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Little is known about the life-history trade-offs and limitations, and the
physiological mechanisms that are associated with phenotypic adaptation
to future ocean conditions. To address this knowledge gap, we investigated
the within- and trans-generation life-history responses and aerobic capacity
of a marine polychaete, Ophryotrocha labronica, to elevated temperature and
elevated temperature combined with elevated salinity for its entire lifespan.
In addition, transplants between treatments were carried out at both the egg
mass and juvenile stage to identify the potential influence of developmental
effects. Within-generation, life-history trade-offs caused by the timing of
transplant were only detected under elevated temperature combined with
elevated salinity conditions. Polychaetes transplanted at the egg mass
stage grew slower and had lower activities of energy metabolism enzymes
but reached a larger maximum body size and lived longer when compared
with those transplanted as juveniles. Trans-generation exposure to both elev-
ated temperature and elevated temperature and salinity conditions restored
20 and 21% of lifespan fecundity, respectively. Trans-generation exposure
to elevated temperature conditions also resulted in a trade-off between
juvenile growth rates and lifespan fecundity, with slower growers showing
greater fecundity. Overall, our results suggest that future ocean conditions
may select for slower growers. Furthermore, our results indicate that life-
history trade-offs and limitations will be more prevalent with the shift of
multiple global change drivers, and thus there will be greater constraints
on adaptive potential.

This article is part of the theme issue “The role of plasticity in phenotypic
adaptation to rapid environmental change’.

1. Introduction

Adaptive phenotypic plasticity and genetic adaptation are two processes which
can enable phenotypic adaptation, and thus population persistence, in the face
of rapid environmental change [1-3]. Adaptive phenotypic plasticity refers to
the ability of a genotype to produce multiple phenotypes that have higher fit-
ness across multiple environments [1] and can function both within (i.e.
developmental plasticity [4]) and across generations (i.e. trans-generation plas-
ticity [5]). By contrast, genetic adaptation is the process by which a population
evolves towards a phenotype that best suits the present environmental con-
ditions over multiple generations and is driven by natural selection [6]. These
two adaptive processes are not mutually exclusive as phenotypic plasticity
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can act to facilitate genetic adaptation [7-10]. Importantly,
both phenotypic plasticity and genetic adaptation are subject
to various costs and limitations that can constrain the
evolution of fitness-related life-history traits [11-13]. Under-
standing the potential for adaptive processes, as well as
assessing the fitness consequences associated with them, is
paramount to accurately forecast how populations will be
affected by a rapid environmental change, such as ongoing
global climate change [14-16].

It has been recognized for some time that genetic adap-
tation can occur over climate change relevant time-scales
[17-20]. However, only in recent years has interest in the
potential for adaptive processes to facilitate marine metazoan
population persistence in the face of rapid climate change
grown [6,14,15]. Numerous studies have now demonstrated
that both adaptive phenotypic plasticity and natural selection
can buffer the negative effects on life-history traits that are
often associated with various ocean change stressors, includ-
ing ocean warming [21-23], ocean acidification [24-26] and
changes in salinity [27,28]. The ability of an organism to
maintain life-history trait performance under future
ocean conditions will ultimately depend on its ability to
adjust both its energetic demands and aerobic capacity
to match new environmental conditions [29]. To this
extent, mitochondria are likely to be a key player in defin-
ing the environmental conditions that an organism can
tolerate and in which it can thrive, owing to the predomi-
nant role they play in aerobic metabolism and
bioenergetics [30,31]. Mitochondrial efficiency and respir-
ation rates can be impaired under acute environmental
stress owing to the failure of metabolic enzymes and mito-
chondrial complexes that govern substrate oxidation,
electron transport and oxidative phosphorylation [32,33].
Given enough time, however, alterations in mitochondrial
properties (e.g. mitochondrial volume density and enzy-
matic function) can allow aerobic functions to be
accommodated to new conditions [23,30].

Although most findings from experiments investigating
adaptive processes to-date are encouraging, many studies
share similar limitations. Firstly, most focus on a single
global change scenario, and thus less is known about how
effective plastic responses will be, and whether adaptation
may occur, when multiple global change drivers interact
(but see [21,34,35]). Secondly, most studies have focused
solely on the performances of early life-history stages (i.e.
larvae and juveniles) [16,36], thus neglecting adult life
stages (but see [21,34,37]). Longevity in particular has been
ignored when investigating the impacts of future ocean
change on marine organisms, despite its fundamental impor-
tance in life-history evolution [11], most probably owing to
the technical issues involved in performing studies that
span the entire life of an organism. Consequently, our current
understanding of the life-history trade-offs and limitations
associated with phenotypic plasticity and natural selection
is limited [16,36], particularly for marine organisms, which
reduces the accuracy of models that predict how populations
and ecosystems will respond to future climate change [15].

