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Abstract Climate change and human development
are altering aquatic thermal regimes, highlighting the
need to understand how fish fitness may be impacted
across a generational boundary. We reviewed exper-
imental temperature studies investigating the links
between parents and progeny, asking questions
regarding the taxa studied, broodfish used, offspring
traits examined, experimental durations and research
motivations. We identified forty-one peer-reviewed
articles examining the effects of pre-spawning adult
temperature holding on offspring. These studies
showed a strong focus on the order Salmoniformes
(46% of studies) and aquaculturally driven research
(66%). The use of wild broodfish was rare (12%) and
the majority of experiments (83%) did not examine
offspring consequences beyond hatch. We also iden-
tified 56 articles investigating how incubation tem-
perature and parental influences affect embryonic
and larval development. We demonstrate that these
studies are not common in comparison to the majority
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of incubation thermal experiments that do not employ
controlled parental breeding designs. However, 52 out
of 56 studies we reviewed reported maternal, paternal
or family identity influenced offspring responses to
temperature. In characterizing these studies, Salmon-
iformes were the most studied order (52%), wild
broodfish were more commonly used (55%), aqua-
culture motivations were less evident (23%), and few
studies investigated offspring performance or traits
beyond endogenous yolk stages. Overall, we suggest
it is beneficial to experimentally examine temperature
with consideration to parent-progeny relationships.
To broaden our current understanding of intergen-
erational temperature effects, we recommend an
increased focus on wild populations, offspring phys-
iological and performance measures, later offspring
development stages, and expanding research in non-
salmonid species.
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Introduction

In most marine and freshwater fish species, early life
history is characterized by high mortality and strong
selection pressures (Kamler 1992; Houde 1997). In
the majority of freshwater and marine fish species,
eggs and sperm are either broadcast into the pelagic
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environment, released on a substrate or deposited in
prepared areas or nests. During development, the
fertilized embryos are influenced by an interplay
between the external environment as well as the
intrinsic embryo properties endowed to them by their
parents (Kamler 2005). For fish, water temperature is
a critical factor that can influence early life history via
the thermal regimes experienced by parents, as well as
the thermal regimes experienced by developing
progeny. In both pathways, genetic and non-genetic
linkages between parents and progeny can influence
how temperature effects will manifest during early
development and shape larval and juvenile fitness.
In the context of climate change and expanding
human alterations to aquatic thermal regimes, scien-
tists are increasingly being called upon to predict how
temperature changes may affect fish reproduction and
development. Understanding population responses to
temperature requires studying thermal effects across
a generational boundary; linking parents to prog-
eny. This knowledge is required by the aquaculture
industry and hatchery operations whose objectives to
optimize reproductive output are reliant on informa-
tion about how parental or early development rearing
environments can affect offspring production and
quality. From a fisheries management perspective, it
would be beneficial to know if extreme thermal events
experienced by fish in the wild have intergenerational
consequences, or if certain fish populations have the
capacity to adapt to thermal change. In regards to early
life history stages, understanding how parentally
mediated variation (e.g. additive genetic or maternal
variation) can affect offspring fitness traits in adverse
environmental conditions is an important component
to assessing within-population adaptability and resil-
ience (Charmantier and Garant 2005). This knowledge
is particularly applicable to the conservation and
management of endangered stocks with small breeding
numbers, and to fish populations affected by anthro-
pogenically induced temperature shifts (Angilletta
et al. 2008). In considering offspring responses to
environmental temperature in the context of link-
ing parent generations to their progeny, this review
seeks to consolidate and characterize the peer-
reviewed literature that addresses two important
questions. Firstly, how might temperature experienced
by the parent generation affect offspring through
influencing adults’ ability to spawn or the quality of
their gametes? Secondly, how might incubation
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temperature during embryogenesis influence paren-
tally mediated offspring traits and development?

The effects of parental temperature exposure
on offspring

The environment experienced by adults during repro-
ductive development can alter their physiological
condition and gametogenesis processes, providing a
means for non-genetic “parental effects” to be trans-
ferred to their offspring (Rossiter 1996; Lacey 1998).
In ectothermic fish, temperature is a highly influen-
tial environmental factor affecting many processes
involved in reproduction (Lam 1983; Van Der Kraak
and Pankhurst 1997). In addition to its controlling
influence on metabolism and growth, temperature can
act as a reproductive cue (Hilder and Pankhurst 2003)
and influence physiological pathways associated with
gamete development (Brooks et al. 1997; Pankhurst
and King 2010). Water temperature experienced
by females during oogenesis can affect egg sizes
(Chambers 1997) and egg biochemical composition
(Buckley et al. 1990; Jobling et al. 2005; Atse et al.
2002), which could result in changes in offspring
ontogeny and fitness (Kamler 1992). In males, tem-
perature can influence spermatogenesis and sperm
properties, which may influence offspring production.
High temperatures have been shown to inhibit sperm-
iation (Manning and Kime 1985) or affect sperm
motility (Alavi and Cosson 2005), which are important
influences on fertilizing capacity.

Alterations to offspring production and quality are
likely mediated via temperature’s influence on var-
ious reproductive endocrine pathways (Van Der
Kraak and Pankhurst 1997). Elevated tempera-
tures can alter the circulating levels of reproductive
hormones, which can have downstream effects on
ovarian and testicular steroid production (Manning
and Kime 1985; King et al. 2007). Disrupted steroid
synthesis and subsequent alterations in hepatic vitel-
logenesis can result in reduced maternal investment
and gamete viability (Tveiten and Johnsen 1999;
King et al. 2003). Temperature can also act directly at
the level of the oocyte. High temperatures have been
shown to disrupt processes involved in final oocyte
maturation (FOM) and inhibit ovulation in many
individuals (Pankhurst et al. 1996; Webb et al. 2001;
Watts et al. 2004). Failure of adults to spawn as a
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result of experiencing suboptimal temperatures could
alter the conspecific density of the surviving off-
spring. This could affect changes in early growth
patterns, behavior, and the overall population struc-
ture, through known patterns of density dependence
(Einum et al. 2008). Similarly, alterations in the
proportions of genotypes represented in the offspring
generation may reduce phenotypic variation and
affect overall fitness.

The physiological pathways evoked by stress
responses are highly interconnected with the endocrine
processes associated with maturation and spawning
(Schreck et al. 2001). Exposure of mature rainbow
trout (Oncorhynchus mykiss) to repeated acute stress
during gametogenesis caused ovulation delay, reduced
egg sizes, lower sperm counts and lower survival rates
of progeny (Campbell et al. 1992). Maternal transfers
of the stress induced hormone, cortisol, to eggs has
been demonstrated in some species (Stratholt et al.
1997; McCormick 1998). However, variable effects of
oocyte cortisol on development have been reported
(Stratholt et al. 1997; McCormick 1998; Schreck et al.
2001; Auperin and Geslin 2008). If temperature
induces a stress response in maturing adults, sufficient
to alter levels of reproductive hormones (King et al.
2003), this may provide another means by which
offspring outcomes could be affected.

