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Rapid transgenerational acclimation of a tropical
reef fish to climate change
J. M. Donelson1,2 *, P. L. Munday1 , M. I. McCormick1 and C. R. Pitcher3
Understanding the capacity of species to acclimate and adapt
to expected temperature increases is critical for making predictions about the biological impacts of global warming, yet it is
one of the least certain aspects of climate change science1–4 .
Tropical species are considered to be especially sensitive to
climate change because they live close to their thermal maximum and exhibit limited capacity for acclimation5–7 . Here, we
demonstrate that a tropical reef fish is highly sensitive to
small increases in water temperature, but can rapidly acclimate over multiple generations. Acute exposure to elevated
temperatures (+1.5 ◦ C and +3.0 ◦ C) predicted to occur this
century caused a 15% and 30% respective decrease in individual’s maximum ability to perform aerobic activities such
as swimming or foraging, known as aerobic scope. However,
complete compensation in aerobic scope occurred when both
parents and offspring were reared throughout their lives at
elevated temperature. Such acclimation could reduce the impact of warming temperatures and allow populations to persist
across their current range. This study reveals the importance
of transgenerational acclimation as a mechanism for coping
with rapid climate change and highlights that single generation
studies risk underestimating the potential of species to cope.
Ocean temperatures are expected to become adverse for many
marine species within the next 50–100 years because of global
warming8,9 , however acclimation and adaptation could allow future
populations to adjust to increased temperatures4,5,10 . Although
acclimation of physiological processes, such as metabolic function,
usually occurs within a generation11 , parental effects (influences on
offspring phenotype that are not solely due to offspring genotype)
can also facilitate some acclimatory processes between generations
(termed transgenerational effects12,13 ). Tropical species are expected
to have less capacity for thermal acclimation than temperate species
because they have evolved in a more stable thermal environment5–7 .
There is also some evidence that plasticity and capacity for genetic
adaptation may be linked14 , indicating that limited capacity for
thermal acclimation may relate to restricted potential for long-term
adaptation to global warming.
For water-breathing ectotherms, such as fish, the capacity
to meet increased oxygen demands at elevated temperature
will determine their persistence across locations with ocean
warming15 . Specifically, as ambient temperature increases, a
greater rise in resting metabolic rate (RMR) occurs relative to
maximum metabolic rate (MMR), reducing scope for aerobic
activity15 . This decline in aerobic scope affects critical biological
functions, including behaviour, growth and reproduction, owing
to limited capacity of circulatory and ventilatory systems to
match oxygen demands15,16 . At present we have a limited
understanding of how aquatic species might be able to alter their

physiology over multiple generations to enable persistence in a
warmer environment4,17 .
We reared siblings from eight wild parental lineages of the tropical damselfish Acanthochromis polyacanthus for two generations in
present-day (+0.0 ◦ C) and predicted future increased water temperatures (+1.5 and +3.0 ◦ C) to test their capacity for metabolic
acclimation to ocean warming. The metabolic performance of F2
(second generation of offspring) fish at their summer average
rearing temperature was influenced by whether individuals had
the opportunity for no acclimation, developmental acclimation or
transgenerational acclimation (Fig. 1). For fish with no opportunity
to acclimate, an increase in temperature caused an increase in
RMR, a decline in MMR at the warmest temperature, and a
progressive decline in factorial (MMR/RMR) and net aerobic scope
(MMR–RMR), which are common trends for tropical coral reef
fish18,19 . Developmental acclimation significantly reduced RMR,
compared with no acclimation, but only for +3.0 ◦ C fish at 31.5 ◦ C
(Fig. 1a). A lack of increase in MMR for developmental acclimation
fish (Fig. 1b) resulted in no significant increase in factorial aerobic
scope (Fig. 1c). A similar result was observed for net aerobic
scope (Supplementary Information). In contrast, transgenerational
acclimation enabled fish to completely restore their aerobic scope
(Fig. 1c and Supplementary Fig. S1). Transgenerational acclimation
individuals achieved increased scope, compared with fish not acclimated, at 30.0 ◦ C by reducing RMR and at 31.5 ◦ C by both reducing
RMR and increasing MMR (Fig. 1). The magnitude of the reduction of RMR in developmental and transgenerational acclimation
+3.0 ◦ C fish at 31.5 ◦ C was similar; possibly indicating that physiological mechanisms to reduce RMR may be limited. Increased MMR
was exhibited only by transgenerational acclimation groups at
31.5 ◦ C (Fig. 1b). Changes in tissue mitochondrial densities or key
oxygen transport characteristics, such as cardiac capacity and blood
transport ability, are likely explanations of differences in RMR and
MMR, and consequently of differences in aerobic scope20 . Acclimation of oxygen transport and utilization to warmer temperatures has
been observed in temperate marine fishes21,22 . Furthermore, some
evidence exists for adaptation of cardiac capacity between populations with varying thermal regimes10 , indicating that modifications
to oxygen delivery may be critical in coping with climate change.
Not only did the performance of fish at their average summer
temperature differ between acclimation groups, but so did their
performance across the three testing temperatures (Fig. 1 and
Supplementary Table S1). The most striking difference was that
the transgenerational acclimation group, at both +1.5 and +3.0 ◦ C,
maintained scope across all temperatures, whereas no other treatment groups did (Fig. 1c and Supplementary Fig. S1). The mechanism for maintaining aerobic scope could be through a widening
of the thermal performance breadth (the range of temperatures
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Figure 1 | Metabolic performance of acclimation groups across all
summer treatment temperatures. Resting metabolic rate (RMR) (a),
maximum metabolic rate (MMR) (b), and factorial aerobic scope (c) of fish
across the three summer average temperatures depending on acclimation
treatments (mean ± s.e.m.).