Adaptive processes, such as adjusting aerobic capacity,
entail energetically demanding physiological costs [12]. Con-
sequently, they can result in trade-offs between traits owing
to resource limitations. For example, through developmental
plasticity, the coral reef fish Acanthochromis polyacanthus was
able to restore aerobic scope following exposure to elevated

temperature, but at the cost of reduced body size [38]. In
turn, trade-offs represent the fitness costs paid when a positive
change in one trait, physiological or life-history, causes a nega-
tive change in another [11,13]. The enhanced performances of
organisms observed in early life stages in experiments con-
ducted to-date [23,24,39] could therefore have negative
consequences later in life. Indeed, trade-offs between early
life-stage traits and adult traits are common [40-42]. In
addition to trade-offs, adaptive processes also have limitations
that become evident when a trait cannot be recovered to its
optimum and can be imposed by physiological costs [43].
While some studies have shown that adaptive processes can
fully restore a life-history trait under future ocean conditions
[21,25,44], others have observed only partial compensation
[23,26]. By contrast, the behavioural abnormalities observed
in coral reef fishes subjected to ocean acidification conditions
were not rectified through trans-generation exposure [45,46].
Our understanding of how adaptive processes affect key fit-
ness-associated life-history traits such as total reproductive
output, maximum body size and longevity is limited. Deter-
mining which phenotypic traits respond to adaptive
processes, and which do not, in addition to identifying
relationships between traits (in particular trade-offs) has
been highlighted as a research priority [16,36].

Here, we investigate the life-history and metabolic
responses of an emerging marine model organism, the marine
benthic polychaete Ophryotrocha labronica (La Greca & Bacdi,
1962), following within- and trans-generation exposure to
future ocean conditions. The aims of the present study were
two-fold. Firstly, to determine the within- and trans-generation
responses to future ocean conditions. Secondly, to determine
the presence of trade-offs between early life and adult life-his-
tory traits after within-generation exposure to future ocean
conditions and how these are modified by trans-generation
exposure. The population of O. labronica used in this study ori-
ginated from the Mediterranean Sea, an area that has been
identified as one of the most prominent ‘hot-spots” in future cli-
mate change projections [47]. Additionally, precipitation is
expected to decrease significantly, causing the Mediterranean
Sea to become more saline [48]. Consequently, we chose to
use both elevated temperature and salinity as our climate
change drivers. The parental generation (F;) was reared under
control (27°C and salinity 35 parts per thousand (ppt)), elevated
temperature (30°C and salinity 35 ppt) and elevated tempera-
ture combined with elevated salinity (30°C and salinity
39 ppt) conditions. Juveniles from control parents were reared
in all conditions (within-generation exposure), whereas juven-
iles from the two experimental treatments were only reared in
the same conditions as their parents (trans-generation
exposure). Comparisons between treatments allowed us to
determine the within-generation effects of experimental con-
ditions and how these were modified by parental exposure.
Ophryotrocha labronica undergoes direct development. There-
fore, developmental responses can be identified by
transplanting egg masses and juveniles between treatments.
Throughout the experiment we measured a range of
early life-stage (juvenile survival and growth) and adult
(maximum body size, lifespan fecundity and longevity)
life-history traits. Furthermore, one enzyme (citrate synthase
(CS)) and one enzymatic complex (electron transport system
(ETS)) were measured in adults as proxies for energy metab-
olism and aerobic capacity to uncover the underlying
physiological mechanisms behind any observed responses.



2. Material and methods

(a) Study organism, collection and maintenance
Ophryotrocha labronica is a gonochoric, iteroparous species with
semi-continuous reproduction: females reproduce many times
over an extended breeding period (average number of eggs pro-
duced per spawning event= 120 [49]). Eggs are externally
fertilized by males and parental care is required until they
hatch [26]. Ophryotrocha labronica individuals are easy to culture
in large numbers and have a relatively short generation time
(approx. three to four weeks at 24°C to produce the first progeny)
and lifespan (between five and six months) [50]. These traits
make it an ideal study species for trans- and multi-generation
studies [21,25,34]

The population of O. labronica used in this study originally
came from approximately 100 individuals collected in January
2014 in the harbour of Porto Empedocle (Sicily, Italy; 37°17'4" N,
13°31'3" E). Polychaetes were kept at the Marine Biology and
Ecology Laboratory of the University of Modena and Reggio
Emilia (Modena, Italy) in culture for approximately six generations
at relatively constant salinity (mean =+ s.e.: 35 ppt + 1) (obtained
by dissolving an artificial sea salt—Reef Crystals, Instant
Ocean—in distilled water) and photoperiod (12L:12D), but at
variable temperature (min/max = 15-27°C), to mimic natural sea-
sonal variation. Polychaetes were fed once a week on minced
spinach [50]. In December 2014, 80 individuals were transported
to the Marine Evolutionary Physiology Laboratory at the Univer-
sitt du Québec a Rimouski (Canada) and reared for two
generations at 27°C (current day maximum summer temperature
and control temperature for the experiment) under the same sal-
inity and photoperiod conditions to allow time for acclimation
to the new stable thermal control conditions.

