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Abstract Changes to tropical sea surface temperature and
plankton communities are expected to occur over the next
100 years due to climate change. There is a limited
understanding of how these environmental changes are
likely to impact coral reef fishes, especially in terms of
population replenishment through the quality of progeny
produced. The present study investigated the effect that
elevated sea water temperature and changes to food
availability may have on the production of offspring by the
reef fish Acanthochromis polyacanthus (Pomacentridae), as
well as the performance of progeny in environments of
varying food availability. An orthogonal design of three
water temperatures and two food availabilities (high and
low ration) was used, with water temperatures being the
current-day average for the collection location (28.5 °C),
?1.5 °C (30.0 °C) and ?3.0 °C (31.5 °C), representing
likely temperatures by 2100. Generally, an increase in the
water temperature for adults resulted in a reduction in the
size, weight and amount of yolk possessed by newly hatched offspring. Offspring whose parents were maintained
under elevated temperature (30.0 °C high ration) had lower
survival than offspring produced by parents at the currentday temperature (28.5 °C high ration) at 15 days posthatching, but only when juveniles were reared under
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conditions of low food availability. In contrast, by 30 days
post-hatching, the growth and condition of these offspring
produced by parents held under elevated temperature
(30.0 °C high ration) were the best of all treatment groups
in all levels of juvenile food availability. This result
illustrates the potential for initial parental effects to be
modified by compensatory growth early in life (within
1 month) and that parental effects are not necessarily long
lasting. These findings suggest that the performance of
juvenile reef fish in future ocean conditions may not only
depend on initial parental effects, but the interaction
between their parentally mediated phenotype and their
present food availability.
Keywords Compensatory growth  Coral reef fish 
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Introduction
Substantial changes to tropical oceans are expected to
occur within the next century due to climate change. This
includes increases in tropical sea surface temperature of up
to 3 °C by 2100 (Lough 2007; Munday et al. 2009;
Ganachaud et al. 2011) and alterations to ocean currents
and surface mixing (Sarmiento et al. 2004; Harley et al.
2006; Rost et al. 2008). Changes to ocean mixing will
influence primary productivity leading to flow-on effects to
plankton production, which is the major food source for
many marine organisms (Hays et al. 2005; Richardson
2008; Rost et al. 2008). In general, the expectation is for
less productive tropical oceans due to greater thermal
stratification of the water column reducing nutrient
enrichment of the surface layers that is important for
planktonic productivity (Poloczanska et al. 2007; Brander
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2009). Future changes in food availability will also be
superimposed on a resource that is inherently variable on a
broad range of spatial and temporal scales. Plankton
availability is known to vary temporally at the same
location over weeks or months in both quantity and species
composition (Rothlisberg and Jackson 1982; McKinnon
et al. 2008).
The majority of coral reef organisms, including fishes,
are ectotherms. This means their basic metabolic processes
are influenced by environmental temperature (Bret 1971;
Hazel and Prosser 1974; Houde 1989; Clarke and Johnston
1999). Research on terrestrial ectotherms indicates that
tropical species are especially sensitive to increases in
environmental temperature because they tend to live close
to their thermal optimum and they possess a narrow range
of temperatures over which they can perform successfully
(Deutsch et al. 2008; Tewksbury et al. 2008; Wright et al.
2009). For aquatic ectotherms, metabolic performance
declines as water temperature increases above the thermal
optimum. Specifically, the energy required to function at
rest (resting metabolic rate) increases, while the ability to
perform aerobically decreases (Pörtner and Knust 2007;
Pörtner and Farrell 2008; Farrell 2009). These relationships
between metabolic attributes and increasing water temperatures have been seen across a range of coral reef fish
species (Nilsson et al. 2009, 2010; Gardiner et al. 2010;
Johansen and Jones 2011). Since the energy required at rest
is increased with warming, it might be expected that
organisms will consume more food to compensate (Jobling
1996). However, in food-restricted situations, trade-offs
between non-essential activities, such as reproduction and
growth, would be expected (Angilletta et al. 2003).
Both temperature and food availability are known to
directly affect reproductive attributes in marine fishes.
Elevated temperatures can influence the secretion and the
action of reproductive hormones (Van Der Kraak and
Pankhurst 1997), egg size and number (Brown et al. 2006;
Donelson et al. 2010), the frequency of reproduction
(Hilder and Pankhurst 2003) and offspring size and quality
(Brown et al. 2006; Donelson et al. 2010). Variation in
food available to parents can affect the energy available for
reproduction, and consequently the number, size, energy
content or biochemical composition of the eggs produced
(see Green 2008 for review). These variations can have
flow-on effects to the size and condition of offspring produced (Kerrigan 1997; McCormick 2003; Gagliano and
McCormick 2007; Green 2008) as well as how progeny
performs in various environments (Donelson et al. 2009).
Studies of the combined effects of temperature and food
availability on reproduction and early larval development
in tropical marine fish indicate that, in most cases, variation in temperature has a greater effect on the ability to
develop and reproduce than variation in food abundance
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(Meekan et al. 2003; Donelson et al. 2010). However,
when both food availability and thermal environment are
unfavourable, the effects to development and reproduction
are more pronounced than either single variable in isolation
(Donelson et al. 2010).
Differences in offspring characteristics in early ontogeny, whether from parental effects or from previous environments, may be compensated for when their present
environment is favourable. For example, compensatory
growth is observed in a range of organisms, where smaller
individuals can rapidly increase their growth catching up to
larger individuals in the cohort (Arendt et al. 2001; Metcalfe and Monaghan 2001; Morgan and Metcalfe 2001;
Johnsson and Bohlin 2006; Álvarez and Metcalfe 2007;
Gagliano and McCormick 2007). However, this rapid
growth can come at a cost to other life-history traits and
physical attributes (Arendt et al. 2001; Metcalfe and Monaghan 2001; Morgan and Metcalfe 2001; Álvarez and
Metcalfe 2007), potentially leading to poorer survival
(Johnsson and Bohlin 2006). Additionally, differences
between offspring caused by parental effects may only be
important under stressful juvenile environments (Marshall
et al. 2006; Donelson et al. 2009). Consequently, predicting
the effects that changes in ocean temperature and food
supply will have on marine populations is challenging,
because it depends both on how the parental environment
affects offspring quality and condition, and how these
offspring respond to changed environments (Munday et al.
2009). To better understand this problem, we need to
investigate how offspring produced by parents maintained
under future climate predictions perform when located in
different juvenile environments.
In this study, we tested the effects that future predicted
ocean temperatures and food availability have on the lifehistory attributes of offspring produced by pairs of the coral
reef fish Acanthochromis polyacanthus (Bleeker 1855). We
then examined how the offspring performed under different
levels of available food. Specifically, we tested the ability of
offspring to survive on endogenous reserves, a low, a medium and a high food level, as well as their growth in these
environments. By comparing key life-history attributes
including growth, condition and survival in different juvenile food levels, the importance of interactions between the
parental and juvenile environment in shaping the early life
history of reef fish could be established.

