear to favour recruitment for a
variety of coral reef fishes (Meekan et al. 2001, Wil-
son & Meekan 2002, Cheal et al. 2007). Based on
this knowledge, it is predicted that climate warming
could have positive outcomes for coral reef fish lar-
vae because enhanced growth will lead to faster
metamorphosis and less time spent in the danger-
ous pelagic environment (O’Connor et al. 2007).
However, mortality rates may be higher and larvae
may be smaller at settlement, which may counter
this effect.

Many species of coral reef fishes are distributed
across a large latitudinal range from the equator to
subtropical waters (Jones & McCormick 2002).
Indeed, many span temperature ranges that are actu-
ally greater than the projected increase in ocean tem-
perature by the end of the century (Munday et al.
2008). With a few notable exceptions (Booth &
Parkinson, 2011, Takahashi et al. 2012), there is little
information on intraspecific latitudinal variation in
important early life-history traits of tropical fishes
across their distribution range. Few studies of larval
fish development in relation to temperature have
included populations at latitudes close to the equator,
which may be particularly sensitive to global warm-
ing (Sunday et al. 2011, Rummer et al. 2014). Indeed,
recent research has indicated that in the warmest
waters close to the equator (Takahashi et al. 2012),
abnormally warm water during El Niño events (Lo-
Yat et al. 2011) or elevated temperatures in line with
ocean-warming predictions (McLeod et al. 2013) are
associated with slower larval growth and reduced
survival. However, no studies have examined the
thermal responses of existing populations of larval
fishes over their entire latitudinal range, which
would provide a means to gauge the shape of their
thermal reaction norms. Leis et al. (2013) emphasised
the urgent need for more studies investigating latitu-
dinal and temperature effects on larval life history
traits to improve understanding of connectivity and
dispersal patterns, inform fisheries management and
conservation, and predict climate-driven changes to
marine systems.

Larval fishes exhibit 3 interrelated developmental
traits that have a bearing on successful recruitment
to the adult populations and will likely respond to
changes in temperature: larval growth, pelagic larval
duration (PLD) and size at settlement. Increased
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growth rates are likely to lead to reduced PLD
 be cause there are strong negative correlations be -
tween growth rates and PLD, with fast-growing lar-
vae often ex hibiting shorter larval duration (Houde
1989, McCormick & Molony 1995, Sponaugle &
Cowen 1996, Green & Fisher 2004). The relationship
be tween growth rates and PLD will influence size at
settlement (Sponaugle et al. 2006), which is impor-
tant because a larger size at settlement can be asso-
ciated with increased growth and survival after
settle ment (Sogard 1997).

The relationship between developmental temper-
ature and size at settlement of coral reef fishes
generally follows the ‘developmental temperature−
size rule’ (Atkinson 1994) with a larger settlement
size at lower temperatures (McCormick & Molony
1995, Radtke et al. 2001, Green & Fisher 2004,

Sponaugle & Grorud-Colvert 2006). The relation-
ship between larval life-history traits and tempera-
ture has mostly been studied in laboratory experi-
ments, or using temporal variation in temperature
within a single location or region, and few studies
have examined relationships among larval life-his-
tory traits across the entire latitudinal temperature
range of a species.

The aim of this study was to examine the effects of
a temperature gradient on key early life-history traits
of 2 coral reef fishes across their entire latitudinal
range in the southern hemisphere. We sampled re -
cently settled juveniles of the yellow damselfish
Pomacentrus moluccensis and the tail-spot wrasse
Halichoeres melanurus from 8 locations that spanned
21° latitude, from the southern Great Barrier Reef
(GBR) to within 2° of the equator in northern Papua
New Guinea (PNG; Fig. 1). Pelagic larval duration,
pre-settlement growth rates, and size at settlement
were estimated by examining the microstructure of
otoliths (ear bones), which exhibit daily rings and set-
tlement marks. The variations in these traits were
examined in relation to the average water tempera-
tures experienced by the larvae during development
to determine if the reaction norms were linear among
latitudes, as suggested by existing experimental and
observational studies, or if there is a shift in the shape
of the reaction norm at higher temperatures close to
the equator.

MATERIALS AND METHODS

Study species and collection

The yellow damselfish Pomacentrus moluccensis
(Pomacentridae; Bleeker, 1853) and the tail-spot
wrasse Halichoeres melanurus (Labridae; Bleeker,
1851) are common in shallow coral reefs in the West-
ern Pacific (Randall et al. 1990, Green 1998). P.
moluccensis lay demersal eggs during a reproductive
season from October to March on the GBR (Milicich
et al. 1992, Booth et al. 2000), and throughout the
year in equatorial regions such as northern PNG
(Srinivasan & Jones 2006). H. melanurus is a broad-
cast spawner with a reproductive season ranging
from December to February at Lizard Island in the
northern GBR (Green 1998), to year-round in equa -
torial regions (Srinivasan & Jones 2006). Previous
estimates suggest that P. moluccensis and H. mela-
nurus have free-swimming pelagic phases lasting 15
to 23 d (Wellington & Victor 1989, Bay et al. 2006a)
and 20 to 24 d (Victor 1986), respectively.

Fig. 1. Location of study sites where Pomacentrus moluc -
censis and Halichoeres melanurus wer sampled in Eastern
Australia and Papua New Guinea: One Tree Island
(23°30’S, 152°04’S), Keppel Islands (23°10’S, 150°57’E),
Whitsunday Islands (20.03’S, 148°57’S), Orpheus Island
(18°37’S, 146°29’E), Lizard Island (14°40’S, 145°27’E), Tor-
res Strait (10°34’S, 142°18’S), Kimbe Bay (5°25’S, 150°56’E) 

and Kavieng (2°36’S, 150°52’E)
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To investigate variation in larval traits in relation
to latitude and water temperature, newly settled
individuals (P. moluccensis: <25 mm total length
[TL]; H. melanurus: <30 mm TL) were collected
from the reef using hand nets and clove oil anaes-
thetic from 8 and 7 locations respectively, spanning
a latitudinal gradient of 21° from near the equator in
PNG to the southern GBR (Fig. 1). Samples were
collected from 2009 to 2013, at times when young
recruits were available and collection was logisti-
cally possible. After capture, fish were euthanized
on ice and TL was measured to the nearest 0.1 mm
using callipers.