(b) Experimental design

(i) Experimental conditions

Our elevated temperature level (30°C) represents + 3°C relative
to the current maximum summer temperatures recorded in the
collection site, consistent with warming projections [51]. Our
elevated salinity level (39 ppt) represents conditions that may
be experienced by O. labronica in the field in some locations of
the Mediterranean and which this species will be exposed to
much more frequently in the future owing to the significant
rise in the frequency of extreme heat events that are predicted
to occur over the next century leading to increased evaporation
[52]. The effect of elevated salinity in isolation was not investi-
gated as it is less ecologically relevant under future ocean
scenarios.

(ii) Parental conditioning

Twelve pairs (Fy) were formed and bred. Three days after hatch-
ing, 20 offspring (F;) from each pair were assigned to either
control (C: 27°C, salinity 35 ppt), elevated temperature (T: 30°C,
salinity 35 ppt) or elevated temperature and salinity conditions
(TS: 30°C, salinity 39 ppt) (four six-well culture plates per treat-
ment; three broods per plate). This ensured that there was
similar genetic diversity between all treatments at the start of
the experiment and aided comprehension of genetic and non-
genetic offspring responses [14]. Stable temperatures were
achieved by placing the culture plates in incubators (Sanyo
MLR-351 HI, Moriguchi City, Japan) and a 12L:12D regime
was implemented. Plates from the same treatment were kept
on separate shelves in the incubator. To reduce evaporation
and maintain a stable salinity, plates were covered with a breath-
able seal (Aeraseal, Alpha Laboratories Ltd, Eastleigh, UK).
Throughout the experiment, polychaetes were fed ad libitum
on minced spinach every day [50] and water changes were

performed using sea water at the appropriate temperature and n

salinity to maintain good water quality.

(iii) Treatment transplants
When F; individuals in the C treatment reached sexual maturity,
six pairs per brood were created by crossing males and females
from different wells. Half of the pairs were used to produce
broods for the egg mass transplants and half to produce
broods for the juvenile transplants. This enabled us to perform
transplants to C (C-C), T (C-T) and TS conditions (C-TS)
with individuals originating from the first egg mass that was pro-
duced by a pair, thus removing the potentially confounding
issue of inter-clutch variation. In the T and TS treatments, only
two F; pairs per brood were formed (one for the egg mass and
one for the juvenile transplants), because offspring were only
transplanted to the same conditions (T-T and TS-TS). Again,
these originated from the first egg mass. Several pairs were
unable to produce viable egg masses under T and TS conditions.
When this occurred, additional pairs were formed to ensure a
sufficient level of replication was achieved [21]. Comparisons
between treatments allowed us to determine the within-gene-
ration effects of exposure to T and TS conditions (C-C versus
C-T versus C-TS) and how these were modified by trans-
generation exposure (C-C versus C-T versus T-T and C-C
versus C-TS versus T-TS). Please refer to figure 1 for a
summary diagram of the experimental design and analysis.
Egg mass transplants were performed by moving the plate
containing the egg mass and the parents to the new treatment,
to allow the provision of parental care. Pairs that had not spawned
yet within the same plate were transferred to a new plate and kept
in the same treatment until spawning occurred. Three days post-
hatch, up to 20 juveniles were transferred to a new well within
the same plate. Any spare polychaetes were left in the original
well and the parents removed. Juvenile transplants were made
by moving all offspring in a brood the day of hatching into a
new plate. Then, where possible, 20 juveniles were transferred
to a new well within the same plate 3 days post-hatch. Any
spare individuals from a brood were kept in their well. Spare
polychaetes were used to determine CS and ETS activity.

(c) Determination of traits

(i) Indicators of selection

To determine if any selection had occurred in generation F; we
calculated survival to sexual maturity in the F; offspring. We
also quantified reproductive success based on the number of
initial pairs formed that produced a viable egg mass. Finally,
as it was not always possible to transfer 20 F, offspring, hatching
event success was recorded as the percentage of F; pairs that
were able to produce at least 20 F, offspring.

(ii) Life-history traits (generation F,)

Juvenile survival and growth rates were determined at 7 days
post-hatch. Juvenile survival per brood was expressed as the per-
centage of individuals that survived relative to the total number
of individuals transferred at 3 days post-hatch. Juvenile size was
determined by counting the number of chaetigers (i.e. metameric
segments bearing bristles) of five randomly selected individuals
per well, using a digital camera (3.2 MP, Omax, Bucheon, South
Korea) attached to a dissecting microscope (MS5, Leica,
St Gallen, Switzerland) at x2.5 magnification. Juvenile growth
rates were then calculated as the number of chaetigers added
per day (number of chaetigers d ).