Materials and methods
Study species and adult rearing conditions
Forty-two adult pairs of A. polyacanthus were collected
from the central region of the Great Barrier Reef
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(Australia) during the Austral winter and housed in 60-l
aquariums at the James Cook University Marine and
Aquaculture Research Facility. Breeding pairs were split
into three temperature treatments: current-day average
temperature (summer mean = 28.5 °C), 30.0 °C (current
?1.5 °C) and 31.5 °C (current ?3.0 °C). The current-day
summer means were calculated from November to February over 14 years of daily water temperature records from
the JCU/AIMS weather station. Breeding pairs at each
temperature were randomly assigned to two feeding treatments (high or low ration) to produce a fully orthogonal
design with 7–8 breeding pairs at each combination of
temperature and food ration. The high-food treatments
consisted of 0.376 g Aquaculture Nutrition NRD 12/20
pellets (1.0 % body weight) per fish per day, which is
approximately the average amount of food consumed by
A. polyacanthus per day at the collection location
(Donelson et al. 2010). The low treatment was half of the
high at 0.188 g per fish per day (0.5 % body weight) and
represented the minimum amount of food fish were consuming per day (Donelson et al. 2010).
Hatching characteristics
Nesting sites were checked daily for the presence of clutches. On the day of hatching, twenty haphazardly selected
juveniles were removed from each clutch for measurement
of physical attributes (Table 1). The sampled fish were
euthanised with an overdose of clove oil and then preserved in 4 % phosphate-buffered formaldehyde solution.
Weight, standard length (SL) and yolk area were measured
after 2 days of preservation. SL was estimated by photographing fish under a stereomicroscope and subsequently
using image analysis software (Optimus 6.5, Media
Cybernetics). The length of each fish and the area of each
yolk sac were measured to the nearest 0.01 mm three
times, and the average recorded. Fish were then blotted dry
and weighed to the nearest mg.
Breeding pairs did not reproduce evenly in all combinations of temperature and food levels, with pairs in both
the ?1.5 °C and ?3.0 °C on low food ration failing to
reproduce at all (Donelson et al. 2010). Seven clutches
were produced in the 28.5 °C (current day) high-food-