Otolith preparation and analysis

A pair of otoliths (sagittae) were extracted from
each fish, cleaned in distilled water and stored dry.
A transverse cross-section through the nucleus of
one otolith was prepared as described by Wilson &
McCormick (1997). Each sectioned otolith was view -
ed through a compound microscope, using immer-
sion oil at 200 to 400× magnification, and 1 to 6 dig-
ital images were taken, depending on the size of the
otolith. If >1 image was taken, images were merged
using Adobe Photoshop v.6. The otolith radius, the
longest distance from the core to the settlement
mark, and the hatch ring radius were measured
from the merged photograph using image analysis
software (ImageJ v.1.45s, National Institutes of
Health).

The settlement mark of P. moluccensis was char-
acterised by a sudden decline in daily ring incre-
ment widths (Type I transition mark; Wilson &
McCormick 1999). The settlement mark of H. mela-
nurus was characterised by a wide band (Type II
transition mark; Wilson & McCormick 1999). For H.
melanurus we interpreted the inner edge of the
transition band to indicate settlement, correspon-
ding to the time at which settling larvae began
metamorphosis, and the outer edge of the band as
corresponding with the completion of metamorpho-
sis as described by Victor (1982).

The number of daily increments from the nucleus
to the settlement mark was counted to estimate PLD
for P. moluccensis. For H. melanurus we added 2 d
to the count of pre-settlement increments to account
for the time between fertilisation and deposition of
daily increments, as being typical of wrasse species
(Victor 1982, Cowen 1991). The number of days
post- settlement was estimated by counting the
number of rings after the settlement mark. Blind

counts of daily increments were conducted twice. A
third blind count was conducted when the error
between the first 2 counts was >10%. When the
closest 2 of the 3 counts differed by >10% the slide
was rejected (N = 11). When slides were accepted,
an average of the 2 counts was used for further
analysis.

Daily rings have previously been validated for P.
moluccensis (Brunton & Booth 2003). We assumed
otolith growth rings were daily for H. melanurus be -
cause (1) daily growth rings have been validated for
the congeneric species H. miniatus (Munday et al.
2009) and H. bivittatus (Victor 1982), and (2) in a pilot
study we established there was a strong linear corre-
lation (r2 = 0.87) between the number of days post-
hatch and the TL of 190 juvenile H. melanurus
(11.6 to 27.7 mm TL; I. M. McLeod unpubl. data, see
Supplement at www. int-res. com/  articles/ suppl/ m521
p129 _ supp.   xls). TL (mm) at settlement of newly set-
tled juveniles was back-calculated following the bio-
logical intercept method developed by Campana &
Jones (1992), using the equation:

LS = LC +(Oa−Oc) × (Lc−L0) × (Oc−O0)−1 (1)

where LS is length at settlement, LC is length at
capture, L0 is length at age zero, Oa is otolith
radius at settlement, Oc is otolith radius at capture,
and O0 otolith radius at hatch. L0 was taken to be
2.5 mm for P. moluccensis (Fisher 2005) and
1.62 mm for H. melanurus (estimated as the mean
larval size at hatching of 2 congenic species, H.
poecilopterus and H. tenuispinnis; Kimura et al.
1998). When hatch rings were not clear enough to
measure accurately (N = 53 among species) the
mean hatch ring diameter calculated for the partic-
ular species and location was used. Independent
sample t-tests showed that there were no signifi-
cant differences in any of the performance vari-
ables tested between the fish with measured
otolith radiuses at hatch and those with estima ted
otolith radiuses at hatch. Average pre-settlement
growth rates (mm d−1) were calculated by dividing
the estimated changes in TL of each fish by their
individual PLD. The date of settlement of individual
fish was estimated by subtracting post-settlement
age (days) from the sample collection date, plus
5 d of metamorphosis for H. melanurus. The esti-
mate of 5 d was used because (1) this is the mean
number of days for metamorphosis to complete for
the congeneric species H. bivittatus, and (2) it was
possible to discern several (usually 5) faint incre-
ments making up the transition band in some
otoliths.
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Water temperature data

Historical temperature data (2004−2012; Fig. 2)
for sites except Kavieng were obtained from 2 sub-
tidal temperature loggers at 0.5 to 10 m depth at
each site (accessed from the Australian Institute of
Marine  Science website: http:// data. aims. gov.au/
seatemp, downloa ded 1 February 2013). Historical
temperature data (2004−2012) for Kavieng were
obtained from the Integrated Global Ocean Serv-
ices System satellite sea surface temperatures
taken in 1° latitude/longitude grids near Kavieng
(2.5°S, 150.5°E). The time period 2004−2012 was
chosen for the long-term averages because that
time period had the most complete data available.
Water temperature during the PLD for each fish
was calculated as the mean temperature for the
site, between the individual estimated hatching
date and settlement date. Because there were no
temperature data available for when the fish col-
lected from Torres Strait were in their pelagic lar-
val stage, the mean temperature during the same
days of the year (2004−2012) in the Torres Strait
was used. Because of the differences in the timing
of sampling, the average (mean ± SE) temperature
experienced by larvae at locations did not always
reflect what would be expected along the latitudi-
nal gradient.

Statistical analysis

ANOVA was used to compare mean PLD, pre-
 settlement growth rates, and settlement size among
locations. Assumptions of homogeneity of variance
and normality were examined using residual ana -
lysis. Tukey’s tests were used to distinguish any
significant difference among means found through
ANOVA. Variation in early life history traits in rela-
tion to temperature and among latitudes was ana-
lysed using quadratic regression analysis of the
mean values of each trait for each site. Because we
predicted that temperature would have a greater
effect than site and we were most interested in the
effects of temperature on early life history traits
among locations rather than at specific sites, site
was not in cluded in the regression model. SPSS
Statistics v.21 (IBM) was used for all statistical
analyses.

RESULTS

Pelagic larval duration

Pelagic larval duration ranged from 16 to 24 d for
Pomacentrus moluccensis and 19 to 27 d for Hali-
choeres melanurus. Despite high levels of va ri   -

ability within locations, PLDs
were significantly different
among latitudes (Tables 1− 3).
Developmental temperature ex -
 plained 44% of the variation in P.
moluccensis PLD and 34% of the
variation in H. melanurus PLD
among latitudes. Latitudinal vari-
ations in PLD exhibited curvilin-
ear relationships with water
 temperature (Fig. 3a,b). P. mo luc -
censis PLDs were lon gest at the
Whitsunday Islands where larvae
experienced the coolest develop-
mental environment and shortest
at Torres Strait and northward
where developmental tempera-
tures were >28.5°C (Fig. 3a). H.
melanurus PLDs were longest at
Orpheus Island where larvae
experienced the coolest develop-
mental environment and shortest
at Lizard Island where develop-
mental temperatures were ~29°C
(Fig. 3b). Thus, temperatures
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around 28.5 to 29.0°C ap pear to be optimal for
minimising PLD in these species.