The effects of temperature and parentage
during offspring early development

Compared to adult fish, developing embryos and
larvae have limited to no capacity for behavioral
modification and are passive recipients of their thermal
environment. As such, the early development stages
are more stenothermal and can be profoundly affected
by even minute temperature changes (Blaxter 1992).
Accordingly, thermal optima and lethal incubation
limits are well established for many species and the
effects of temperature exposures during initial devel-
opment stages have been extensively studied (Pepin
1991; Blaxter 1992; Kamler 1992, 2008). For example,
the direct relationship that incubation temperature has
on development time has been mathematically deter-
mined for a wide array of marine and freshwater
species (Pauly and Pullin 1988; Teletchea et al. 2009).
The thermal regime during early ontogeny has also
been shown to influence larval size (Blaxter 1992),

meristic counts (Fowler 1970), yolk utilization effi-
ciency (Kamler 2008), muscle physiology (Johnston
et al. 1996), larval deformities (Angelopoulou et al.
2007), and progeny sex ratios in certain species
(Baroiller et al. 1999).

Often neglected in the investigation of temperature
effects during early development is a consideration of
parentally mediated offspring variation. First and
foremost, offspring are under the genetic influences
of their parents. For example, paternally derived
offspring variation is used in quantitative genetics
approaches to represent the additive genetic variation
(linked to estimates of heritabiliy) for a trait within a
population. Another source of offspring variation,
however, comes from the influence of non-genetic
maternal or paternal effects; a source of phenotypic
variation that is specifically attributable to the pheno-
typic traits of the female or male parents, respectively
(Bernardo 1996; Roff 1998). In fish populations,
maternal effects are increasingly being recognized as
significant drivers of offspring variation (see reviews
by Heath and Blouw 1998; Green 2008; Marshall et al.
2008). Although the most commonly reported mater-
nal effect in fish populations is the positive correla-
tion between maternal size and egg/offspring size
(Chambers and Leggett 1996), variation between
female spawners has also been shown to affect
embryonic survival (Nagler et al. 2000; Trippel et al.
2005; Nadeau et al. 2009), yolk size and composition
(Kamler 2005), growth rate (Green and McCormick
2005), metabolic physiology (Patterson et al. 2004b;
Pakkasmaa et al. 2006), stress response (Heath et al.
1993), and swim ability (Garenc et al. 1998). Despite
the predominant role of females in the determination
of fecundity, site selection and yolk provisioning,
there is increasing evidence that male spawners can
exert significant paternal effects on offspring traits
(Evans and Geffen 1998; Rideout et al. 2004; Probst
et al. 2006; Morasse et al. 2008). In many cases, if
genetic and non-genetic effects are not distinguish-
able, the term ‘parental influence’ refers more gener-
ally to any detectable offspring variation attributable
to maternal or paternal identity (Green 2008).

Investigations of incubation temperature in fish
more commonly assess whole populations without
regard to how offspring responses may vary as a result
of their individual parentage (within population
variation). Similarly, despite the increasing popularity
of quantitative genetic approaches for examining the
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heritability of offspring traits (e.g. in salmonids,
reviewed by Carlson and Seamons 2008), parentally
mediated genetic effects are rarely quantified under
different thermal regimes (Beacham 1988, 1990;
Heath et al. 1993, 1994; Hebert et al. 1998; Muller-
Belecke et al. 2002; Saillant et al. 2006; Jensen et al.
2008). In fish early development, when mortality and
selection pressures are high, an increased understand-
ing of the individual variability in offspring response
patterns is useful for predicting how populations may
respond or adapt to environmental change (Hutchings
2004). Failure to consider parental influences when
assessing offspring responses to an environmental
factor means that parentally attributable variation is
included in the estimate of the treatment effects. Some
authors suggest that this offers incomplete explana-
tions of juvenile ecology and a less than accurate
interpretation of treatment influences (Bernardo
1996).

Bridging the gap: connecting parents to progeny

While thermal effects are frequently investigated in
fish during distinct life history stages, intergenera-
tional temperature effects that connect parental influ-
ences to progeny outcomes remain poorly understood.
There is enormous diversity in fish reproductive
strategies and subsequently in the developmental
attributes and trajectories during early life stages,
suggesting the need to examine parent-progeny tem-
perature effects over a broad range of taxa, aquatic
habitats, and types of offspring responses. In order to
gauge the persistence of parentally mediated thermal
effects, it is necessary to investigate the developmental
duration over which offspring responses are observed.
Also, examining the motivations for the study of
parent-progeny temperature effects, which can span
diverse areas of fish research, may provide useful
insights into the choice of experimental designs and
how experimental findings may be applied.

This review seeks to explore the scope of experi-
mental research related to parentally mediated
temperature effects on progeny. We conducted a
systematic literature search to consolidate laboratory
based research that examines how temperature treat-
ments applied to adults prior to fertilization, or to
progeny just after fertilization, can affect the number
of offspring produced and early offspring traits during
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development. Through systematically characterizing
each study by aspects of their design, our principal
objective was to evaluate the strengths, weaknesses
and gaps in the experimental literature and assess our
overall understanding of parent-progeny temperature
effects in fish. Specifically, our goal was to examine
trends in the taxa studied, the origins of parental stocks
used, the types and persistence of offspring responses
investigated, and the general motivations for conduct-
ing this type of research. We have discussed our results
using examples from particular studies and identi-
fied research gaps that will help to guide future
investigations.

Methods

We conducted a systematic, keyword based, literature
search for peer-reviewed articles examining the
effects of controlled temperature exposure on finfish
during adult reproduction and offspring development.
For the following two reasons, we chose only to focus
on studies that used controlled laboratory approaches
to investigate temperature effects: (1) observational or
correlative studies are often confounded by numerous
interacting environmental factors, resulting in diffi-
culty in isolating temperature effects, and (2) applying
controlled thermal treatments in an experimental
manner can allow researchers to examine cause-and-
effect mechanisms which are valuable to under-
standing temperature effects at an individual level.
Although the findings from such studies are published
in many government and technical reports, as well as
in books, our search was limited to peer-reviewed
articles in order to represent the scientific literature
that is most generally available to researchers.

A keyword search was conducted using two widely
used commercial academic search engines, ISI Web of
Knowledge (WOK) and Aquatic Sciences and Fisher-
ies Abstracts (ASFA). The search included articles as
early as was covered by the databases, 1965 to July
2009. Due to the vast number of papers that use
common keywords such as ‘temperature’, ‘thermal’,
‘offspring” or ‘development’, our search was con-
ducted in a specific manner to acquire articles that
contained multiple keywords (one from each of
4 groupings), which helped to identify them as
appropriate for review. Many other keywords and
search combinations were tested, but the following
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combination was chosen as it yielded the greatest
number of relevant publications: (temperature* or
thermal*) AND (held or hold* or expos* or experienc*
or rear® or incubat* or male* or female* or maternal*
or paternal® or parental or sire* or dam*) AND (egg*
or propagule®* or oocyte* or sperm or embryo* or
larva* or hatch* or offspring or progeny) AND
(surviv* or mortality or fitness or viability or size* or
growth or development or quality or sex or muscle).
Finally, it was also necessary to include the keywords
(fish* or teleost*) as qualifiers in our WOK search.
To reduce the large number of publications iden-
tified by our combined search, we applied specific
review criteria. Articles were included if they (1)
experimentally examined how temperature exposures
to the parent generation prior to fertilization in some
way affected offspring through influencing gamete
production or quality, or (2) examined the effects of
incubation temperature applied during embryo and
larval development using a controlled breeding design
to account for parental influences and parent-by-
temperature interactions. In the first category of adult
thermal studies, it was required that investigators
applied controlled temperature treatments and mea-
sured some sort of response in the output or quality of
gametes or offspring (Table 1). In the second cate-
gory, our goal was to isolate studies that examined
both the effects of early temperature exposure (ther-
mal treatments applied to developing embryos or
recent hatchlings) and parental influence on offspring
development and phenotype (Table 2). This meant
studies had to have a controlled fertilization design, or
utilize offspring parental assignment techniques,
enabling the examination of maternal, paternal (often
reported as additive genetic variation) or family
influences on offspring responses in addition to
temperature effects. With the desire to focus more
on the potential effects of chronic temperature expo-
sures, studies examining the effects of acute cold/heat
shocks and fluctuating vs. constant temperatures were
excluded. In addition, experiments on temperature
mediated gene expression were not considered within
the scope of this review (this topic would essentially
require a different set of keywords). Following the
identification of relevant studies through our primary
keyword search, the references from all criteria-
meeting articles were scanned for cited publications
that were relevant to the review. This was done in
order to capture relevant publications that may not

have had electronic abstracts and keywords or had
been excluded by our initial search specifications.
These additional references were then added to our
database if they met review criteria.