Upon the individuals of a brood reaching maturity, a pair
was formed by crossing a male and female from different
wells. All remaining polychaetes were transferred to the
brood’s spare well. Adult life-history traits were only measured
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Figure 1. Summary diagram of experimental design and analysis. For simplicity, only one family line of the 12 formed is shown (n = the number of adult pairs
formed). Offspring from each Fy pair were assigned to either control (C: 27°C, salinity 35 ppt), elevated temperature (T: 30°C, salinity 35 ppt) or elevated temp-
erature and salinity conditions (TS: 30°C, salinity 39 ppt). When F; individuals in the C treatment reached sexual maturity, six F; pairs per family were created.
Offspring from control parents were reared in all conditions. In the T and TS treatments, only two F; pairs per family were formed, because offspring were only
transplanted to the same conditions as their parents. In all treatments, half of the pairs were used to produce broods for the egg mass transplants and half to

produce broods for the juvenile transplants.

in females because their contribution to life history is more rel-
evant than males [11,50]. Furthermore, it allowed fecundity,
size and lifespan to be measured in the same individual.
Females’ reproductive performances were evaluated by deter-
mining the total number of eggs that were produced in an
individual’s lifespan: here defined as ‘lifespan fecundity’. Life-
span fecundity was standardized to the number of chaetigers
(lifespan fecundity cheatiger '). Egg masses were unfolded
under a dissecting microscope and then photographed so that
egg counts could be completed later. Body size (defined as the
number of chaetigers for each individual) was determined at
each reproductive event and subsequently used to identify the
maximum body size an individual reached during its lifespan.
Egg volume, used as a proxy for egg quality [53], was deter-
mined using the second egg mass of each pair. The longest
and shortest axes of 10 eggs were measured using IMAGE]
(http://rsb.info.nih.gov/ij/) and egg volume (expressed as
x107* mm?) calculated using the formula:

V= %wAzB,

where A is the short radius and B the long radius. Longevity was
defined as the number of days between the death of a female
occurring and the day it hatched from its egg mass.

(iii) Activity of energy metabolism markers (generation F,)

CS activity is a proxy for mitochondrial density commonly used
to detect changes in the aerobic capacity of marine organisms
[54-56]. The ETS is an enzyme complex located on the inner
mitochondrial membrane, which is widely accepted as a
marker for maximum mitochondrial oxygen consumption [57].
When a pair had produced its second egg mass, the females in
the spare well were frozen and stored at —80°C for later analysis
of CS activity (two polychaetes per brood) and ETS activity
(three—five polychaetes per brood). CS and ETS activity were
determined via enzyme assays, conducted in triplicate at 27°C
as described by Chakravarti et al. [20] and were expressed as
units per mg protein. Detailed protocols on how CS and ETS
activity were determined are referred to in the electronic
supplementary material.

(d) Statistical analysis

(i) Indicators of selection

We determined the effects of T and TS conditions on juvenile sur-
vival and reproductive success of the F; generation in addition to
hatching event success, as indicators of the strength of the selec-
tion pressure imposed by the treatments. F; juvenile survival was
tested using a generalized linear model with a binomial link
function and was weighted to the number of polychaetes initially
placed in a well. Differences in reproductive success between
treatments were determined using a chi-squared test oA,
where we expected all the initial pairs created to be able to pro-
duce a viable egg mass under all exposure conditions. Similarly,
X* tests were used to determine the effects that T and TS had on
the number of offspring that could be transferred, where we
expected to be able to move 20 offspring from each brood.

(ii) Offspring life-history and physiological performance

Within-generation (C-C versus C-T versus C-TS), within
versus trans-generation for elevated temperature (C-C versus
C-T versus T-T) and within versus trans-generation for elevated
temperature combined with elevated salinity (C—C versus C-TS
versus TS—TS) responses were analysed separately (figure 1). In
all cases, the effects of ‘treatment’, ‘transplant’ and their inter-
action were tested with ‘incubator shelf” as a random factor. To
analyse the effects on survival, generalized linear mixed-effect
models with binomial link functions were used. Additionally,
models were weighted to the number of polychaetes initially
placed in a well. For all other traits, linear mixed-effects
models were used. Normality and homogeneity were assessed
using residual plots. All pairwise comparisons were conducted
using Tukey’s tests. Please note that the purpose of the juvenile
transplants in the T-T and TS—TS treatments was to test whether
extra handling the polychaetes early in life affected their
responses (this was not the case). They are not comparable to
the juvenile transplants that were made within-generation and
thus when a significant ‘treatment’ x ‘transplant’ interaction
was present comparisons between within- and trans-generation
juvenile transplant groups were not made. All analyses were con-
ducted in R v. 3.4.0 [58] using the nlme [59], Ime4 [60] and
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multcomp [61] packages. To see the models used and their
outputs please refer to the electronic supplementary information.