Larval growth

Average daily growth ranged from 0.48 to 0.81 mm
d−1 for P. mo luc censis and 0.45 to 0.77 mm d−1 for H.
melanurus. Despite high levels of variability within
locations, growth rates were significantly different
among latitudes (Tables 1−3). Latitudinal va ri ation in
larval growth was best de scribed by a curvilinear
relationship with water temperature (Fig. 3c,d). P.
moluccensis larval growth was slowest at the Whit-
sunday Islands where larvae experienced the coolest
developmental environment and fastest at Torres
Strait where developmental temperatures were
~29°C (Fig. 3c). H. melanurus  larval growth was
slowest at Orpheus Island where larvae experienced
the coolest developmental environment and fastest at
Lizard Island where developmental temperatures

were ~28.5°C (Fig. 3d). Temp erature explained
28.9% of the variation in P. mo luccensis growth and
39.6% of the variation in H. melanurus growth
among latitudes. Temperatures around 28.0 to 29.0°C
appear to be optimal for maximising growth rates in
these species.

134

Life-history trait df F p

P. moluccensis
PLD 7, 263 52.4 < 0.001
Growth rate 7, 263 13.0 < 0.001
TL at settlement 7, 263 22.7 < 0.001

H. melanurus
PLD 6, 191 35.4 < 0.001
Growth rate 6, 191 15.2 < 0.001
TL at settlement 6, 191 14.6 < 0.001

Table 3. Results of ANOVA comparing early life-history traits
of Pomacentrus moluccensis and Halichoeres mela nurus
among populations sampled. PLD: pelagic larval duration

Location Sampling n Water Latitude PLD Growth rate Settlement size
month temp. (°C) (°S) (d) (mm d−1) (TL, mm)

Kavieng Aug 2011 39 29.8 ± 0.01 2.36 23.7 ± 0.18 (A) 0.55 ± 0.01 (A) 10.55 ± 0.08 (A)
Kimbe Bay Oct 2009 26 28.9 ± 0.03 5.25 22.4 ± 0.18 (B) 0.59 ± 0.02 (B) 10.66 ± 0.12 (A)
Torres Strait Dec 2011 32 28.5 ± 0.08 10.34 21.8 ± 0.24 (B) 0.59 ± 0.01 (B) 10.74 ± 0.14 (A)
Lizard Island Feb 2011 21 28.7 ± 0.02 14.40 21.7 ± 0.28 (B) 0.63 ± 0.02 (C) 11.00 ± 0.23 (AB)
Orpheus Island Dec 2009 31 26.1 ± 0.01 18.37 25.3 ± 0.20 (C) 0.53 ± 0.01 (A) 11.49 ± 0.15 (BC)
Whitsunday Islands Mar 2012 19 28.0 ± 0.11 20.03 24.3 ± 0.29 (A) 0.59 ± 0.01 (B) 11.76 ± 0.15 (C)
Keppel Islands Jan 2010 22 28.0 ± 0.02 23.10 23.3 ± 0.23 (A) 0.61 ± 0.02 (BC) 11.78 ± 0.20 (C)

Table 2. Halichoeres melanurus. Mean (±SE) water temperature that larval fish were exposed to, and pelagic larval duration
(PLD), growth rate and settlement size (total length) of sampled populations. Homologous subgroups as differentiated using 

Tukey’s tests are displayed by the capital letters after the performance variable values

Location Sampling n Water Latitude PLD Growth rate Settlement size
month temp. (°C) (°S) (d) (mm d−1) (TL, mm)

Kavieng Aug 2011 39 29.8 ± 0.02 2.36 18.3 ± 0.20 (A) 0.67 ± 0.01 (A) 12.1 ± 0.12 (A)
Kimbe Bay Oct 2009 31 28.4 ± 0.01 5.25 18.6 ± 0.15 (AB) 0.67 ± 0.01 (A) 12.4 ± 0.12 (AB)
Torres Strait Dec 2011 28 28.2 ± 0.09 10.34 18.0 ± 0.20 (A) 0.69 ± 0.01 (A) 12.3 ± 0.13 (ABC)
Lizard Island Jan 2011 37 29.7 ± 0.02 14.40 19.1 ± 0.17 (BC) 0.63 ± 0.01 (B) 12.0 ± 0.09 (ABCD)
Orpheus Island Dec 2009 30 26.2 ± 0.06 18.37 20.4 ± 0.19 (DE) 0.62 ± 0.01 (B) 12.6 ± 0.13 (CD)
Whitsunday Islands Nov 2010 43 25.6 ± 0.05 20.03 21.8 ± 0.19 (F) 0.58 ± 0.01 (C) 12.7 ± 0.12 (CD)
Keppel Islands Jan 2010 29 28.0 ± 0.04 23.10 19.8 ± 0.22 (CD) 0.68 ± 0.01 (A) 13.4 ± 0.12 (DE)
One Tree Island Feb 2013 24 27.0 ± 0.09 23.30 21.4 ± 0.27 (EF) 0.61 ± 0.01 (BC) 13.0 ± 0.17 (E)

Table 1. Pomacentrus moluccensis. Mean (±SE) water temperature that larval fish were exposed to, and pelagic larval dura-
tion (PLD), growth rate and settlement size (total length) of sampled populations. Homologous subgroups as differentiated 

using Tukey’s tests are displayed by the capital letters after the performance variable values
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Settlement size

Size at settlement ranged from 10.45 to 15.03 mm
TL for P. moluccensis and 8.88 to 14.00 mm TL for
H. melanurus. Temperature explained 15.2 and
24.5% of the variation in size at settlement of P.
moluccensis and H. melanurus, respectively. Despite
high levels of variability within locations, size at set-
tlement was significantly different among latitudes
and changed in a curvilinear manner with tempera-
ture (Tables 1−3, Fig. 3e,f). Size at settlement was
highest at moderate temperatures and latitudes, and
generally declined above 28.5°C. The smallest P.
moluccensis sizes at settlement were found in Ka -
vieng and Lizard Island and the largest at the Keppel
Islands (Table 1, Fig. 3e). The smallest H. melanurus
sizes at settlement were found in the PNG sites of
Kavieng and Kimbe and the largest at the Keppel
and Whitsunday Islands (Table 2, Fig. 3f).