All articles within the two databases were classified
according to the fish taxa studied (order), reproductive
habitat type (saltwater or freshwater), motivation for
scientific inquiry, and the types of offspring responses
examined (Tables 1, 2). Articles were also classified
by origin of parental stock used (lab reared, hatchery
population, farmed/domesticated source, or wild). Fish
reared in a facility for 1 or more years were considered
of lab origin. In a few cases where specific details of
fish origin were not given but the terms ‘strain’ or
‘broodstock’ were used, parents were assumed to be
from a farmed or domesticated stock. Experimental
duration was assessed in order to understand the degree
to which the persistence of temperature effects had
been measured in offspring. Accordingly, studies were
classified with a number from 1 to 5 based on the latest
life stage at which an offspring response was exam-
ined, as follows: (1) experiment terminated before
fertilization of gametes, (2) offspring measures were
taken at any point between fertilization and eyed stage,
(3) offspring measures were recorded up to and
including when eggs hatched, (4) offspring measures
were recorded up to and including yolk absorption or
metamorphosis, (5) offspring measures were recorded
beyond endogenous feeding. Due to their uniqueness,
we did not apply the 1-5 scale to classify two studies
that used viviparous species (females give birth to live
fry ready for exogenous feeding). Therefore, these
studies were excluded from our assessment of exper-
iment duration. For the category of ‘motivation for
scientific inquiry’, each publication was classed
according to how authors framed the application of
their research. This was done to gain insight into the
motives that presently drive experimental investiga-
tions of parent-progeny temperature effects. Although
it was quite clear when studies were conducted in the
context of aquaculture needs, classifying studies into
other motivation categories such as ‘understanding
species ecology’, ‘management applications in the
wild’ or purely, ‘furthering knowledge on reproductive
or developmental biology’ was challenging and often
not obvious. To eliminate possible subjectivity in our
grouping, we chose only to classify study motives as
either fish culture related or other (research conducted
for biological, ecological or management objectives).
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Table 1 Categorical description of the responses related to offspring production or development that were examined in adult thermal

holding studies

Response Definition Examples of measures from
category adult temperature holding studies
Reproductive Measures relating to timing aspects of egg/sperm production ~ Normal, delayed or inhibited spawning
timing Synchronicity of ovulation or spermiation
Gestation period, batch or brood intervals
Reproductive Measures reflecting the quantity or number of offspring Fecundity, clutch size, ‘egg production’
output produced Decreased egg output due to egg atresia, ovary
regression, inhibited spawning
Temperature induced adult mortality
Offspring Measures of offspring survival to a distinct stage Fertilization success
viability of development Survival to eyed stage, hatch, emergence or
beyond
Offspring Measures of size or weight of developing larvae Length or weight (wet or dry mass) of embryos/
morphology larvae
Offspring Measures or reports of deviations in gamete or progeny Egg/larval deformities or abnormalities

abnormalities

Offspring
physiology

morphology and development

Measures the compositional contents or microscopic properties

of eggs, sperm, or larvae

Observation or measurement of overripe eggs
Abnormal deposition of yolk granules in egg
Abnormal gonad or gamete development
Egg/larval protein, lipid, energy content

Egg or larval RNA/DNA contents

Sperm concentration, glucose, or motility

Table 2 Categorical description of offspring responses examined in studies concerning the effects of incubation temperature and

parental influence

Offspring responses Definition

Examples of measures from incubation

category temperature studies
Offspring Measures of offspring survival to a distinct stage of development Fertilization success
viability Survival to eyed stage, hatch,
emergence or beyond
Offspring Measures of size or weight of developing larvae Length and weight of embryos or larvae
morphology Morphometric characters
Measurements of growth
Developmental Measures the duration/rate of development progression Time to hatching or emergence (days)
rate Embryo development rate (ontogenetic
progression)
Offspring Measures of deformities and abnormal morphology or development Number of physically deformed
abnormalities individuals
Asymmetry in meristic characters
Offspring Measures of the biochemical and biophysical attributes of gametes or Muscle cellularity
physiology offspring during development RNA and DNA content

Offspring sex ratio

Offspring
performance

Measures of sex-ratio outcomes of progeny

Measures relating to physical performance or behavior

Yolk utilization

Physiological stress response
Sex-ratio

Swim ability

Occurrence of jacking behavior

@ Springer



Rev Fish Biol Fisheries (2011) 21:377-406

383

Results
Adult thermal holding studies

A total of 41 peer-reviewed articles were identified
that experimentally examined the effects of con-
trolled temperature exposures in reproducing adults
on subsequent offspring production and development
(Table 3). Freshwater reproducing species were the
subject of the majority of articles (73%, n = 30);
mostly driven by studies on fish from the order
Salmoniformes. Overall, Salmoniformes was the most
commonly studied fish order constituting nearly half
(46%, n = 19) of all adult exposure studies. Atlantic
salmon (Salmo salar) and rainbow trout (Oncorhyn-
chus mykiss) were the most frequently examined
species (9 and 6 articles, respectively) followed by
Arctic char (Salvelinus alpinus) and Atlantic cod
(Gadus morhua), each with 3 studies. After Salmon-
iformes, Perciformes (17%, n = 7) then Gadiformes
(10%, n = 4) were the next most commonly studied
orders. Six other fish orders were represented, gener-
ally by a single publication on a particular species.

A large proportion of adult temperature exposure
experiments (66%, n = 27) were classified as having
study motivations related to aquaculture. Related to
this observation was the finding that a majority of
studies (83%, n = 34) used non-wild parental stocks
of domesticated (n = 22), lab-reared (n = 11) or
hatchery (n = 1) origins. Five out of the 41 studies
(12%) used wild parental fish to examine the effects of
adult temperature exposure on gametes or offspring.
Two other studies used a combination of domesticated
and wild fish.

The majority of adult thermal exposure experi-
ments were terminated at relatively early offspring
life stages. Eighty-three percent of studies (n = 34)
did not examine offspring survival, quality or fitness
beyond egg hatching: 7 studies were terminated
before fertilization, 16 were terminated between fer-
tilization and eyed egg stages and 11 studies were
terminated at hatching stage. In studies that followed
offspring effects beyond hatch (n =35), 4 were
terminated when offspring reached yolk absorption
or metamorphosis and 1 was terminated when
offspring had reached 90 days post hatch.

To identify the different progeny effects examined
in response to adult temperature exposure, publica-
tions were categorized according to the type of

offspring responses they studied (descriptions Table 1,
results Table 4). Reproductive output was the most
commonly examined response measure and was most
often reported in the context of the quantity of
eggs produced or whether or not females would
ovulate. Physiological measures in the gametes or
offspring (e.g., sperm properties, egg/larval composi-
tion or physiology) were the least examined progeny
responses.