(iii) Relationships between traits

The relationships between juvenile growth rates per brood and
adult traits (lifespan fecundity, maximum body size and longev-
ity) for the within-generation treatments (C-C, C-T and C-TS)
were analysed separately. For the C—C and C-T treatments
MANOVA tests were used. However, the assumptions of
MANOVA were not met for the C-TS treatment and thus three
sperate ANOVA were performed (a Bonferroni correction was
applied to give a new alpha of 0.017).

To determine how trans-generation exposure affected the
relationships between juvenile growth rates per brood and
adult traits observed after within-generation exposure, we com-
pared within and trans-generation treatments using egg mass
transplant data only with ‘treatment’ as a fixed factor. Again,
experimental treatments were analysed separately. MANOVA
was used to analyse C-T versus T-T and three separate
ANOVA to analyse C-TS versus TS—TS (a Bonferroni correction
was applied to give a new alpha of 0.017).

We observed increased lifespan fecundity after trans-
generation exposure in both experimental treatments. To
determine if these improvements were being driven by changes
in longevity and/or maximum body size, we compared relation-
ships between these traits. Analysis was performed as described
above (MANOVA was used to analyse C-T versus T-T and
ANOVA to analyse C-TS versus TS—TS (a Bonferroni correction
was applied to give a new alpha of 0.025)) with ‘treatment’ as a
fixed factor.

Finally, if trade-offs between juvenile growth rates and adult
life-history trait were observed, we tested the relationship
between the adult trait and CS/ETS activity, using ANOVA
with either ‘treatment’ or ‘transplant’ as fixed factors, to deter-
mine the underlying physiological mechanism. This analysis
had to be carried out separately because there was not a
CS/ETS activity data point for each family line.

In all models, if ‘treatment’ or ‘transplant” had no significant
effect on the relationship between traits it was removed from the
model. Analyses were conducted in R and Prism 7. To see the
models used and their outputs, please refer to the electronic
supplementary material.

3. Results

(a) Indicators of selection

Juvenile survival in the F; generation was significantly
affected by ‘treatment’ (figure 2a; x*=10.81, p=0.004).
Juvenile survival was 8% lower under elevated TS conditions
compared with C conditions (p = 0.004). T conditions had no
significant effect on F; juvenile survival (p = 0.440),

Reproductive success was 100% under C conditions but
was significantly reduced in the T (58.2%) and TS (16.7%)
treatments (figure 2b; min. x> = 12.63, p < 0.001). Reproduc-
tive success was significantly greater in the T treatment
compared with the TS treatment (x> = 8.89, p=0.003). In
the T and TS treatments an average of 1.75 and 2.26 pairs
per brood, respectively, were required to obtain an egg
mass that resulted in offspring hatching.

Hatching event success of egg masses that were kept in C
conditions was 100%. This value was significantly greater
than egg masses transplanted from C-T and C-TS
(figure 3; min. X2 = 4.80, p = 0.028), which averaged 50 and
8.3%, respectively. There was no significant difference for
this trait between either the C-T and T-T treatments or the
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Figure 2. Effects of elevated temperature (T) and elevated temperature com-
bined with elevated salinity conditions (TS) on (a) juvenile survival (n = 12
per treatment) and (b) reproductive success (n = 12 per treatment) of the
parental generation (F;) of 0. labronica. C = control conditions. Bar chart
represents mean values + s.e. (when applicable). Capital letters represent
significant differences between treatments.

within-generation trans-generation
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Figure 3. Effects of within-generation and trans-generation exposure to elev-
ated temperature (T) and elevated temperature combined with elevated
salinity (TS) between egg mass (solid bars) and juvenile transplants (hatched
bars) on hatching event success (i.e. the percentage of F; broods from which
20 F, offspring could be moved) of 0. labronica (n = 10— 12 per treatment).
C = control conditions. Capital and lower-case letters represent significant
differences between egg mass or juvenile transplants between treatments,
respectively. Asterisk (*) represents a significant difference between egg
mass and juvenile transplants within the same treatment.

C-TS and TS-TS treatments (max. x> = 1.20, p=0.273). In
contrast to the egg mass transplants, there were no significant
differences in hatching event success between the C-C, C-T,
C-TS and T-T juvenile transplant treatments (max. x> =
2.27, p = 0.132). However, all were significantly greater than
the TS—-TS treatment (y*= 4.20, p = 0.041). Finally, there
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Figure 4. Effects of within-generation and trans-generation exposure to elev-
ated temperature (T) and elevated temperature combined with elevated
salinity (TS) conditions on traits which were only affected by ‘treatment’.
(@) Juvenile survival (n = 10-12 per treatment), (b) lifespan fecundity
(n = 10-12 per treatment) and (c) egg volume (n = 100—120 per treat-
ment) of 0. labronica. C = control conditions. Solid and hatched bars
represent egg mass and juvenile transplants, respectively. Bar chart represents
mean values + s.e. Numbers represent significant differences between
within-generation treatments. Capital and lower-case letters represent signifi-
cant differences between within- versus trans-generation treatments for T and
TS condition, respectively.

was a significant difference in hatching event success
between egg mass and juvenile C—T and C-TS transplants,
being greater for juvenile transplants (min. X*=5.04,
p = 0.025).