ration treatment, and three clutches in each of the
remaining three treatments (28.5 °C low food ration,
30.0 °C (?1.5 °C) high food ration, and 31.5 °C (?3.0 °C)
high food ration). In addition, limited numbers of offspring
in the 31.5 °C treatment survived through to hatching; thus,
post-hatching experiments were unable to be completed in
this treatment (Table 1).
Survival on endogenous reserves
Survival on endogenous reserves provides an indication of
the quantity and quality of yolk provided by mothers to
offspring. To determine whether the length of time offspring can survive on their endogenous resources varied
between treatments, a random sample of 20 newly hatched
individuals from each clutch was reared without food
(Table 1). Juveniles were haphazardly selected from each
clutch within 2 h of hatching and transferred to individual
2-l plastic aquariums (260 9 120 9 95 mm) in an environmentally controlled room (as per Donelson et al. 2008).
Fish were maintained in the temperature of their parents
throughout the experiment. For the current-day treatment,
the mean temperature over the experimental period was
28.49 °C (±0.03 SE), and for the ?1.5 °C treatment, the
mean temperature was 30.11 °C (±0.05 SE). The light
regime was kept at the summer average for the parental
collection location; 12.75 h light: 12.25 h dark. Each
aquarium containing a juvenile was checked daily at
approximately 09:00 and 17:00 h to determine whether that
individual was still alive.
Juvenile rearing conditions
Sixty juveniles per breeding pair (Table 1) were haphazardly
sampled at hatching and transferred into individual 2-l
plastic aquariums (160 9 160 9 9 mm) in their corresponding parental temperature and supplied with a constant
flow of seawater at temperatures stated above. Twenty of the
sixty fish were randomly assigned to each of the three feeding
treatments. On the first day of the experiment, all fish were
fed Artemia nauplii at a concentration of 2 individuals ml-1
(approximately 4,000 individuals per aquaria). Subsequently, they were fed Artemia nauplii at a concentration of 2

Table 1 Number of breeding pairs from each parental treatment whose offspring were used in each experiment
28.5 °C high
ration