DISCUSSION

The potential impacts of global warming across lat-
itudes remain poorly understood. In this study, we
showed that the latitudinal patterns of PLD, larval
growth and size at settlement of 2 coral reef fish spe-
cies were significantly correlated with water temper-
ature. Among latitudes the thermal reaction norms
for PLD, larval growth rate, and settlement size were
non-linear, with the major shift in the relationships
between temperature and all 3 traits occurring at 28
to 29°C. The decrease in growth rates at the warm
sites closer to the equator contrasts with predictions
of previous studies that suggested linear increases in
growth rate across the natural thermal range. Curvi-
linear responses to temperature are a general indica-
tion of thermal thresholds and optima for fitness-
related traits (Pörtner & Farrell 2008, Angilletta
2009). The slower growth and development rates in
warmer waters close to the equator suggest that
those populations may be already living at tempera-
tures beyond the optimum for these traits.

The thermal optimum for growth and develop-
ment of the 2 coral fishes in this study appears to be
around 28 to 29°C; above these temperatures, the
thermal optimum may be exceeded. The observed
positive correlations between growth rate and tem-
perature, and negative correlation between PLD
and temperature up to 28.5°C, are consistent with
previous studies on larval coral reef fishes (Mc -
Cormick & Molony 1995, Wilson & Meekan 2002,
Meekan et al. 2003, Green & Fisher 2004, Takahashi

et al. 2012). Sponaugle et al. (2006) found a linear
relationship between growth and temperature in
the coral reef wrasse Thalassoma bifasciatum, but
recruitment declined above 28.5°C, suggesting a
thermal threshold had been reached. Takahashi et
al. (2012) found a linear in crease in the larval
growth of Pomacentrus moluccensis with increasing
temperature (25.4 to 29.3°C) during the breeding
season (November to February) at Lizard Island.
However, developmental temperatures were higher
at Lizard Island when samples were collected for
the present study (29.7°C mean), and P. moluccensis
larval growth rates were lower than the maximum
growth rates found by Takahashi et al. (2012), indi-
cating that optimal temperatures for growth might
have been surpassed at this location when tempera-
tures increased above 29.3°C. Additionally, experi-
mental evidence was provided by McLeod et al.
(2013), who raised larval Amphiprion percula at
current day temperature and an elevated tempera-
ture (+3°C) and found very limited capacity for
extra growth when abundant food was provided,
and severely reduced growth at the elevated tem-
perature when food was restricted. Interestingly, a
re cent study into the effects of temperature on the
 larval development of a tropical echinoderm Acan -
thaster planci showed that development rates, nor-
mal development and larval size were optimal at a
similar temperature, 28.7°C (Lamare et al. 2014).

Increased water temperature is expected to accel-
erate physiological processes in larvae, provided
temperatures do not exceed the thermal optima for
this life stage (Munday et al. 2008). Larval coral reef
fishes can have exceptionally high rates of aerobic
metabolism (Nilsson et al. 2007, McLeod et al. 2013)
during this period of rapid growth and ontogenetic
development, which have been shown to increase
with elevated temperatures for a larval coral reef
damselfish (McLeod et al. 2013). Elevated routine
metabolic rate and therefore energy use at higher
temperatures may leave less energy available for
growth, especially if food supplies are low or diges-
tive capacity is limited, and this may have con-
tributed to the lower growth rates in the warmest
waters in the present study.

The observed dome-shaped patterns of the rela-
tionship between larval traits and temperature may
be explained in part by local adaptation of northern
populations. There is ample evidence of within-
 species temperature-dependant physiological res -
ponses of early life history traits. However, the actual
effects in nature might be minimised through adap-
tation of key traits. The high levels of gene flow in

136



McLeod et al.: Reef fish larvae in warming oceans

coral reef fishes, including P. moluccensis, between
latitudes on the GBR (Doherty et al. 1995, Bay et al.
2006b, Jones et al. 2010) might limit the potential for
local adaptation. In contrast, strong genetic structure
has been described between populations of coral reef
fish species in Kimbe Bay (and presumably Kavieng)
and the GBR (Messmer et al. 2005, Jones et al. 2010),
possibly as a result of landmasses serving as a barrier
to larval dispersal. The isolation of these northern
populations may have facilitated regional adaptation
to the thermal environment, and consequently a dif-
ferent temperature dependency. However, in the
present study there was little difference in the rela-
tionship between temperature and early life history
traits among populations from the GBR and the
northern PNG sites. There is potential for an inter -
action of epigenetic effects with genes and location,
with environmental factors affecting the expression
of genes only regionally even though all populations
have the same genes. It is not possible to assess this
tentative hypothesis using the current data set, but it
offers an intriguing opportunity for further research.
Despite the potential for local adaptation there is
 evidence for a species-wide optimal temperature for
growth and development.

Local environmental factors other than tempera-
ture no doubt also contributed to the observed dif-
ferences in larval traits among locations. In larval
fishes, the process of growth reflects the interaction
of an individual’s developmental physiology with a
range of physical and biological factors (Bergenius
et al. 2005), such that location-specific environmen-
tal factors apart from developmental temperature
can have important effects. Prolonged larval devel-
opment can be associated with poor environmental
conditions, such as reduced food or sub-optimal
temperatures, so that it takes longer for the larvae
to reach a state where they are developmentally
prepared for metamorphosis (McCormick & Molony
1992, 1995, Green & Fisher 2004, McLeod et al.
2013). Other physical factors apart from temperature
or food supply can also have important effects on
larval development. For example, wind speed and
direction determine small-scale turbulence in the
water column and may indirectly influence how lar-
vae encounter and capture prey (Bergenius et al.
2005), turbidity levels can have important effects on
feeding success (Peck et al. 2012), and excess tur-
bidity can delay larval development (Wenger et al.
2014). Variation in solar radiation and along-shore
wind, but not developmental temperature, ac -
counted for the majority of the variability in larval
growth of a coral reef surgeonfish Acanthurus chi -

ru gus at San Blas archipelago in Pan ama (Bergenius
et al. 2005). Hydrodynamic regimes are also likely
to vary among latitudes (Leis et al. 2013). Few stud-
ies exist of the effects of physical oceanographic
processes on latitudinal differences in dispersal.
However, there is a general pattern of increasing
wind and eddy forming currents in mid to high lati-
tudes and this may also be the case for high-latitude
tropics (Leis et al. 2013). Variation in physical oce -
anic processes may influence availability of plank -
tonic food for larvae and their interaction with suit-
able settlement habitat, and this may influence
larval development and duration. The magnitude of
influence of other environmental factors apart from
temperature cannot be answered with the current
data set, but this is an intriguing subject for future
studies. Differences in these environmental factors
undoubtedly influenced the rates of growth and
development measured in the present study; yet
despite this, temperature-related patterns in growth
and development were evident.