over which an organism performs well23 ). This is likely, because
thermal optima often do not shift readily with temperature24 and
research on the present species found no evidence of season shifts
in metabolic thermal optima19 . This increase in aerobic scope was
achieved by a reduction in RMR at all temperatures (Fig. 1a),
relative to fish with no acclimation, and an increase in MMR at
31.5 ◦ C (Fig. 1b). Fish with developmental acclimation, at either
+1.5 ◦ C or +3.0 ◦ C, did not differ in their response across test
temperatures compared to non-acclimated fish for most metabolic
measures (except RMR of +3.0 ◦ C at 31.5 ◦ C). The difference in
performance between developmental and transgenerational acclimation fish demonstrates that parental influences may be critical
in coping with future temperatures, by allowing MMR and subsequently aerobic scope to be maintained. Furthermore, increases of
only +1.5 ◦ C are enough for F1 parents to produce offspring with
superior metabolic performance at all summer temperatures.
From the F1 generation, 64% of fish reproduced in +0.0 ◦ C,
54% in +1.5 ◦ C and 36% in +3.0 ◦ C. Successful reproduction in
2

fish is linked to energy storage25,26 . An indicator of the amount of
stored energy, and physical condition of fish generally, is the liver to
body weight ratio (hepatosomatic index = HSI; ref. 27). The mean
HSI of all F1 fish was significantly higher in elevated temperature
treatments (Table 1). Furthermore, although the HSI of breeding
and non-breeding F1 fish in either the +0.0 ◦ C or +1.5 ◦ C treatments did not differ, those F1 fish that reproduced at +3.0 ◦ C had
significantly greater HSI than non-breeders at the same temperature
(Table 1). This indicates that a larger amount of stored energy may
be required for reproduction at elevated temperatures, possibly
because the liver is critical in the production of vitellogenin28 . However, those F1 fish in +3.0 ◦ C, with greatest HSI, were significantly
shorter and lighter than fish from +0.0 ◦ C or +1.5 ◦ C (Table 1).
Eight genetic lineages from the F0 wild stock were evenly
represented in the F1 population, allowing the investigation of
the potential for genetic selection (adaptation). Evidence of rapid
selection for particular genetic lineages was observed at the F1
+3.0 ◦ C temperature, with 75% of all pairs that reproduced at this
temperature comprising offspring of wild pair #41, whereas this
genetic lineage was less prominent among reproducing pairs at
+1.5 ◦ C and +0.0 ◦ C treatments (57% and 44% respectively). The
selection of a genetic lineage at +3.0 ◦ C indicates that, in addition to
transgenerational acclimation, rapid selection of genotypes tolerant
to thermal regimes could also occur in tropical marine fishes.
Importantly, the increased contribution of wild pair #41 to the F2
generation did not affect our interpretation of complete acclimation
in aerobic scope by transgenerational acclimation groups, because
the improved performance seen in F2 transgenerational acclimation
was observed across all lineages, not just offspring from #41
grandparents (Supplementary Table S2).
The rapid transgenerational acclimation observed in our
experiments to temperatures expected by 2050–2100, including
complete restoration of aerobic capacity, could allow species to
persist across their present locations. The ability to acclimate and
maintain aerobic capacity would also be expected to maintain
performance in characteristics such as growth and swimming
ability at elevated temperatures15,16 . Non-genetic parental effects
or epigenetic inheritance (phenotypic differences not originating
from variations in DNA base sequences29 ) most likely explain
the transgenerational acclimation to increased temperature. As
the magnitude of response in the transgenerational +1.5 ◦ C and
+3.0 ◦ C F2 offspring were equivalent, it is likely that the same
mechanism operated in both treatments. Furthermore, it indicates
that an increase of only +1.5 ◦ C in the parental generation may
be sufficient to ‘prepare’ offspring and enhance performance
at +3.0 ◦ C. One likely mechanism by which parents influenced
the performance of offspring in the present study is through
variation in their epigenetic state, which effects gene expression,
potentially producing offspring of phenotypes more suited to their
environment30 . Another possible mechanism is by selection within
the F1 generation for particular genotypes, which produce progeny
with enhanced metabolic performance because of genetic differences. Although detailed physiological and genetic investigations
would be needed to identify the means of transmission, these
results clearly show that the attributes of progeny have been altered
compared with their parents in response to elevated temperatures.
This study provides evidence that, contrary to some expectations, a tropical marine species has the capacity for acclimation and
adaptation to temperature increases over timescales much shorter
than the rate of anthropogenic climate change. Genetic diversity was
reduced at the warmest temperature, owing to differential breeding
success among familial lineages, which has a range of implications
for future populations, including disease resistance and plasticity to
further environmental changes31 . Furthermore, physiological modifications involved in acclimation and adaptation may come at a cost
to other attributes, such as growth11,19 . Nevertheless, the discovery
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Table 1 | Average size and condition of F1 adults in temperature treatments.
Temperature
treatment