28.5 °C low
ration

30.0 °C high
ration

30.0 °C low
ration

31.5 °C high
ration

31.5 °C low
ration

Hatching characteristics

7

3

3

0

3

0

Survival on endogenous reserves

7

3

3

0

0

0

Survival with varying food availability

7

3

3

0

0

0

Growth with varying food availability

7

3

3

0

0

0
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individuals ml-1 every day (high food treatment), two out of
every three days (medium food treatment), or every third day
(low food treatment). From day 7 onwards, juveniles were
fed Artemia at 1 individual ml-1 and approximately 2 mg of
INVE Aquaculture Nutrition 2/4 NRD pellets at each feed.
From day 15 onwards, juveniles were fed approximately
5 mg of INVE Aquaculture Nutrition 2/4 NRD pellets at
each feed. Any juveniles that died within in the first 24 h after
relocation were replaced, as this mortality was attributed to
the stress of movement. Subsequently, containers were
checked daily at 09:00 h, and deaths within the previous 24-h
period were recorded.
Half of the individuals still alive were sampled at day 15
of the experiment (low food n = 2–10, medium food
n = 8–10 and high food n = 7–10 per pair), and all the
remaining individuals were sampled at day 30 post-hatching
(low food n = 0–9, medium food n = 7–10 and high food
n = 6–10 per pair). Fish were euthanised and measured on
the day of sampling prior to preservation. Fish were photographed under a stereomicroscope using image analysis and
SL measured to the nearest 0.01 mm. Fish were then blotted
dry with a paper towel and weighed (to nearest mg).
Data analysis
Parental effects on hatching characteristics
To determine whether parental temperature and food level
affected offspring characteristics at hatching, a one-factor
MANOVA was run on SL, weight, yolk area and Fulton’s
K condition. In this analysis, parental temperature and food
availability were combined as one variable due to the
absence of data from the elevated temperatures and low
food levels (i.e. only four treatments were compared;
28.5 °C high food ration, 28.5 °C low food ration, 30.0 °C
high food ration and 31.5 °C high food ration). Where
significant differences were identified, univariate ANOVAs
and Fisher’s LSD post hoc tests were undertaken. To
determine whether parental temperature and food treatment
affected survival on endogenous reserves, a multiplesample survival analysis was used. This analysis is an
extension of the Gehan’s generalised Wilcoxon test. Where
significant differences were found between the survival of
juveniles depending on parental treatment, two-sample
Cox’s F test survival analysis was run on each combination
of parental treatments with an adjusted significance level of
0.0167.
Juvenile survival and growth
Separate multiple-sample survival analyses were completed for each juvenile food level. If significant differences were identified between the survival of juveniles
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depending on parental treatment, two-sample Gehan’s
Wilcoxon tests were run with adjusted significance levels
of 0.0167. To investigate whether parental treatment and
juvenile food level affected growth of juveniles, a factorial
MANOVA was undertaken on SL, weight and Fulton’s K
condition separately at 15 and 30 days post-hatching. At
15 days post-hatching, SL and weight were log-transformed to meet the assumption of homogeneous variances.
ANOVAs and Fisher’s LSD post hoc tests were used to
explore the nature of significant MANOVAs. All statistical
analyses were completed using Statistica 9.0.

Results
Hatching characteristics
The physical characteristics of individuals at hatching
depended on their parents’ temperature and food treatment
(Fig. 1; MANOVA: F12,828 = 15.7, p \ 0.001; univariate:
SL—F3,277 = 25.11, p \ 0.001, weight—F3,277 = 18.68,
p \ 0.001, yolk area—F3,277 = 22.78 p \ 0.001, condition—F3,277 = 22.78, p \ 0.001). Both SL and weight
declined with increasing parental temperature (Fig. 1a, b;
p \ 0.004), while offspring from parents in the 28.5 °C
low-food-ration treatment were longer than offspring from
parents in any of the high-food-ration treatments
(p \ 0.001). Yolk area was smallest in offspring from
parents in the 30.0 °C high-food-ration treatment (Fig. 1c;
p \ 0.001), but still significantly less in offspring from
parents in the 31.5 °C high-ration and 28.5 °C low-ration
treatments compared to the 28.5 °C high-food-ration
treatment (p \ 0.03). Contrastingly, the condition of offspring from parents in the three high-food-ration treatments
was similar (p [ 0.05) and only significantly reduced in the
28.5 °C low-food-ration treatment (Fig. 1d; p \ 0.002).
Survival on endogenous reserves
The combination of parental temperature and food level
significantly influenced the rate of offspring mortality on
endogenous reserves (Fig. 2; v2 = 84.73, df = 2,
p \ 0.001). Offspring produced by parents on the high
food ration in 28.5 °C survived up to 4 days longer (up to
13 days post-hatching) than offspring from parents in
the 28.5 °C low-food-ration treatment (Cox’s F test:
F278,120 = 3.806, p \ 0.001) and from parents in the 30.0 °C
high-food-ration treatment (Cox’s F test: F278,120 = 2.790,
p \ 0.001). Offspring from parents in the 30.0 °C high-foodration and the 28.5 °C low-food-ration treatments survived
a maximum of 10 days post-hatching and were not significantly different (Cox’s F test: F120,120 = 1.457, p [ 0.0167).
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(z = 3.839, n = 200, p \ 0.001) and from 30.0 °C highfood-ration parents at (z = 5.218, n = 200, p \ 0.001).
However, no differences were seen between the survival of
offspring from 28.5 °C low-food-ration parents (mean,
42 % on day 15) and 30.0 °C high-food-ration parents
(mean, 32 % on day 15; z = 1.717, n = 120, p = 0.086).
In the medium ration juvenile food treatment, no differences were seen in survival among parental treatments
(v2 = 0.790, df = 2, p = 0.674). In contrast, in the high
ration juvenile food treatment, offspring from parents in the
28.5 °C low-food-ration treatment had significantly greater
mortality levels than offspring from parents in the 30.0 °C
high-food-ration treatment (full model: v2 = 7.93, df = 2,
p = 0.019; 30.0 °C high: z = 2.451, n = 120, p = 0.014).