Larval body size at settlement was highly variable
at all sites and weakly correlated with temperature.
Most (75 to 85%) of the variability in size at settle-
ment was due to site-specific differences other than
developmental temperature. Size at settlement
likely depends on complex, site-specific interactions
among temperature, food supply, oceanographic
processes, predation, and availability of suitable
 settlement habitat. Despite the weak correlation
between temperature and size at settlement in the
present study, the patterns generally followed the
prediction of the ‘developmental temperature−size
rule’ with smaller sizes being present at elevated
temperatures closer to the equator. Size at settle-
ment for both species tended to decline at the
warmest temperatures. Sponaugle et al. (2006) sug-
gest that the negative correlation between settle-
ment size and water temperature, also found in pre-
vious studies (McCormick & Molony 1995, Radtke et
al. 2001, Green & Fisher 2004), is related to the
length of time spent in the pelagic environment,
with slow-growing larvae in cooler water settling at
larger size because they spend more time in the
planktonic stage. However, this hypothesis relies on
there being adequate food supply to fuel this
growth. Size at settlement may reflect trade-offs be -
tween spending longer in the dangerous pelagic
environment, and settling too small or with poor
body condition with consequent negative effects on
post-settlement survival. The absence of differences
in size at settlement among the GBR sites as pre-
dicted by the temperature−size rule might reflect
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differing food levels or other site-specific environ-
mental factors.

Settlement size plays an important role in influenc-
ing the mortality rates of recently settled juvenile
fish, which is estimated to be as high as 25% on the
first day after settlement (McCormick & Hoey 2004).
A larger size at settlement may offer some survival
advantages (Sogard 1997, Perez & Munch 2010).
However, larger size at settlement does not always
lead to higher survival because the optimal settle-
ment size may be dependent on site-specific biologi-
cal factors, including the composition and abundance
of predatory species and the types and availabilities
of habitat (Levin 1994, McCormick 1994). For exam-
ple, Grorud-Colvert & Sponaugle (2011) showed that
survival rates of a coral reef wrasse Thalassoma
bifasciatum were higher at smaller settlement sizes.
Size-selective mortality could have influenced the
patterns of size at settlement found in this study
because recently settled fish may have been selec-
tively predated upon before capture. As ocean tem-
peratures increase with global warming it could be
expected that larval fish will metamorphose and set-
tle at smaller sizes in the future but the consequences
of this change are currently unknown.

The thermal reaction norms for important larval
traits were broadly similar for the 2 study species
from different families with different breeding modes
(benthic egg laying vs. broadcast spawner). The fact
that they are similar over such an extensive latitu -
dinal range implies that both species are thermal
generalists. They may be more resilient to thermal
variation than thermal specialists that have smaller
geographic ranges centred on the equator (Calosi et
al. 2010). Our results contrast to those of Booth &
Parkinson (2011) who showed that the PLD of 2 spe-
cies of Chaetodontidae (butterflyfish) was similar
across 23° of latitude. However, the closest site to the
equator in their study was at Lizard Island (14.4°S),
thus it is unknown if the PLDs of the 2 species of
Chaetodontidae follow a similar pattern of increasing
PLDs closer to the equator as was found in the pres-
ent study. Further research into variation in the rela-
tionship between larval traits and temperature
among species will be important for predicting the
impacts of climate warming on fish communities and
their associated fisheries.

O’Connor et al. (2007) present a unified model for
the temperature dependence of larval development
in marine animals based on a meta-analysis of pub-
lished laboratory studies. Recent studies have used
the results of this meta-analysis to predict that PLDs
will be reduced and larval survival will increase in a

warming ocean, influencing connectivity and disper-
sal patterns (e.g. Munday et al. 2009, Kendall et al.
2013, Underwood et al. 2013). Our findings have new
implications for predicting the consequences of
global change on marine species. They strongly sug-
gest that there may be latitudinal variation in the
impacts of ocean warming on larval coral reef fishes,
with populations closer to the equator at particular
risk. We predict that coral reef fish larvae at high lat-
itudes are likely to grow faster and settle earlier with
small increases in ocean temperature (as predicted
by existing models), but at lower latitudes the ther-
mal optimum may be exceeded with global warming
leading to slower growth and extended PLD. How-
ever, further research into other species will be
required to assess the generality of these predictions.

Climate change models predict an increase in
global sea surface temperatures of 2.2 to 3.8°C by the
end of the 21st century under ‘business as usual’ sce-
narios of carbon emissions (Bopp et al. 2013). This
may take many populations closer to the equator up
to their thermal limit, and those currently at their
limit may be severely impacted by changes in larval
development and survival. Similar latitudinal varia-
tion in vulnerability patterns have been described for
terrestrial ectotherms, suggesting that many popula-
tions close to the equator are already living towards
the upper edge of their thermal limits, and will be
highly vulnerable to a changing climate.

Acknowledgements. We thank Hayden Beck, Ray Berkel-
mans, Jennifer Donelson, Lou Dongchun, Daniel Godoy,
David Feary, Jeff Kinch, Craig Langbein, Janice Lough,
Tomas Mannering, Agnès Le Port, Alicia Schmidt-Roach,
Jodie Rummer, Jennifer Smith, Ana Cecilia Villacorta,
Kyvely Vlahakis, Sue-Ann Watson, and Colin Wen for logis-
tical/field support and helpful discussions. Special thanks to
the staff of Lissenung Island Resort, Nago Island Mari -
culture and Research Facility, Motupore Island Research
Centre, Mohonia Na Dari, Lizard Island Research Station,
Orpheus Island Research Station, Hayman Island Resort,
Keppel Lodge, and One Tree Island Research Station for
logistic support. Fish were collected under the Great Barrier
Reef Marine Park Authority permit G10/33718.1 and James
Cook University ethics approval A1684. The Australian
Research Council funded this research.