(b) Offspring life-history performance

Juvenile survival was significantly reduced by within-
generation exposure to TS conditions (figure 4a; electronic
supplementary material, tables S1 and S3). Trans-generation
exposure to TS had no significant effect on survival with
levels still comparable to those observed after within-
generation exposure (figure 4a; electronic supplementary
material, table S3). Juvenile survival was not significantly
affected by either within- or trans-generation exposure to T
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Figure 5. Effects of within-generation and trans-generation exposure to elev-
ated temperature (T) and elevated temperature combined with elevated
salinity (TS) conditions on traits for which there was an interactive effect
of ‘treatment’ and ‘transplant’. (a) Juvenile growth rates (n = 50—60 per
treatment), (b) maximum body size (n = 10-12 per treatment) and
() longevity (n = 10—12 per treatment) of 0. labronica. Solid and hatched
bars represent egg mass and juvenile transplants respectively. C = control
conditions. Solid and hatched bars represent egg mass and juvenile trans-
plants respectively. Bar chart represents mean values + s.e. Capital and
lower-case letters represent significant differences between egg mass and
juvenile transplants, respectively, for within-generation treatments and for
within- versus trans-generation TS comparisons. Numbers represent signifi-
cant differences between within- versus trans-generation T treatments.
Asterisk (*) represents a significant difference between egg mass and juvenile
transplants within the same treatment.

conditions (figure 4a; electronic supplementary material,
tables S1 and S2).

Juvenile growth rates were significantly increased by
within-generation exposure to T conditions (figure 5a, elec-
tronic supplementary material, tables S1 and S2). By
contrast, within-generation exposure to TS conditions signifi-
cantly reduced growth rates. However, individuals that were
transplanted at the egg mass stage responded differently to
individuals transplanted as juveniles, as shown by the signifi-
cant interaction between ‘treatment’ and ‘transplant’
(figure 5a; electronic supplementary material, tables S1 and
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S3). Growth rates of individuals from the C-TS egg mass and
the juvenile transplants were both significantly lower than
the control (p <0.05), but individuals from the egg mass
transplants grew slower than those transplanted as juveniles
(p <0.05). Juvenile growth rates were also significantly
greater after trans-generational exposure to T conditions but
were comparable to levels observed in the within-generation
treatment (figure 5a; electronic supplementary material,
table S2). There was no significant difference in juvenile
growth rates between individuals exposed within- and
trans-generationally to TS conditions (figure 5a; electronic
supplementary material, table S3).

Lifespan fecundity was significantly reduced by within-
generation exposure to both T and TS, with exposure to TS
conditions having a significantly greater negative effect
(figure 4b; electronic supplementary material, tables S1-S3).
Trans-generation exposure to T and TS conditions increased
lifespan fecundity to levels that were intermediate, and
significantly different, compared to those reported for
individuals kept in control conditions or exposed to T and
TS conditions within-generation (figure 4b; electronic
supplementary material, tables S1-S3).

Within-generation exposure to T and TS conditions
caused a significant reduction in egg volume (figure 4c;
electronic supplementary material, tables S1-S3). Trans-
generation exposure to T conditions increased egg volume
to levels comparable to control individuals and significantly
greater than those following within-generation exposure to
T conditions (figure 4c; electronic supplementary material,
table S2). Trans-generation exposure to TS conditions had
no significant effect on mean egg volume (figure 4c;
electronic supplementary material, table S3).

Within-generation exposure to TS conditions had a
‘transplant’ dependent effect on maximum body size, as high-
lighted by the significant interaction between ‘treatment” and
‘transplant’ (figure 5b; electronic supplementary material,
tables S1 and S3). Maximum body size was significantly
lower in the C—TS egg mass and juvenile transplants compared
with their C-T counterparts. Maximum body size in the C-TS
juvenile transplants was also significantly lower than the C-C
juvenile transplants. There was, however, no significant differ-
ence in maximum body size between the C—-C and C-TS egg
mass transplants groups. Trans-generation exposure to T con-
ditions had a positive effect on maximum body size, with
individuals from the T-T treatment reaching a larger size
than control individuals (figure 5b; electronic supplementary
material, table S2). Maximum body size in the T-T treatment
was significantly greater than the C-T treatment (electronic
supplementary material, table S2). Finally, trans-generation
exposure to TS conditions had no significant effect on maxi-
mum body size (figure 5b; electronic supplementary material,
table S3).