Standard length (mm)

a
a
5.2

b
c

4.8

d
4.4
4

Weight (mg)

b 4.5
a

a

4

b
3.5

c
3
2.5

c
2

Yolk area (mm )

1.6

Growth in various food quality environments
a
b

1.4

b
c

1.2
1

Fulton's K condition

d
0.04

a

a

a

b

0.03
0.02
0.01
0
28.5

30.0

31.5

Temperature ( C)

Fig. 1 Mean standard length (a), weight (b), yolk area (c)
and (d) Fulton’s K condition index (±SE) of newly hatched
A. polyacanthus that resulted from breeding pairs kept under a
combination of three water temperatures and two food ration levels.
Shaded bars high food ration levels; white bars low food ration levels.
Letters over bars represent the groupings from Fisher’s LSD post hoc
tests (p \ 0.05)

Juvenile survival under different food availability
Greater than 85 % survival occurred in the high and
medium ration juvenile food treatments regardless of
parental treatment over the first 15 days post-hatching
(Fig. 3a, b). In contrast, up to 70 % mortality occurred in
the low ration juvenile food treatment (Fig. 3c). Furthermore, in the low ration juvenile food treatment, differences
in offspring survival depended on parental treatment
(v2 = 7.93, df = 2, p = 0.019). Offspring from parents in
the 28.5 °C high-food-ration treatment had on average
69 % survivorship at day 15 and survived significantly
better than offspring from 28.5 °C low-food-ration parents

Juvenile growth and condition were strongly affected by the
food level available at both 15 days (Table 2; MANOVA:
F6,584 = 51.0, p \ 0.001; univariate: SL—F2,301 = 236.0,
p \ 0.001; Weight—F2,231 = 276.6, p \ 0.001; Fulton’s K
condition—F2,301 = 21.17, p \ 0.001) and 30 days posthatching (Table 3; MANOVA: F6,444 = 44.64, p \ 0.001;
univariate: SL—F2,231 = 135.15, p \ 0.001; Weight—
F2,231 = 143.70, p \ 0.001; Fulton’s K condition—
F2,231 = 5.65, p = 0.004). The importance of the parental
environment (combined temperature and food level) differed
depending on the attribute measured and the time posthatching. At 15 days, parental environment did not significantly influence SL (F2,301 = 2.30, p = 0.101), but did
affect weight (F2,301 = 3.89, p = 0.022) and interacted with
juvenile food level to affect condition (F2,301 = 3.98,
p = 0.004; Table 2). Specifically, the weight of fish from
28.5 °C low-food-ration parents was less than both other
parental treatments (p \ 0.007). Body condition did not
differ between any parental treatment in the low juvenile
food ration treatment, but in the medium juvenile food ration
treatment, offspring from 28.5 °C high-food-ration parents
performed significantly better (p \ 0.03), and in high juvenile food ration treatment, offspring from 28.5 °C low-foodration parents were in significantly worse condition
(p \ 0.001). At 30 days post-hatching, the parental treatment significantly affected SL (F2,231 = 4.11, p = 0.018),
weight (F2,231 = 3.31, p = 0.038) and body condition
(Table 3; F2,231 = 6.23, p = 0.002). However, offspring
from various parental treatments performed differently
depending on the attribute measured. Offspring produced by
28.5 °C high-food-ration parents were in the poorest condition at 30 days (p \ 0.009), while offspring from 28.5 °C
low-food-ration parents were significantly shorter
(p \ 0.016) and offspring from 30.0 °C high-food-ration
parents were significantly heavier than both other groups
(p = 0.004).
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Fig. 2 Mean survival (±SE) of juvenile A. polyacanthus on endogenous reserves in relation to parental maintenance temperature and
food ration level. Black squares, parents kept under 28 °C and high