SL

Weight

HSI

HSI breeders

HSI
non-breeders

Mann–Whitney U HSI breeder
versus non-breeders

+0.0 ◦ C
+1.5 ◦ C
+3.0 ◦ C

78.82 ± 1.23
79.13 ± 1.09
74.79 ± 1.18

21.55 ± 1.14
21.10 ± 0.91
17.73 ± 1.00

0.93 ± 0.05
1.09 ± 0.05
1.32 ± 0.05

0.93 ± 0.08
1.07 ± 0.08
1.51 ± 0.08

0.93 ± 0.05
1.09 ± 0.07
1.21 ± 0.05

Z = 0.33 n = 24 p = 0.75
Z = 0.46 n = 25 p = 0.64
Z = 12.05 n = 22 p = 0.007

ANOVA difference
b/w treatments

F2,69 = 4.73
p < 0.01

F2,69 = 4.22
p = 0.019

F2,69 = 11.99
p < 0.001

Mean (±s.e.m.) standard length (SL; mm), weight (g) and hepatosomatic index (HSI) of F1 adults at the conclusion of the experiment are shown. Bold indicates significant differences between temperature
treatments (analysis of variance (ANOVA)) and between breeding and non-breeding fish within a temperature treatment (Mann–Whitney U).

that advantageous offspring phenotypes are produced within two
generations could indicate that some tropical marine species are
more capable of coping with global warming than has been suggested and illustrates a potential limitation of short-term experiments in predicting the long-term impacts of climate change32 .

Methods
We reared two generations of the damselfish A. polyacanthus in environmentally
controlled conditions to investigate the potential for transgenerational effects to
mediate the impact of expected temperature increases. To allow investigation of
genotypic-driven effects, sibling fish from eight wild-caught parents were used
to commence the experiment. Replicate clutches of F1 siblings were divided into
three groups and reared until maturity with three seasonally cycling temperature
treatments (+0.0 ◦ C, +1.5 ◦ C and +3.0 ◦ C; Supplementary Fig. S2). F2 offspring
produced by +0.0 ◦ C F1 adults were divided into the three treatment temperatures
at hatching and reared for three months at summer average temperatures
(Supplementary Fig. S2; see Supplementary Methods for details). F2 offspring
raised at +0.0 ◦ C had ‘no acclimation’ and thus demonstrate the acute effects of
temperature, whereas offspring raised at +1.5 ◦ C and +3.0 ◦ C could demonstrate
‘developmental acclimation’. The F2 offspring produced by +1.5 ◦ C and +3.0 ◦ C
treatment F1 adults comprised the ‘transgenerational acclimation’ treatment.
At three months, the metabolic performance of all acclimation groups was
tested using closed respirometry18,19 at their own summer average temperature
(+0.0 ◦ C = 28.5 ◦ C, +1.5 ◦ C = 30.0 ◦ C and +3.0 ◦ C = 31.5 ◦ C) and then one of the
two other summer average temperatures (Supplementary Fig. S2).
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