Incubation temperature and parental influence
(ITPI) studies

Our initial keyword search revealed a large number of
articles examining the effects of incubation temper-
ature applied during the stages of embryonic and
larval development (n = 222). However, the majority
of these studies (80%, n = 178), were not interested
in the influence of individual spawners, and applied
temperature treatments to offspring that were the
products of pooled fertilizations or unknown parent-
age. In contrast, 44 studies (20%) met our criteria for
review in that they employed controlled mating
designs that enabled researchers to also report on
how within population offspring responses were
affected by parental influences (maternal, paternal,
or family). By searching the cited references of these
articles, we were able to identify an additional 12
publications for review. In total we reviewed and
characterized 56 studies that examined both incuba-
tion temperature and parental influence (Table 5);
these will hereafter be referred to as ITPI studies.

Seventy-five percent (n = 42) of ITPI studies
addressed fish species that reproduce in a freshwater
habitat while 25% (n = 14) of studies were con-
ducted on marine species. Fish from the order
Salmoniformes were investigated in 29 out of the
42 studies on freshwater-reproducing species, consti-
tuting 52% of all ITPI studies. Most of the Salmon-
iformes incubation experiments were conducted on
Pacific salmon (Oncorhynchus spp.) species (83%,
n = 24). Perciformes was the second most commonly
studied order (25%, n = 14), and five other orders of
fish were represented in the remaining studies
(n = 14).

Parental broodfish used in ITPI studies were more
balanced between wild (55%, n = 31) and non-wild
origins (39%: domesticated strains n = 14, hatchery
n = 4, lab n = 4) compared to the adult temperature
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Table 3 continued

Offspring responses investigated

Experimental design

Reference

Species
name

Offspring Offspring

Offspring

Experiment Reproductive Reproductive Offspring
timing

Parental
inquiry context stock Source duration

Reproductive  Scientific

habitat

morphology abnormalities physiology

viability

output

Siluriformes

fc

Phelpsetal. fw

Ictatlurus

(2007)

Spp.-

Studies are grouped according to fish order and listed by the species studied. Each publication is categorized according to the aspects of the experimental design and the offspring

responses investigated. Detailed descriptions of the offspring responses investigated are found in Table 1

fw reproduces in freshwater (includes anadromous species), sw reproduces in saltwater, fc fish culture, o other, d domesticated or farm cultured broodstock, / hatchery broodstock,

Ir 1ab reared broodstock, w wild parents used, / experiment terminated before fertilization of gametes, 2 offspring measures were taken at any point between fertilization and eyed

stage, 3 offspring measures were recorded up to and including when eggs hatched, 4 offspring measures were recorded up to and including yolk absorption or metamorphosis, 5

offspring measures were recorded beyond endogenous feeding, / experimental duration not assigned to experiments that used viviparous species

Table 4 The number (and percent) of adult thermal holding
studies from a total of 41 that examined a particular response
influencing the offspring generation

Response category Number of studies

Reproductive timing 26 (63%)
Reproductive output 35 (85%)
Offspring viability 32 (78%)
Offspring morphology 13 (32%)
Offspring abnormalities 11 (27%)
Offspring physiology 8 (20%)

Response categories were not mutually exclusive, with many
studies examining more then one offspring response

experiments. Three studies used a combination of
parental fish from wild and non-wild origins. Unlike
the adult temperature exposure experiments, fewer
ITPI studies appeared to be directly motivated by
aquaculture applications (23%, n = 13). Overall, the
focus of research within ITPI studies was very diverse
in nature, addressing questions related to a variety of
unique offspring developmental and fitness responses
under potential thermal and parental influence.

ITPI studies were categorized according to the
offspring responses they examined (descriptions
Table 2, results Table 6). Measures of larval mor-
phology and offspring viability were the most com-
mon, while the influence of temperature and parentage
on offspring performance or behavior was only
examined in 2 studies. After survival and morphology,
the offspring response that was most consistently
investigated for both temperature and parental influ-
ence was progeny sex ratios. Seventeen studies were
identified that explicitly set out to determine how
temperature-influenced sex ratios could vary among
the progeny of different individual spawners (seeking
to understand genetic X environmental interactions).

Offspring responses in ITPI studies were examined
up to later development stages (longer experiment
duration) compared to the offspring responses exam-
ined adult thermal holding studies. It is important
to note that ITPI articles examining offspring sex ratio
responses were excluded in the analysis of experi-
mental duration. This was because their termination at
later development stages was necessary to allow for
sufficient gonad differentiation, and not with the
intention to examine the persistence of temperature
or parental influences. Out of the remaining 39
ITPI studies, the majority of experiments examined

@ Springer
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Table 6 The number (and percent) of studies from a total of
56, that examined the influence of both temperature and par-
entage on a particular response in developing offspring

Response category Number of studies

Offspring viability 25 (45%)
Offspring morphology 24 (43%)
Developmental rate 15 27%)
Offspring abnormalities 6 (11%)
Offspring physiology 6 (11%)
Offspring sex ratio 17 (30%)
Offspring performance 2 (4%)

Response categories were not mutually exclusive, with many
studies examining more then one offspring response

offspring measures beyond hatch (77%, n = 30). This
included a large number of studies which termi-
nated at yolk absorption or metamorphosis stages
(56%, n = 22), leaving 8 studies (21%) that measured
offspring responses beyond endogenous feeding
stages.

From our total of 56 ITPI studies, only 4 did not
detect an influence of parentage on offspring. Forty-
two (75%) studies reported that offspring variation
attributable to parentage (female, male or family/
genotype) was statistically significant, and 29 of these
studies reported a significant parent or family x
temperature interaction. Ten other studies observed
considerable family or female influences, but did not
present findings statistically. The largest proportion of
ITPI studies conducted their incubation temperature
experiment using independent full-sib families of
offspring (55%, n = 31). These studies reported
parental influence in terms of family or genotypic
effects. Maternal influences were either examined
explicitly (18%, n = 10), or examined in combination
with paternal influences by use of a factorial mating
design (25%, n = 14). Only one incubation temper-
ature study explicitly examined paternal influences.

Discussion

Common trends in parent-progeny temperature
studies

A major focus on fish from the order Salmoniformes
was clearly evident from our review of both adult
thermal holding and incubation temperature parental

influence (ITPI) studies. This is not surprising
considering the high recreational and commercial
value of salmonids and the fact that they are reared
intensively in hatcheries and aquaculture facilities
around the globe. Additional reasoning for the large
amount of salmonid temperature studies could be the
fact that salmonids mature and spawn in freshwater,
which exposes them to a much more thermally
variable environment (fluctuations in air tempera-
tures, runoff, discharge, precipitation and land use
patterns) then most marine species (Bryant 2009).
One benefit of the abundance of salmonid research is
that multiple, similarly conducted studies exist on
the same species, and allow for findings related to
temperature exposure to be built upon and synthesized
across experiments. For example, Pankhurst and King
(2010) review the results from salmonid thermal
holding studies and discuss in detail the physiological
responses resulting from adult temperature exposure
and the implications of climate change for aquaculture
production. Referencing mostly studies on Atlantic
salmon and rainbow trout, they provide details on the
some of the reproductive consequences of holding
maturing female and male salmon at elevated tem-
peratures: disrupted gametogenesis, impaired endo-
crine function, delayed or inhibited ovulation,
inhibited spermiation, reductions in egg fertility and
offspring viability. Because the paper is discussing
rising temperature implications for aquaculture, Pank-
hurst and King (2010) also discuss various thermal
stress mitigation options that could be used in the
management of salmonid aquaculture broodstock.