a

food ration; open squares, parents under 28 °C and low food ration;
grey triangles, parents under 30 °C and high food ration
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Fig. 3 Mean survival (±SE) of juvenile A. polyacanthus reared
under three conditions: a Juvenile high food ration, b juvenile
medium food ration and c juvenile low-food-ration environments.
Survival is plotted in relation to parental maintenance temperature

and food ration level. Black squares, parents kept under 28 °C and
high food ration; open squares, parents under 28 °C and low food
ration; grey triangles, parents under 30 °C and high food ration

Discussion

characteristics at hatching. Offspring from parents kept
under 30.0 °C, and high-food-ration conditions were
smaller at hatching, but by 30 days post-hatching were
generally longer, heavier and in better condition. In contrast, offspring from 28.5 °C low-food-ration parents were
largest at hatching, but smallest by 30 days. When poor
juvenile food levels were present, the survival of offspring
from 30.0 °C high-food-ration parents and from 28.5 °C
low-food-ration parents was significantly worse than that of
offspring from 28.5 °C high-food-ration parents. This

Evidence of parental effects on offspring characteristics at
hatching was found when parents were maintained in
future predicted temperature and food conditions. As the
temperature experienced by parents increased, the size of
offspring became smaller and yolk reserves declined. The
performance of these juveniles reared with differing access
to food depended on their parental treatment; however,
performance was not always consistent with offspring
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Table 2 Effect of parental treatment (breeding temperature and food ration) and juvenile food ration on standard length, weight and Fulton’s K
condition at 15 days post-hatching A. polyacanthus
Parental treatment
28.5 °C high ration
Juvenile high ration

Juvenile medium ration

Juvenile low ration

28.5 °C low ration

30.0 °C high ration

SL = 8.48 ± 0.08

SL = 8.42 ± 0.12

SL = 8.44 ± 0.14

Weight = 18.62 ± 0.49

Weight = 16.67 ± 0.68

Weight = 17.90 ± 0.82

Condition = 0.030 ± 0.0005
SL = 7.53 ± 0.05

Condition = 0.027 ± 0.0005
SL = 7.48 ± 0.09

Condition = 0.029 ± 0.0006
SL = 7.47 ± 0.12

Weight = 12.61 ± 0.33

Weight = 11.56 ± 0.49

Weight = 11.50 ± 0.59

Condition = 0.029 ± 0.0004

Condition = 0.027 ± 0.0006

Condition = 0.027 ± 0.0006

SL = 6.27 ± 0.06

SL = 5.94 ± 0.15

SL = 6.37 ± 0.17

Weight = 5.91 ± 0.22

Weight = 5.42 ± 0.56

Weight = 6.86 ± 0.70

Condition = 0.024 ± 0.0005

Condition = 0.025 ± 0.0012

Condition = 0.026 ± 0.0014

Values are mean ± SE
Table 3 Effect of parental treatment (breeding temperature and food ration) and juvenile food ration on standard length, weight and Fulton’s K
condition at 30 days post-hatching A. polyacanthus
Parental treatment