LITERATURE CITED

Angilletta MJ (2009) Thermal adaptation:  a theoretical and
empirical synthesis. Oxford University Press, Oxford

Atkinson D (1994) Temperature and organism size — a bio-
logical law for ectotherms? Adv Ecol Res 25: 1−58

Bay LK, Buechler K, Gagliano M, Caley MJ (2006a) Intra-
specific variation in the pelagic larval duration of tropical
reef fishes. J Fish Biol 68: 1206−1214

138

http://dx.doi.org/10.1111/j.0022-1112.2006.01016.x
http://dx.doi.org/10.1016/S0065-2504(08)60212-3


McLeod et al.: Reef fish larvae in warming oceans

Bay LK, Crozier RH, Caley MJ (2006b) The relationship
between population genetic structure and pelagic larval
duration in coral reef fishes on the Great Barrier Reef.
Mar Biol 149: 1247−1256

Bergenius MAJ, McCormick MI, Meekan MG, Robertson
DR (2005) Environmental influences on larval duration,
growth and magnitude of settlement of a coral reef fish.
Mar Biol 147: 291−300

Booth DJ, Parkinson K (2011) Pelagic larval duration is sim-
ilar across 23°C of latitude for two species of butterflyfish
(Chaetodontidae) in eastern Australia. Coral Reefs 30: 
1071−1075

Booth DJ, Kingsford MJ, Doherty PJ, Beretta GA (2000)
Recruitment of damselfishes in One Tree Island lagoon: 
persistent interannual spatial patterns. Mar Ecol Prog
Ser 202: 219−230

Bopp L, Resplandy L, Orr JC, Doney SC, and others (2013)
Multiple stressors of ocean ecosystems in the 21st cen-
tury:  projections with CMIP5 models. Biogeosciences 10: 
6225−6245

Brunton BJ, Booth DJ (2003) Density- and size-dependent
mortality of a settling coral-reef damselfish (Pomacentrus
moluccensis Bleeker). Oecologia 137: 377−384

Calosi P, Bilton DT, Spicer JI, Votier SC, Atfield A (2010)
What determines a species’ geographical range?
 Thermal biology and latitudinal range size relationships
in European diving beetles (Coleoptera:  Dytiscidae).
J Anim Ecol 79: 194−204

Campana SE, Jones CM (1992) Analysis of otolith micro -
structure data. In:  Stevenson DK, Campana SE (eds)
Otolith microstructure examination and analysis. Cana-
dian Special Publication of Fisheries and Aquatic Sci-
ences 117, Canada Communication Group, Ottawa,
p 73−100

Cheal AJ, Delean S, Sweatman H, Thompson AA (2007)
Spatial synchrony in coral reef fish populations and the
influence of climate. Ecology 88: 158−169

Chen IC, Hill JK, Ohlemüller R, Roy DB, Thomas CD (2011)
Rapid range shifts of species associated with high levels
of climate warming. Science 333: 1024−1026

Cowen RK (1991) Variation in the planktonic larval duration
of the temperate wrasse Semicossyphus pulcher. Mar
Ecol Prog Ser 69: 9−15

Cowen RK, Sponaugle S (2009) Larval dispersal and marine
population connectivity. Annu Rev Mar Sci 1: 443−466

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalam-
bor CK, Haak DC, Martin PR (2008) Impacts of climate
warming on terrestrial ectotherms across latitude. Proc
Natl Acad Sci USA 105: 6668−6672

Dillon ME, Wang G, Huey RB (2010) Global metabolic
impacts of recent climate warming. Nature 467: 704−706

Doherty PJ, Planes S, Mather P (1995) Gene flow and larval
duration in seven species of fish from the Great Barrier
Reef. Ecology 76: 2373−2391

Fisher R (2005) Swimming speeds of larval coral reef fishes: 
impacts on self-recruitment and dispersal. Mar Ecol Prog
Ser 285: 223−232

Fowler AJ (1990) Validation of annual growth increments in
the otoliths of a small, tropical coral reef fish. Mar Ecol
Prog Ser 64: 25−38

Green AL (1998) Spatio-temporal patterns of recruitment of
labroid fishes (Pisces:  Labridae and Scaridae) to damsel -
fish territories. Environ Biol Fishes 51: 235−244

Green BS, Fisher R (2004) Temperature influences swim-

ming speed, growth and larval duration in coral reef fish
larvae. J Exp Mar Biol Ecol 299: 115−132

Grorud-Colvert K, Sponaugle S (2011) Variability in water
temperature affects trait-mediated survival of a newly
settled coral reef fish. Oecologia 165: 675−686

Hickling R, Roy DB, Hill JK, Fox R, Thomas CD (2006) The
distributions of a wide range of taxonomic groups are
expanding polewards. Glob Change Biol 12: 450−455

Hoegh-Guldberg O (1999) Climate change, coral bleaching
and the future of the world’s coral reefs. Mar Freshw Res
50: 839−866

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS,
and others (2007) Coral reefs under rapid climate change
and ocean acidification. Science 318: 1737−1742

Houde ED (1989) Comparative growth, mortality, and ener-
getics of marine fish larvae:  temperature and implied
 latitudinal effects. Fish Bull 87: 471−495

IPCC (2013) Climate change 2013:  the physical science
basis. Contribution of Working Group I to the fifth
assessment report of the Intergovernmental Panel on Cli-
mate Change. Cambridge University Press, Cambridge

Jones GP, McCormick MI (2002) Numerical and energetic
processes in the ecology of coral reef fishes. In:  Sale PF
(ed) Coral reef fishes:  dynamics and diversity in a
 complex ecosystem. Academic Press, San Diego, CA,
p 221−238

Jones GP, Almany GR, Russ GR, Sale PF, Steneck RS, Van
Oppen MJH, Willis BL (2009) Larval retention and con-
nectivity among populations of corals and reef fishes: 
history, advances and challenges. Coral Reefs 28: 
307−325

Jones DB, Jerry DR, McCormick MI, Bay LK (2010) The pop-
ulation genetic structure of a common tropical damsel -
fish on the Great Barrier Reef and eastern Papua New
Guinea. Coral Reefs 29: 455−467

Kendall MS, Poti M, Wynne TT, Kinlan BP, Bauer LB (2013)
Consequences of the life history traits of pelagic larvae
on interisland connectivity during a changing climate.
Mar Ecol Prog Ser 489: 43−59

Kimura S, Nakayama Y, Kiriyama T (1998) Comparison of
laboratory-reared eggs, embryos and larvae of five
labrid fishes. Environ Biol Fishes 52: 187−201

Lamare M, Pecorino D, Hardy N, Liddy M, Bryne M, Uthicke
S (2014) The thermal tolerance of crown-of-thorns
(Acanthaster planci) embryos and bipinnaria larvae: 
implications for spatial and temporal variation in adult
populations. Coral Reefs 33: 207−219

Laurel BJ, Bradbury IR (2006) ‘Big’ concerns with high lati-
tude marine protected areas (MPAs):  trends in connec-
tivity and MPA size. Can J Fish Aquat Sci 63: 2603−2607

Leis JM (1991) The pelagic stage of reef fishes:  the larval
biology of coral reef fishes. In:  Sale PF (ed) The ecology
of fishes on coral reefs. Academic Press, San Deigo, CA,
p 183−230