A similar synthesis of findings from salmonid ITPI
studies does not exist, however, the importance of
parentage in thermal responses was apparent in the
articles we identified. In all 29 salmonid ITPI studies,
significant offspring responses to incubation temper-
ature were reported, covering every category of
offspring response we examined (viability, morphol-
ogy, development rate, physiology, abnormalities,
behavior, and sex ratio). Reviewing their findings,
progeny temperature responses varied significantly
based on parentage in all but one study (Killeen et al.
1999; maternal migratory type did not influence
offspring ontogeny). For example, in multiple studies
on different Pacific salmon species, embryonic sur-
vival and size-related responses consistently showed a
high degree of variation between individual families as
incubation temperatures both increased and decreased
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from a thermal optima (Beacham 1988, 1990; Bea-
cham et al. 1988; Beacham and Murray 1985, 1986a,
b, 1987, 1988, 1989; Murray and Beacham 1987,
1989; Murray et al. 1990; Beacham and Varnavskaya
1991). In another example, muscle cellularity and
response to incubation temperature varied among
families of Atlantic salmon, also revealing tempera-
ture-family interactions (Johnston and McLay 1997).
These authors attributed family thermal response
differences to possible variation in egg sizes and
quality, but concluded genetic and non-genetic influ-
ences from both parents likely contributed to the
observed offspring variation. Using a quantitative
analysis approach, Beacham (1988) found that
increased environmental variance was the major
component of the observed survival variation (little
additive genetic variation) in pink (Oncorhynchus
gorbuscha) and chum salmon (Oncorhynchus keta),
but also that maternal effects accounted for up to 40%
of the variation in temperatures where mortality was
highest. In the same study, additive genetic variation
(estimated as the paternal component of variance)
played a greater role in influencing development time
and size characters, however in both of these traits,
maternal effects were still considerable and varied in
their magnitude between incubation temperatures.
These results, and similar findings from other salmo-
nid ITPI studies (refer to Table 5) highlight the
significant capacity of both female and male spawners
to influence the magnitude of intra-population vari-
ability among progeny across an incubation temper-
ature gradient. As such, the potential for selection to
act on these family level differences may be an
indication of adaptive phenotypic plasticity (Hutchings
2004), and may be important to processes involved in
local adaptation (Gharrett and Smoker 1993; Garcia
de Leaniz et al. 2007).

The focus on salmonids in experimental studies
has been very informative, but would also suggest
that our taxonomic scope for understanding parent-
progeny temperature effects is limited. Finfish are
diverse in their reproductive strategies and geo-
graphic distributions, and it is known that environ-
mental temperature can modulate reproduction in
different ways for different species (Lam 1983; Van
Der Kraak and Pankhurst 1997). In the adult thermal
holding studies we reviewed, non-salmonid species
demonstrated a variety of offspring-impacting out-
comes in response to elevated temperatures that were

@ Springer

not observed in the salmonids. For example, the batch
spawning Japanese whiting (Sillago japonica)
showed a 2.7 fold increase in the number of eggs
produced (coupled with a 14.7% decrease in egg
volume) within 3 days of increasing holding temper-
atures from 22 to 28°C (Hotta et al. 2001). Despite
this drastic change in egg output, the hatching rates in
this study were not statistically different between the
two holding temperatures. The effects of warmer
temperatures were observed to be cumulative in a
3-year study on Atlantic halibut (Hippoglossus hip-
poglossus) in which spawning time became progres-
sively later, along with reduced absolute fecundity
with each successive year of high temperature
exposure. Above average holding temperatures of
18°C caused females to undergo ovary regression or
oocyte atresia in white sturgeon (Acipenser trans-
montanus; Webb et al. 1999) and impaired deposition
of oocyte yolk granules in striped bass (Morone
saxatilis; Clark et al. 2005). In contrast, for Atlantic
cod (Gadus morhua), it was the low temperature
holding treatment (only 3°C below ambient) that
resulted in females with the highest prevalence of
atretic oocytes (Yoneda and Wright 2005). Finally,
Hilder and Pankhurst (2003) demonstrate that tem-
perature can act as an important cue in the repro-
ductive cycle of the tropical spiny damnselfish
(Acanthochromis polyacanthus). Their study showed
that a 4°C decrease in adult holding temperature was
sufficient to significantly reduce the frequency of
spawning events and offspring survivorship. Over-
all, these studies reveal that the manner in which
reproduction and offspring output are affected by
thermal exposure in the adult generation can vary
widely depending on species’ reproductive strategies
and reproductive habitats.

Similar to adult thermal holding publications, the
studies we found that investigated both parental and
thermal responses during incubation stages were
largely conducted on salmonids, with fewer studies
on marine reproducing species and non-salmonid
freshwater taxa. Salmonids possess a phylogeneti-
cally unique reproductive strategy and developmental
biology (Teletchea et al. 2009) which presents con-
siderable challenge in extrapolating biological under-
standings of maternal, paternal and temperature effects
to other marine or freshwater taxa. Although fewer in
number, the ITPI experiments we found on marine
fishes were some of the most explicit in their aims to
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examine female and male parental influences (Conov-
er and Kynard 1981; Conover and Heins 1987; Benoit
and Pepin 1999; Hoie et al. 1999; Green and McCor-
mick 2005; Ojaveer 2006). In an experiment designed
to investigate both thermal and maternal effects
(primarily egg size) on hatching characteristics in
yellowtail flounder (Pleuronectes ferrugineus), Benoit
and Pepin (1999) demonstrated that the variation in
hatch size was significantly affected by a non-additive
interaction between female and incubation tempera-
ture. In this study, the offspring from eggs produced by
different females (albeit of similar sizes) varied in their
maximum larval lengths when incubated at different
temperatures, within the range of those experienced in
the wild. Similarly, paternity along with male by
female by temperature interactions were responsible
for offspring variation in larval growth rate and
performance in the tropical clownfish, Amphiprion
melanopus (Green and McCormick 2005). These
authors both emphasize that marine fish populations
are characterized by high larval mortality due to size
and growth selective processes, and that identifying
the parental and environmental sources of offspring
variation is important to understanding recruitment
dynamics. In another example, while attempting to
better understand how changes in the thermal envi-
ronment affect the sex-ratios of juvenile Atlantic
silverside (Menidia menidia), Conover and Kynard
(1981) followed by Conover and Heins (1987) were
among the first studies to show that the progeny
produced by different parental individuals varied
significantly in their sensitivity to temperature sex-
determination. Subsequently, interactions between
parental genotype and incubation temperature have
been identified in the determination of progeny sex
ratio in other marine species (European sea bass,
Dicentrarchus labrax) and non-salmonid freshwater
taxa (primarily tilapia; Oreochromis spp.) (see refer-
ences in Table 5 marked under ‘offspring sex ratio’).
Overall, the aforementioned studies add to the growing
volume of knowledge that both temperature and
parental factors (particularly maternal effects on egg
size) exert considerable influence on the variability of
thermally related life history traits as well as recruit-
ment dynamics in marine species (see reviews by
Chambers and Leggett 1996, Chambers 1997; Mar-
shall et al. 2008; Green 2008). Despite this knowledge,
more laboratory experiments akin to the plethora of
salmonid ITPI studies that aim to quantify the

combined influences of parentage and temperature,
would be beneficial.