Juvenile high ration

Juvenile medium ration

Juvenile low ration

28.5 °C high ration

28.5 °C low ration

30.0 °C high ration

SL = 12.67 ± 0.20

SL = 12.16 ± 0.21

SL = 12.84 ± 0.32

Weight = 61.17 ± 2.71

Weight = 57.21 ± 3.19

Weight = 68.17 ± 5.14

Condition = 0.030 ± 0.0004

Condition = 0.028 ± 0.0005

Condition = 0.031 ± 0.0007

SL = 11.26 ± 0.16

SL = 10.60 ± 0.19

SL = 11.01 ± 0.26

Weight = 41.68 ± 1.78

Weight = 36.46 ± 1.85

Weight = 44.8 ± 3.14

Condition = 0.029 ± 0.0003

Condition = 0.030 ± 0.0006

Condition = 0.033 ± 0.0006

SL = 8.24 ± 0.33

SL = 7.66 ± 0.30

SL = 8.33 ± 0.38

Weight = 15.45 ± 2.22

Weight = 12.75 ± 1.97

Weight = 16.9 ± 2.64

Condition = 0.027 ± 0.001

Condition = 0.027 ± 0.0022

Condition = 0.028 ± 0.0014

Values are mean ± SE

suggests that progeny performance in future ocean conditions will not only depend on their environment, but the
interaction between their parentally mediated phenotype
and their present environment.
For coral reef fish, the first few weeks of life are known
to be critical for success and small differences in body size
and growth rate may substantially influence survival (Sale
and Ferrell 1988; Almany and Webster 2006). In our
experiments, parents maintained in future predicted temperatures produced smaller and lighter offspring with less
yolk provisioning. Mortality is size selective in juvenile
reef fish, and consequently, offspring produced by parents
in future warmer oceans may suffer greater mortality than
current-day individuals if it takes longer for mortality size
thresholds to be reached (Bergenius et al. 2002; Holmes
and McCormick 2009). Body condition has also been
identified as a potential determinant of survival during the
early life of reef fish (Hoey and McCormick 2004; Holmes
and McCormick 2009), and the condition of offspring from