Within-generation exposure to TS conditions had a ‘trans-
plant’” dependent effect on longevity, evidenced by the
significant interaction between ‘treatment’ and ‘transplant’
(figure 5c; electronic supplementary material, tables S1 and
S3). There was no significant difference in longevity between
the C-C and C-TS egg mass transplant groups. By contrast,
longevity in the C-C juvenile transplant group was signifi-
cantly greater than their C-TS counterparts. Furthermore,
within the C-TS treatment, individuals that were trans-
planted as juveniles had significantly lower longevity than
those that were transplanted as an egg mass (figure 5c;

tables S1 and S3). Trans-generation exposure to TS conditions

had no significant effect on longevity (figure 5b; electronic
supplementary material, table S3). Similarly, longevity was
not affected by within-generation exposure to T conditions
(figure 5c¢; electronic supplementary material, tables S1 and
S2). Finally, trans-generation exposure to T conditions had a
positive effect on longevity but only compared with the
within-generation exposure treatment (figure 5c; electronic
supplementary material, table S2).

(c) Offspring energy metabolism markers
Within-generation exposure to treatment conditions only had
a significant effect on CS activity in the juvenile transplant
groups as is shown by the significant interaction between
‘treatment’” and ‘transplant’ (electronic supplementary
material, table S1). CS activity in the C-TS juvenile transplant
group was significantly higher than the C-T juvenile trans-
plant group (p < 0.05), but both groups were comparable
to all other treatments (p > 0.05). Trans-generation exposure
to T and TS conditions had no effect on CS activity (electronic
supplementary material, tables S2 and S3). Finally, ETS
activity was not affected by either within- or trans-generation
exposure to T and TS conditions (electronic supplementary
material, tables S1 and S2).

(d) Relationships between traits

(i) Within-generation (egg mass versus juvenile transplants)
Maximum body size and longevity were both negatively
correlated with juvenile growth rates in the C-TS treatment
(table 1 and figure 6a,b; min. R?=0.29, p = 0.010). There
was no significant relationship between juvenile growth
rates and lifespan fecundity under C-TS conditions (table 1
and electronic supplementary material, figure S1; R* =
0.002, p=0.863). Finally, no significant relationship
between juvenile growth rates and adult life-history
traits were observed in the C-C and C-T treatments
(table 1; electronic supplementary material, figure S1;
max. R*=0.05, p = 0.299).

Significant negative relationships between juvenile
growth rates and maximum body size/longevity were
detected. Consequently, we tested the relationship between
maximum body size/longevity and CS/ETS activity. There
was a significant negative relationship between CS activity
and longevity under TS conditions (table 1 and figure 6c;
R2=10.32, p = 0.023), but not between CS activity and
maximum body size (table 1; electronic supplementary
material, figure S2; R?>=0.09, p = 0.268). There was a nega-
tive relationship between ETS activity and longevity,
although this was non-significant (table 1; electronic sup-
plementary material, figure S2; R*=0.16, p=0.078).
Finally, there was a significant negative relationship
between ETS activity and maximum body size (table 1
and figure 64; R* = 0.21, p = 0.043).

(i) Within- versus trans-generation (egg mass transplants only)
Under T conditions, the relationship between juvenile
growth rates and lifespan fecundity was dependent on
trans- or within-generation exposure as is highlighted by
a significant interactive effect (p = 0.023). More specifi-
cally, there was no significant relationship following
within-generation exposure to T conditions (table 2 and
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Table 1. Within-generation relationships between juvenile growth rates and adult life-history traits (max body size, longevity and lifespan fecundity) of [JEJ}

0. labronica exposed to control (C—C), elevated temperature (C—T) and elevated temperature combined with elevated salinity (C—TS) treatments. (Relationships

between longevity and size versus citrate synthase (CS) and electron transport system (ETS) activity are also shown for C—TS. R% p-value (p) and degrees of

freedom (in brackets) are provided. Significant relationships are given in bold and the arrows highlight the direction of the relationship. Asterisk represents

where a Bonferroni correction was applied to give a new alpha of 0.017.)

juvenile growth rates

-C max body size R? =001,
p=0638 (122

longevity R = 0.01,
p = 0684 (122)

lifespan fecundity R* = 0.02,
p = 0.464 (1,22)

-1 max body size R* = 0.1,
p = 0581 (1,22)

longevity R* = 0.05,
p =029 (122)

lifespan fecundity R* = 0.04,

p=0378 (1,22)

C-Ts max body size R* = 0.29, 1
p = 0.010* (1,20)
longevity R? = 0.36, N

p = 0.003* (1,20)
R? = 0.003,
p = 0.799* (1,20)

lifespan fecundity

figure 7a; R?=0.21, p=0.138), but trans-generation
exposure resulted in a significant negative relationship
(table 2 and figure 7a; R?>=0.34, p = 0.049). There were
no significant relationships between juvenile growth rates
and maximum body size/longevity under T conditions
(table 2 and electronic supplementary material, figure S3;
max. R?=0.07, p=0.139). Under TS conditions, there
were no significant relationships between juvenile growth
rates and any of the adult traits (table 2 and electronic sup-
plementary material, figure S3; max. R?=0.26, p=0.018
(¢ =10.017)). No significant relationships were observed
between CS/ETS activity and lifespan fecundity under T
conditions (electronic supplementary material, figure S4;
max. R* =0.16, p = 0.070).