Leis JM, Caselle JE, Bradbury IR, Kristiansen T and others
(2013) Does fish larval dispersal differ between high and
low latitudes? Proc R Soc B 280: 20130327

Levin PS (1994) Fine-scale temporal variation in recruitment
of a temperate demersal fish:  the importance of settle-
ment versus post-settlement loss. Oecologia 97: 124−133

Lo-Yat A, Simpson SD, Meekan M, Lecchini D, Martinez E,
Galzin R (2011) Extreme climatic events reduce ocean
productivity and larval supply in a tropical reef eco -
system. Glob Change Biol 17: 1695−1702

139

http://dx.doi.org/10.1111/j.1365-2486.2010.02355.x
http://dx.doi.org/10.1007/BF00317916
http://dx.doi.org/10.1098/rspb.2013.0327
http://dx.doi.org/10.1139/f06-151
http://dx.doi.org/10.1007/s00338-013-1112-3
http://dx.doi.org/10.1023/A%3A1007311910541
http://dx.doi.org/10.3354/meps10432
http://dx.doi.org/10.1007/s00338-009-0469-9
http://dx.doi.org/10.1126/science.1152509
http://dx.doi.org/10.1071/MF99078
http://dx.doi.org/10.1111/j.1365-2486.2006.01116.x
http://dx.doi.org/10.1007/s00442-010-1748-4
http://dx.doi.org/10.1016/j.jembe.2003.09.001
http://dx.doi.org/10.1023/A%3A1007389206099
http://dx.doi.org/10.3354/meps064025
http://dx.doi.org/10.3354/meps285223
http://dx.doi.org/10.2307/2265814
http://dx.doi.org/10.1038/nature09407
http://dx.doi.org/10.1073/pnas.0709472105
http://dx.doi.org/10.1146/annurev.marine.010908.163757
http://dx.doi.org/10.3354/meps069009
http://dx.doi.org/10.1126/science.1206432
http://dx.doi.org/10.1890/0012-9658(2007)88[158%3ASSICRF]2.0.CO%3B2
http://dx.doi.org/10.1111/j.1365-2656.2009.01611.x
http://dx.doi.org/10.1007/s00442-003-1377-2
http://dx.doi.org/10.5194/bg-10-6225-2013
http://dx.doi.org/10.3354/meps202219
http://dx.doi.org/10.1007/s00338-011-0815-6
http://dx.doi.org/10.1007/s00227-005-1575-z
http://dx.doi.org/10.1007/s00227-006-0276-6


Mar Ecol Prog Ser 521: 129–141, 2015

McCormick MI (1994) Variability in age and size at settle-
ment of the tropical goatfish Upeneus tragula (Mullidae)
in the northern Great Barrier Reef lagoon. Mar Ecol Prog
Ser 103: 1−16

McCormick MI, Hoey AS (2004) Larval growth history
determines juvenile growth and survival in a tropical
marine fish. Oikos 106: 225−242

McCormick MI, Molony BW (1992) Effects of feeding history
on the growth characteristics of a reef fish at settlement.
Mar Biol 114: 165−173

McCormick MI, Molony BW (1995) Influence of water tem-
perature during the larval stage on size, age and body
condition of a tropical reef fish at settlement. Mar Ecol
Prog Ser 118: 59−68

McLeod IM, Rummer JL, Clark TD, Jones GP, McCormick
MI, Wenger AS, Munday PL (2013) Climate change and
the performance of larval coral reef fishes:  the inter -
action between temperature and food availability. Con-
servation Physiology 1:  cot024

Meekan MG, Ackerman JL, Wellington GM (2001) Demo -
graphy and age structures of coral reef damselfishes in
the tropical eastern Pacific Ocean. Mar Ecol Prog Ser
212: 223−232

Meekan MG, Carleton JH, McKinnon AD, Flynn K, Furnas
M (2003) What determines the growth of tropical reef
fish larvae in the plankton:  food or temperature? Mar
Ecol Prog Ser 256: 193−204

Messmer V, van Herwerden L, Munday PL, Jones GP (2005)
Phylogeography of colour polymorphism in the coral reef
fish Pseudochromis fuscus, from Papua New Guinea and
the Great Barrier Reef. Coral Reefs 24: 392−402

Milicich MJ, Meekan MG, Doherty PJ (1992) Larval sup-
ply:  a good predictor of recruitment of three species of
reef fish (Pomacentridae). Mar Ecol Prog Ser 86: 
153−166

Munday PL, Jones GP, Pratchett MS, Williams AJ (2008) Cli-
mate change and the future for coral reef fishes. Fish Fish
9: 261−285

Munday PL, Leis JM, Lough JM, Paris CB, Kingsford M,
Berumen ML, Lambrechts J (2009) Climate change and
coral reef connectivity. Coral Reefs 28: 379−393

Nilsson GE, Östlund-Nilsson S, Penfold R, Grutter AS (2007)
From record performance to hypoxia tolerance:  respira-
tory transition in damselfish larvae settling on a coral
reef. Proc R Soc B 274: 79−85

O’Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester SE,
Kinlan BP, Weiss JM (2007) Temperature control of larval
dispersal and the implications for marine ecology, evolu-
tion, and conservation. Proc Natl Acad Sci USA 104: 
1266−1271

Pankhurst NW, Munday PL (2011) Effects of climate change
on fish reproduction and early life history stages. Mar
Freshw Res 62: 1015−1026

Peck MA, Huebert KB, Llopiz JK (2012) Intrinsic and extrin-
sic factors driving match-mismatch dynamics during the
early life history of marine fishes. Adv Ecol Res 47: 
177−302

Perez KO, Munch SB (2010) Extreme selection on size in the
early lives of fish. Evolution 64: 2450−2457

Poloczanska ES, Brown CJ, Sydeman WJ, Kiessling W and
others (2013) Global imprint of climate change on marine
life. Nat Clim Change 3: 919−925

Pörtner HO, Farrell AP (2008) Ecology:  physiology and cli-
mate change. Science 322: 690−692

Pörtner HO, Peck MA (2011) Effects of climate change. In: 
Farrell AP (ed) Encyclopedia of fish physiology. Aca-
demic Press, San Diego, CA, p 1738−1745

Radtke RL, Kinzie Iii RA, Shafer DJ (2001) Temporal and
spatial variation in length of larval life and size at settle-
ment of the Hawaiian amphidromous goby Lentipes con-
color. J Fish Biol 59: 928−938