all high-ration parents was similar regardless of increasing
temperature. Thus, the early juvenile survival in future
populations will depend on the nature of selectivity agents
and what offspring traits are most influential; traits that are
important in future may not be the same as current day.
Generally, elevations in parental environmental temperature had a greater effect on the attributes of offspring at
hatching than in parental food levels. Specifically, an
increase of only 1.5 °C caused a greater reduction in offspring size and yolk reserves than half the food provisioning to parents. It may also indicate that temperature
directly affects reproductive pathways that influence gamete quality (final oocyte maturation and vitellogen production; Pankhurst et al. 1996; King et al. 2007) and
consequently offspring attributes. There is substantial
support for elevations in temperature negatively affecting
reproductive pathways and production of gametes of marine fishes (Manning and Kime 1985; Pankhurst and Thomas 1998; Van der Kraak and Pankhurst 1997; Hilder and
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Pankhurst 2003; Pankhurst and Porter 2003), and this
occurred in breeding adults utilised in the present study
(Donelson et al. 2010).
The importance of parental effects on offspring survival
differed depending on the food available to juveniles.
Juvenile survival depended on parental treatment when
there was a low-level or no food provided (survival on
endogenous reserves) in the juvenile environment. In these
poor environments, offspring from 28.5 °C high-foodration parents survived significantly better than offspring
from parents that experienced an increase of ?1.5 °C or a
reduction in food availability. Offspring from parents
maintained under 28.5 °C low food ration or 30.0 °C high
food ration survived similarly in these poor juvenile conditions, suggesting that a 1.5 °C increase or half the food
available to parents may produce comparable offspring
survival in future. In contrast, in moderate and high juvenile food levels, the trend of better survival by offspring of
28.5 °C high-food-ration parents was lost, supporting the
hypothesis that parental effects play an important role
when offspring are in food-limited or competitive environments (Marshall et al. 2006; Donelson et al. 2009).
However, a large amount of research shows that parental
effects are more influential at the beginning of life and over
weeks to months the current environment of offspring
becomes more influential (Donelson et al. 2009; van der
Sman et al. 2009). Interestingly, offspring from the two
parental treatments (28.5 °C low food ration and 30.0 °C
high food ration) that survived similarly in poor juvenile
food levels (low or no food) exhibited significantly different survival rates under high juvenile food availability,
with fish produced by 30.0 °C parents surviving significantly better than fish produced by 28.5 °C parents. This
suggests that the way parental effects affect progeny survival can depend on juvenile food availability.
It is well established that the amount of food available
to a juvenile will substantially influence their growth and
condition (Jones 1986; Forrester 1990; Booth and Alquezar 2002). Our data fitted the expected trends with
juveniles being longer, heavier and in better body condition with increasing food availability. However, offspring performance within these food availabilities
depended on their parent’s temperature and feeding history. At 15 days post-hatching with low food availability,
juveniles from all parental treatments grew similarly,
whereas at moderate and high food levels, larval growth
was affected by parental treatment. This observation is in
contrast to previous findings that beneficial parental
effects are only important in poor quality environments
(Donelson et al. 2009). However, our ability to detect
differences between parental groups in the low food
juvenile environment may have been limited by high
juvenile mortality.
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By 30 days post-hatching offspring from 30.0 °C parents were generally performing the best for all physical
attributes measured. Initially, at hatching, these offspring
were shorter and lighter than offspring produced by either
28.5 °C parental group. This indicates that while fish
started out with potential physical limitations, they were
able to compensate for differences across all juvenile food
environments (Arendt et al. 2001; Morgan and Metcalfe
2001; Johnsson and Bohlin 2006; Álvarez and Metcalfe
2007; Gagliano and McCormick 2007). Even when food
availability was low and mortality was significantly greater
for offspring from 30.0 °C high-food-ration parents, individuals that persisted from this treatment were in better
condition compared to juveniles from the 28.5 °C highand low-food-ration treatments. In contrast, offspring produced by 28.5 °C low-food-ration parents were the longest
at hatching, but by 30 days, were significantly shorter than
the two other parental treatments. These findings suggest
that initial measures of size and condition may be good
indicators of growth and survival when fish first arrive on
the reef (Hoey and McCormick 2004; Holmes and
McCormick 2009), but other phenotypic parental contributions not captured by size and condition estimates may
subsequently determine performance (e.g. yolk quality or
hormones). Additionally, a portion of the difference in
growth and condition observed between 28.5 and 30.0 °C
treatments may be directly due to the temperature differences of the juvenile environment, since offspring were
carried through on their parent’s temperature. Small
increases in temperature are known to enhance growth and
development rate (Rombough 1997; Meekan and Fortier
1996; Bergenius et al. 2002; Wilson and Meekan 2002;
Sponaugle et al. 2006). However, for this to be the only
cause of differences between offspring from 28.5 and
30.0 °C high-food-ration parents, juveniles reared at
30.0 °C would have been expected to be unable to maintain
a high rate of growth and condition under low-food-ration
conditions in the juvenile environment.
This study highlights the potential impacts that elevated
sea temperature and reductions in food availability to
adults will have on their progeny. Some of these parental
effects on progeny will determine juvenile survival in times
of low food availability. The study illustrates that observed
differences in hatching characteristics caused by moderate
ocean warming (?1.5 °C and no reduction in food) are able
to be compensated for over relatively short time frames
(15–30 days). To determine the long-term effects of differences in hatching characteristics and compensatory
growth, longer running grow-out experiments are required.
While the model species used in the present study possesses an atypical early life history, our results are likely to
be general across a range of species since parental effects
and the environment during early life can significantly
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influence the success of juveniles (Meekan et al. 2003;
Hoey and McCormick 2004; Green 2008). The potential
for long-term thermal acclimation has not been tested in
this study, and the importance of parental effects to offspring may be altered when fish live their whole life under
future climate conditions.
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