Trends within the adult thermal holding studies

Within the adult thermal-holding experiments, scien-
tific application was largely related to fish culture
applications. This included examining temperature
effects in relation to photothermal conditioning
protocols for producing offspring out of season
(Morrison and Smith 1986; Johnston et al. 1992;
Davies and Bromage 2002; Clark et al. 2005; Van der
Meeren and Ivannikov 2006), concerns for brood-
stocks at facilities in geographical locations with
elevated ambient thermal profiles (Pankhurst et al.
1996; Webb et al. 1999, 2001; Watts et al. 2004;
Brown et al. 2006; Pornsoping et al. 2007) and
strategies to mitigate temperature stress in broodstock
(Dzikowski et al. 2001; King and Pankhurst 2004b;
Vikingstad et al. 2008). Conversely, fewer studies
were conducted to address temperature exposures in
fish within an ecological or conservation context
(Buckley et al. 1990; Bonner et al. 1998; Ouellet
et al. 2001; St Mary et al. 2001; Hilder and Pankhurst
2003; Ito et al. 2008). For example, although
behavioral alterations, reduced spawning, and gona-
dal deformities have been observed in many popula-
tions inhabiting thermal effluent zones (Meffe 1991;
Sandstrom et al. 1997; Luksiene et al. 2000; Cooke
et al. 2003), we identified only one experimental
study that was loosely framed in the context of
thermal discharge threats and wanting to understand
the physiological mechanisms via which thermal
effects on spawning are mediated (Hotta et al. 2001).
Certainly, research related to fish culture is important
for developing aquaculture management protocols
and understanding how offspring production can be
manipulated by thermal regimes (Pankhurst and King
2010). However, the applications of these data in
ecological contexts may be problematic given the
highly manipulated rearing conditions (compressed
photothermal cycles, prophylactic treatments, and
hormone administration) or the use of domesticated
broodstocks.

An overwhelming majority of adult thermal hold-
ing experiments used domesticated or lab reared
broodstocks. As previously stated, one likely reason
for this is the desire to understand parentally med-
iated thermal effects in the context of aquaculture
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practices or fish husbandry. Alternatively, the use of
domesticated and lab-reared broodfish may reflect
issues of practicality. Experimental facilities with full
environmental control and offspring rearing capacity
are likely rare outside of aquaculture and hatchery
contexts, where they have available broodstock and
the infrastructure for experimentation. Although it
did appear evident in the papers we identified, it is
worth noting that use of domesticated or hatchery
broodstocks can also reflect the fact that experimen-
tation on wild populations may not be possible due to
the populations of interest having endangered or
threatened status. With little information from exper-
imental studies using wild broodfish, the question
remains as to how transferable the findings are from
experiments on captive bred fish to temperature
responses in natural populations? Domesticated
broodstocks are often directly selected for higher
growth rates and other attributes, which can conse-
quently alter their genetic make-up, physiology
and reproductive capabilities (Fleming et al. 2002;
Tymchuck et al. 2006). In salmonids, there is evi-
dence that the thermal tolerance of domesticated
broodstocks can be both higher and lower than their
wild counterparts. Carline and Machung (2001),
found that the critical thermal maxima (CTMax) of
hatchery reared brown trout (Salmo trutta) was
0.5-1.6°C lower then that of fish from comparable
wild populations. In contrast, Molony et al. (2004)
found the LTso’s (the time required for 50% of
thermally treated fish to perish) of a domesticated
strain of rainbow trout to be approximately double
that of a naturalized line taken from the wild.
Regardless of the nature of difference, the possibility
for the physiology and/or thermal responses to differ
between wild and domesticated fish presents a
realistic concern in the transferability of findings
from studies that use farmed or lab-reared brood-
stocks to situations concerning wild fish. As such, the
use of captive wild populations has been recom-
mended as preferable for laboratory studies designed
to understand the factors that affect fish egg and
larval production (Lambert and Thorsen 2003).
Although it is acknowledged that not all species
may be equally conducive to wild captive breeding,
five studies from our search featuring Atlantic cod
(Ouellet et al. 2001), flagfish (Jordanella floridae)
(St Mary et al. 2001), fountain darter (Etheostoma
fonticola) (Bonner et al. 1998), Japanese whiting
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(Hotta et al. 2001), and winter flounder (Pseudop!l-
euronectes americanus) (Buckley et al. 1990), in
addition to other captive wild experiments using
sockeye salmon (Oncorhynchus nerka) (Patterson
et al. 2004a) and Atlantic haddock (Melanogrammus
aeglefinus) (Trippel and Neil 2004), demonstrate that
using wild adults in adult temperature holding
experiments is possible.

Our understanding of how fish progeny are
impacted by temperature or their individual parents
is based upon the traits that researchers choose to
examine and the durational extent to which those traits
are measured. In adult thermal holding experiments,
measures of egg production (e.g., ovulation timing,
reproductive output, and initial survival) were exam-
ined much more frequently compared to other indica-
tors of progeny fitness (e.g., morphology, physiology,
performance). Also, very few studies measured off-
spring effects beyond eggs or hatchlings. This is
possibly because egg production data is straightfor-
ward to collect and of high relevance to fish culturists.
As well, there are considerable logistical constraints
associated with prolonged offspring rearing and it is
often assumed that reporting survival to hatch is an
adequate and ecologically relevant stage to assess
progeny viability (Kamler 2002). However, there is
evidence to suggest that examining a greater diversity
of progeny effects (beyond initial survival), or assess-
ing impacts on progeny development at later stages
may be worthwhile. For example, our review revealed
three studies that demonstrated that adult thermal
exposures can influence offspring egg matter compo-
sition or sperm quality (Buckley et al. 1990; Jobling
etal. 2005; Atse et al. 2002). In a study on the effects of
temperature on the reproductive development of arctic
charr (Salvelinus alpinus), Jobling et al. (2005) found
that the exposure of maturing females to high temper-
atures resulted in oocytes with lower proportions of
essential fatty acids. Although the authors did not
correlate these biochemical changes with changes to
offspring survival or fitness, they acknowledge that
even small decreases in these essential fatty acids
(necessary for developing brain and neural tissue)
could place developing larvae at a disadvantage. In
other early development studies, egg matter compo-
sition has been shown to be an important factor
influencing larval survival (Kamler 2005). In
regards to the persistence of biochemical alterations
to offspring from thermally treated parents, Buckley
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et al. (1990) found that the content of protein and RNA
in first feeding winter flounder larvae was still
attributable to the thermal experiences of the maturing
adults, in addition to the incubation thermal regime of
offspring. Similarly, the potential importance of
examining the persistence of intergenerational tem-
perature effects was revealed in two studies that
showed larval mortality patterns were dramatically
different before and after hatch (Aegerter and Jalabert
2004; Phelps et al. 2007). In both of these experiments,
authors observed significant post-hatch mortality
occurring in the progeny of parents held at elevated
temperatures that would not have been detected if the
studies had been terminated at hatch. Although much
is known about how elevated holding temperatures
affect hormonal pathways and gamete properties
leading up to spawning (Van Der Kraak and Pankhurst
1997; Pankhurst and King 2010), many unresolved
questions remain regarding the physiological or bio-
chemical mechanisms that influence offspring viabil-
ity and phenotype, and the potential for parentally
mediated thermal effects to persist later into offspring
development.