Randall JE, Allen GR, Steene RC (1990) Fishes of the Great
Barrier Reef and Coral Sea. University of Hawaii Press,
Honolulu, HI

Rombough PJ (1997) The effects of temperature on embry-
onic and larval development. In:  Wood CM, McDonald
DG (eds) Global warming:  implications for freshwater
and marine fish. Academic Press, San Diego, CA,
p 177−223

Rummer JL, Couturier CS, Stecyk JW, Gardiner NM, Kinch
JP, Nilsson GE, Munday PL (2014) Life on the edge:  ther-
mal optima for aerobic scope of equatorial reef fishes are
close to current day temperatures. Glob Change Biol 20: 
1055−1066

Sogard SM (1997) Size-selective mortality in the juvenile
stage of teleost fishes:  a review. Bull Mar Sci 60: 
1129−1157

Sponaugle S, Cowen RK (1996) Larval supply and patterns
of recruitment for two caribbean reef fishes, Stegastes
partitus and Acanthurus bahianus. Mar Freshw Res 47: 
433−447

Sponaugle S, Grorud-Colvert K (2006) Environmental vari-
ability, early life-history traits, and survival of new coral
reef fish recruits. Integr Comp Biol 46: 623−633

Sponaugle S, Grorud-Colvert K, Pinkard D (2006) Tempera-
ture-mediated variation in early life history traits and
recruitment success of the coral reef fish Thalassoma
bifasciatum in the Florida Keys. Mar Ecol Prog Ser 308: 
1−15

Srinivasan M, Jones GP (2006) Extended breeding and
recruitment periods of fishes on a low latitude coral reef.
Coral Reefs 25: 673−682

Sunday JM, Bates AE, Dulvy NK (2011) Global analysis of
thermal tolerance and latitude in ectotherms. Proc R Soc
B 278: 1823−1830

Takahashi M, McCormick MI, Munday PL, Jones GP (2012)
Influence of seasonal and latitudinal temperature varia-
tion on early life-history traits of a coral reef fish. Mar
Freshw Res 63: 856−864

Tewksbury JJ, Huey RB, Deutsch CA (2008) Putting the heat
on tropical animals. Science 320: 1296−1297

Underwood JN, Wilson SK, Ludgerus L, Evans RD (2013)
Integrating connectivity science and spatial conservation
management of coral reefs in north-west Australia. J Nat
Conserv 21: 163−172

Victor BC (1982) Daily otolith increments and recruitment in
two coral-reef wrasses, Thalassoma bifasciatum and
Halichoeres bivittatus. Mar Biol 71: 203−208

Victor BC (1986) Duration of the planktonic larval stage of
one hundred species of Pacific and Atlantic wrasses
(family Labridae). Mar Biol 90: 317−326

Wellington GM, Victor BC (1989) Planktonic larval duration
of one hundred species of Pacific and Atlantic damsel -
fishes (Pomacentridae). Mar Biol 101: 557−567

Wenger AS, McCormick M, Endo GGK, McLeod IM, Kroon
FJ, Jones GP (2014) Suspended sediment prolongs larval
development in a coral reef fish. J Exp Biol 217: 
1122−1128

140

http://dx.doi.org/10.1242/jeb.094409
http://dx.doi.org/10.1007/BF00541659
http://dx.doi.org/10.1007/BF00428555
http://dx.doi.org/10.1007/BF00394631
http://dx.doi.org/10.1016/j.jnc.2012.12.001
http://dx.doi.org/10.1126/science.1159328
http://dx.doi.org/10.1071/MF11278
http://dx.doi.org/10.1098/rspb.2010.1295
http://dx.doi.org/10.1007/s00338-006-0153-2
http://dx.doi.org/10.3354/meps308001
http://dx.doi.org/10.1093/icb/icl014
http://dx.doi.org/10.1071/MF9960433
http://dx.doi.org/10.1111/gcb.12455
http://dx.doi.org/10.1126/science.1163156
http://dx.doi.org/10.1038/nclimate1958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20298462&dopt=Abstract
http://dx.doi.org/10.1071/MF10269
http://dx.doi.org/10.1073/pnas.0603422104
http://dx.doi.org/10.1098/rspb.2006.3706
http://dx.doi.org/10.1007/s00338-008-0461-9
http://dx.doi.org/10.1111/j.1467-2979.2008.00281.x
http://dx.doi.org/10.3354/meps086153
http://dx.doi.org/10.1007/s00338-005-0001-9
http://dx.doi.org/10.3354/meps256193
http://dx.doi.org/10.3354/meps212223
http://dx.doi.org/10.1093/conphys/cot024
http://dx.doi.org/10.3354/meps118059
http://dx.doi.org/10.1111/j.0030-1299.2004.13131.x
http://dx.doi.org/10.3354/meps103001


McLeod et al.: Reef fish larvae in warming oceans

Wilson DT, McCormick MI (1997) Spatial and temporal vali-
dation of settlement-marks in the otoliths of tropical reef
fishes. Mar Ecol Prog Ser 153: 259−271

Wilson DT, McCormick MI (1999) Microstructure of settle-
ment-marks in the otoliths of tropical reef fishes. Mar

Biol 134: 29−41
Wilson DT, Meekan MG (2002) Growth-related advantages

for survival to the point of replenishment in the coral reef
fish Stegastes partitus (Pomacentridae). Mar Ecol Prog
Ser 231: 247−260

141

Editorial responsibility: Nicholas Tolimieri, 
Seattle, Washington, USA

Submitted: April 17, 2014; Accepted: November 25, 2014
Proofs received from author(s): February 10, 2015

http://dx.doi.org/10.3354/meps231247
http://dx.doi.org/10.1007/s002270050522
http://dx.doi.org/10.3354/meps153259

	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite27: 
	cite41: 
	cite4: 
	cite43: 
	cite36: 
	cite50: 
	cite38: 
	cite52: 
	cite34: 
	cite54: 
	cite47: 
	cite61: 
	cite56: 
	cite49: 
	cite63: 
	cite45: 
	cite58: 
	cite29: 
	cite67: 
	cite70: 
	cite74: 
	cite76: 
	cite81: 
	cite1: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite31: 
	cite2: 
	cite26: 
	cite40: 
	cite33: 
	cite42: 
	cite6: 
	cite35: 
	cite51: 
	cite44: 
	cite46: 
	cite48: 
	cite57: 
	cite64: 
	cite71: 
	cite66: 
	cite59: 
	cite73: 
	cite68: 
	cite75: 
	cite80: 
	cite77: 
	cite82: 
	cite79: 
	cite3: 
	cite7: 