Trends within the incubation temperature
and parental influence (ITPI) studies

We found that only a small percentage of publications
examining incubation thermal effects during early
ontogeny were designed to investigate the influence of
parentage on offspring responses and traits. Of the 222
incubation temperature studies initially identified by
our keyword search, 44 (20%) used a controlled
fertilization design to assess the influence of individ-
ual spawners. Furthermore, we believe this 20% is
likely an overestimate of the general prevalence of
ITPI studies considering that our search was in fact
directed to pull in publications with parentally linked
keywords, thus likely omitting a plethora of other
general incubation temperature studies (which would
reduce ITPI proportion). Our search findings are
consistent with the conclusions of other authors who
claim that the individual spawner variation has
traditionally been neglected as a source of variation
in fish recruitment (Green 2008) and that a general
tendency exists among ecologists to homogenize
among-family variation, thus ignoring parental influ-
ences (Bernardo 1996).

Though only 20% percent of search-identified
studies relating to incubation temperature looked at
parental influences, over 90% of those studies
detected a direct influence of parentage on offspring.
In some cases, researchers were able to explain large
proportions of the variability in progeny thermal
responses. In two studies, genotype by temperature
interactions were reported to account for between 5
and 60% of the variance in pink and chum salmon
offspring developmental characters (Beacham 1988,
1990). Beacham (1988) reported that the proportion of
phenotypic variation attributable to genotype by
temperature interactions was greater then both addi-
tive and maternal variation, indicating how dependant
the genetic control of trait expression was on the
incubation thermal environment. In a third study, the
proportion of variance in yellowtail flounder hatching
length explained by female spawner identity varied
significantly between incubation temperatures,
however, explained up to 38% at intermediate tem-
peratures (Benoit and Pepin 1999). Lastly, paternity
explained 52% of the variance in post-hatching
clownfish growth rates, with an additional 30%
explained by interactions between paternity, mater-
nity and temperature (Green and McCormick 2005).
These substantial proportions of offspring variation
attributable to parentage correspond to other larval
development studies, where female identity was found
to account for up to 74% of variation in initial survival
(days 0—4) in Baltic cod (Gadus morhua) (Trippel
et al. 2005), and up to 23% of variation in embryonic
survival in sockeye salmon (Nadeau et al. 2009).
Taken together, these studies indicate that prog-
eny responses to temperature can vary substantially
depending on the individual male and female
spawner. Consideration of this parentage is important
in experimental design if researchers seek to under-
stand and explain the sources of variation among
individual responses to temperature treatments. In the
wild, progeny variability in thermal responses is
crucial because in the face of environmental change,
selective processes will occur at the individual level
(Stearns 1992). As climate change increases thermally
related selective pressures on populations, the role of
parentally linked variation may become increasingly
important with respect to the conservation and
management of populations with small breeding
numbers (Liao and Reed 2009) and those reliant on
supportive breeding programs (Fraser 2008).
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Within ITPI studies, there was considerable vari-
ation in the offspring traits that researchers examined.
The majority of the studies looked for parental and
temperature effects on offspring survival and mor-
phological traits, not surprisingly as Green (2008)
suggested that these traits are the least expensive and
easiest measures for examining parental influences.
Also, these traits are important because variation in
early life survival can be a critical determinant of
population fluctuations (Houde 1997), and size-based
attributes have been linked to fitness (Einum and
Fleming 1999; Pepin 1991). Though less frequently
examined, both temperature and parentage were found
to have influences on offspring physiological traits
such as larval muscle cellularity in Atlantic salmon
(Johnston and McLay 1997) and RNA/DNA ratios in
herring (Hoie et al. 1999). In a study by Turner et al.
(2007), the use of NMR metabolomics enabled the
authors to document metabolic changes in steelhead
(Oncorhynchus mykiss) embryo development, reveal-
ing that the behaviors of embryonic amino acids were
being influenced by thermal stress and were expressed
differently among the progeny of individual females.
Offspring performance and behavioral measures were
also rarely examined in ITPI studies, however the two
studies found in this category demonstrated the
potential to detect parental and thermal influences.
For instance, the critical swimming ability (U-crit) of
clownfish incubated at 28°C was higher then for fish
incubated at 25°C, however, there were marked
differences in the swimming abilities of larvae from
different parent females (Green and McCormick
2005). In the other example, the incidence of jacking
behavior in Chinook salmon (Oncorhynchus tshawyts-
cha) offspring was higher when fish were incubated in
a heated regime (2°C higher then unheated group), in
addition to being significantly influenced by paternity
(male being a jack or a non-jack) (Heath et al. 1994).
In this study, male by temperature interactions were
also observed.

Our search for ITPI studies identified a large
number of studies (n = 17) that investigated the
offspring response of sex ratio. This is due to the fact
that some species are known to have thermosensitive
sex determination when temperature treatments are
applied during the early incubation stages of develop-
ment (reviewed in Baroiller et al. 1999; Devlin and
Nagahama 2002). In addition, as evidenced by the
findings in publications included in this review (see
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references in Table 5 marked under ‘offsrping sex
ratio’), a high variability in thermosensitivity can exist
within the progenies of the same population or strain,
linked to interactions between incubation temperature
and individual parental genotype. The implications of
these parental and genotypic influences is of great
importance in thermosentive species that are of high
aquaculture value (e.g. talapia, Oreochromis spp.)
because of the desire to rear more profitable monosex
populations (Baroiller et al. 1995; Abucay et al. 1999;
Tessema et al. 2006). In contrast, many other ITPI sex
ratio studies were conducted under the premise of
understanding the evolutionary complexity of temper-
ature and genetically influenced sex determination
mechanisms (Conover and Kynard 1981; Sullivan and
Schultz 1986; Lagomarsino and Conover 1993; Baro-
iller et al. 1996; Strussmann et al. 1996; Bezault et al.
2007). The mechanistic details and overall signifi-
cance of how parentage and temperature determine
progeny sex outcomes has been reviewed by several
authors (Baroiller and D’Cotta 2001; Piferrer et al.
2005; Baroiller et al. 2009), but in the context of this
review, the aforementioned ITPI studies lend weight to
the argument that there is a great diversity of offspring
traits that are affected both by individual parentage and
the early incubation thermal environment.

Because we found only a handful of ITPI studies
that examined offspring beyond endogenous yolk
stages, the persistence of parental and thermal influ-
ences on later offspring development remains largely
unknown. This may be due in part to the logistic
constraints of long-term rearing and evidence sup-
porting that parental and temperature effects tend to
diminish with ontogeny (Heath and Blouw 1998;
Heath et al. 1999). Nonetheless, significant offspring
selection can occur at the transition stage between
endogenous and exogenous feeding, or beyond
(Kamler 2002). Indeed, three ITPI studies found that
post-emergence survival rates were influenced by
interactions between parentage and temperature
(de March 1995; Turner et al. 2007; Muller-Belecke
et al. 2002). Similarly, Heath et al. (1993) found that
the physiological stress responses in Chinook salmon
juveniles were affected by sire and dam identity as
well as genotype by incubation temperature interac-
tions. In studies that separately address parental or
temperature effects, findings have provided support
for investigating post-emergence or post-metamorphic
traits. The enzyme profiles (Patterson et al. 2004b) and
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swim performance (Nadeau et al. 2009) in sockeye
salmon progeny were shown to remain under detect-
able parental influence into early fry and juvenile
stages. Similarly, European sea bass progeny exposed
to 15°C during early development showed a signif-
icantly higher swimming capacity as juveniles then
those incubated at 20°C (Koumoundouros et al. 2009).
Macqueen et al. (2008) showed that in Atlantic
salmon, the effects of incubation temperature during
a small window in embryogenesis can affect the
myogenic phenotype of adults 3 years later. In the case
of species with thermosensitive sex determination, the
incubation temperature effects on offspring sex phe-
notype are permanent, thus playing a significant role
in influencing population dynamics (Conover and
Kynard 1981; Baroiller et al. 2009).

Limitations, knowledge gaps and future research

While extremely valuable, conducting experiments to
examine parentally mediated temperature effects on
fish offspring is inherently challenging. To examine
progeny consequences resulting from thermal effects
in adults, experimental facilities with full environ-
mental control and offspring rearing capacity are
needed. For ITPI studies, experimental difficulties
arise in incubating and rearing independent offspring
families. For example, many marine species have
large numbers of dispersive larvae, species such as
salmon have long incubation durations, and replica-
tion of families within and across treatments is limited
by gamete quantities and rearing space. For these
reasons, many of the ITPI studies we reviewed were
restricted to comparisons between very few (<5)
families (Beacham and Murray 1986a, b, 1987,
Murray and Beacham 1986; Heath et al. 1993; Benoit
and Pepin 1999; Ojaveer 2006; Gagliano et al. 2007)
or had little to no replication of experimental units
within temperature treatments (Beacham and Murray
1985; Heath et al. 1994; Yamamoto et al. 1996;
Fujioka 2001; Fox et al. 2003). Furthermore, measur-
ing offspring traits for many individuals in each
replicate, family and temperature treatment may be
time consuming (e.g., for physiological or perfor-
mance traits), or obscured if larvae are compared at
slightly different development stages.

Our review revealed several gaps in our current
knowledge of parentally mediated temperature effects

in fish, which may guide future research. Considering
that much of our experimental understandings come
from salmonid species, future studies examining
temperature responses in other taxa would be useful.
In the context of global climate change, more
experimentally based information is needed from
non-salmonid species in order to form a broader
mechanistic understanding of how thermal changes
may have intergenerational impacts. At the same time,
however, our review suggests there are still important
knowledge gaps within the salmonid parent-progeny
literature. For example, not one of the salmonid adult
thermal holding studies was conducted using a wild
parent population. Many wild Pacific salmon stocks
are facing warming, often stressful, thermal regimes
during reproductive migration and incubation
(MacDonald 2000; Mote et al. 2003; Angilletta et al.
2008; Strange 2010). For many of these populations, it
would be useful to simulate these extreme tempera-
ture experiences in a controlled experimental setting
to explore the potential for gamete quality or offspring
traits to be affected. While experimental approaches
using these thermally threatened populations have
revealed important physiological (Farrell et al. 2008)
and fitness effects (Crossin et al. 2008), the intergen-
erational repercussions of thermal exposure in wild
salmon populations remains to be explored.

Future parent-progeny-temperature experiments
will likely benefit from a more in-depth examination
of offspring physiological and performance-based
fitness traits. In adult thermal holding studies, phys-
iological sampling has greatly aided in elucidating the
endocrine mechanisms responsible for temperature
impacts on maturing spawners (Pankhurst and King
2010), however, less is known about how adult
temperature exposure may affect the biochemical
properties of gametes, and how those properties might
influence progeny development. In small larval
organisms, such as those investigated in ITPI studies,
methods of assessing physiological and performance
traits are considerably more challenging. Fortunately,
the examination of physiological traits is becoming
more feasible in early life history research due to
technological and methodological advances (e.g., egg
manipulation, miniaturization techniques, metabolic
fingerprinting, image analysis) (Burggren and Blank
2009). A comprehensive review by Kamler (2008)
documents the recent progress made in our under-
standing of the compositional dynamics (amino acids,
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proteins, fatty acids, lipids), onogenetic sequence, and
metabolism of developing teleost larvae. Bearing in
mind that offspring performance measures can also be
an expression of physiological capabilities, measures
such as swimming abilities (examined in only one
ITPI study we found; Green and McCormick 2005)
may provide additional ways to consider how both
temperature and parental influences can manifest
and interact. Overall, the integration of physiological
measures can strengthen basic approaches to lar-
val biology and allow for further insight into devel-
opmental mechanisms and individual variability
(Burggren and Blank 2009).

In the publications we have reviewed, it is apparent
that both the parental thermal environment and the
developmental thermal environment can influence
offspring early life histories. However, presumably
due to the logistic complexity involved, rarely do
experiments examine the interactions between adult
thermal holding treatments and egg incubation tem-
perature treatments. These studies have been done in
other organisms (e.g., insects), and show that inter-
generational effects can indeed be context-dependent:
the expression of environmentally induced parental
effects in offspring depend on the conditions in which
the offspring develop (Stillwell and Fox 2005;
Plaistow et al. 2006). We identified one study by
Buckley et al. (1990), who found that the offspring of
winter flounder produced by adults held at low
temperatures showed better growth at low incubation
temperatures, and offspring from parents held at high
temperatures were accordingly better suited for
growth at higher incubation temperatures. These
findings are relevant in the context of climate change,
considering the likelihood that both adult thermal
environments and offspring incubation environments
would be affected. Overall, the context-dependency of
intergenerational effects in fish remains largely unex-
plored (Donelson et al. 2009), and may be an
interesting area of focus for future studies.

In this review, we have outlined the value in
considering parentage in the assessment of tempera-
ture effects on fish early life history. More specifi-
cally, we have demonstrated the importance of
addressing how thermal treatments to adult fish may
affect subsequent offspring fitness, and the signifi-
cance of considering parentally mediated variation
when examining the direct impact of temperature
on developing embryos. Experimental investigations
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that focus on these issues help illustrate cause-and-
effect mechanisms and explain sources of variation,
which will be useful in understanding population
responses to natural or anthropogenically influenced
thermal changes. Additionally, these experiments
have shown to be helpful in answering questions
relating to aquaculture protocols and fish hus-
bandry, fish management, and evolutionary research.
Increased understanding of the parental and temper-
ature sources of variation in spawning production or
offspring fitness may furthermore be useful to incor-
porate into population models that estimate recruit-
ment magnitude and fluctuations (Green 2008). We
found there to be sufficient literature to suggest that
temperature during the adult reproductive stages can
significantly affect progeny outcomes and fitness.
However, this body of literature is predominantly
informed by aquacultural studies on commercial
species (mainly salmonids), with less focus on
other taxa, wild broodfish, and post-hatch offspring
responses. Similarly, we found that parentage can play
an important role in how offspring respond to
incubation temperature during embryogenesis, and
that in some cases, these parental and thermal
influences may persist into later development. We
suggest that further research in this area is warranted
as incubation temperature experiments with con-
trolled breeding designs were relatively uncommon,
spanned a wide range of designs and measured
offspring traits, and had limited experimental dura-
tions. Climate change is altering thermal habitats for
many freshwater and marine species at a rapid rate
(Graham and Harrod 2009), and a greater understand-
ing of the intergenerational and evolutionary conse-
quences in temperature-impacted populations is
needed (Crozier et al. 2008; Chown et al. 2010).
Overall, we recommend that future studies should
explore parent-progeny relationships, particularly
focusing on interactions with temperature, as this
information is an important step in understanding
thermally related reproductive consequences, changes
in early life fitness, and the adaptive capacity of
vulnerable populations.
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