Under T conditions, the relationship between lifespan
fecundity and longevity was dependent on trans- or within-
generation exposure as is highlighted by a significant
interactive effect (p = 0.007). More specifically, there was
significant positive relationship following within-generation
exposure to T conditions (table 2 and figure 7b; R*=0.76,
p <0.001), but no relationship after trans-generation
exposure (table 2 and figure 7b; R%2=0.01, p = 0.752). There
was also a significant positive relationship between lifespan
fecundity and maximum body size (table 2 and figure 7c;
R%2=0.27, p=0.006). Under TS conditions, there were no
significant relationships between lifespan fecundity and
maximum body size or longevity (table 2 and electronic sup-
plementary material, figure S5; max. R%2=10.07, p=0.239
(a=0.025)).

(S activity ETS activity

R* = 0.09, R*=0.21, 1
p = 10268 (1,14) p = 0.043 (1,18)

R =032, ! R* =0.16,

p = 0.023 (1,14) p = 0078 (1,18)

4. Discussion

Adaptive phenotypic plasticity and natural selection can
mediate the negative life-history effects of future ocean con-
ditions. However, most studies to-date have focused on
early life stages and thus our understanding of the trade-
offs and limitations that are associated with adaptive
processes is limited, particularly in the presence of multiple
stressors. Here, we reared a marine polychaete for its entire
lifespan under two global change scenarios: one mimicking
warming and one both warming and the associated change
(increase) in salinity caused by a reduction in rainfall pre-
dicted to occur in coastal areas of the Mediterranean [48].
We found that adaptive processes cause trade-offs between
juvenile growth rates and adult life-history traits both
within and across generations. Furthermore, we identified
the presence of limitations that are associated with trans-
generation exposure. Overall, our results demonstrate that
the early life-stage exposure influences responses later in
life and that trade-offs and limitations will be more prevalent
in a multi-stressor environment.

(a) Within-generation responses

Temperature and salinity are among the most important
environmental factors that govern the physiology of marine
organisms and ultimately determine their geographical distri-
bution [62,63]. Here, we observed that juvenile polychaetes,
O. labronica, exhibit increased growth rates under T, which is
a common response to warming in marine ectotherms [64].
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Figure 6. Significant within-generation relationships between traits of 0. labronica exposed to the control-elevated temperature combined with elevated salinity (C—
TS) treatment. (a) Juvenile growth rates versus max body size, (b) juvenile growth rates versus longevity, (c) citrate synthase activity versus longevity and (d) electron
transport system activity versus max body size. Dark and light colours represent egg mass and juvenile transplants, respectively. R” and p-values are provided.

This effect was not observed when salinity is also elevated (TS),
with polychaetes displaying reduced juvenile growth rates and
survival. Owing to the experimental design used in this study,
it is not possible to ultimately discriminate whether the nega-
tive effects observed under TS conditions were driven by the
interaction between elevated temperature and elevated salinity
or purely by elevated salinity. However, we believe the former
is more likely. We base this conclusion on the responses to high
salinity exposure of the closely related species O. diadema,
which showed that tolerance to high salinity is lowered by
exposure to elevated temperature, with both reduced survivor-
ship and development observed [65].

Adult polychaetes were negatively affected by both T and
TS conditions. Reduced lifespan fecundity was observed in
both treatments, however, TS conditions had a more negative
impact. This could be caused by the additive or (most likely)
synergistic effect of elevated TS. A similar interaction has
been reported in the life-history response of O. diadema,
where reproductive rates at low temperatures were greater
under higher salinities, while at higher temperatures, this
relationship was reversed [65]. Maximum body size and
aerobic capacity, measured here as CS and ETS activity,
were largely unaffected by within-generation exposure to T
and TS. Thus, our results suggest that energy investment
into maintenance of aerobic capacity and growth, measured
as body size, is favoured as a short-term fitness advantage.
This trade-off is consistent with life-history theory for invert-
ebrates with indeterminate growth (i.e. growth that continues
after maturation), such as O. labronica, where investment

into somatic growth in later life stages increases organisms’
reproductive performance [66]. Indeed, such life-history
trade-offs and associated fitness costs are a common conse-
quence of alterations in the allocation of energy caused by
adaptive processes [67,68].

Hatching event success in O. labronica was measured as an
indicator of selection. Under T conditions, hatching event
success in the egg mass transplant group (50%) was signifi-
cantly lower than the juvenile transplant group (91.6%),
demonstrating that selection pressure was greater. Despite
this, we report that there were no significant differences
between egg mass and juvenile transplants in any other
trait measured, which suggests that phenotypic plastic
responses were not expressed or that they showed “perfect
compensation’ [69]. This was not the case under TS con-
ditions, where ‘timing of transplant’ significantly impacted
the response of several traits. Polychaetes transplanted at
the egg mass stage grew significantly slower than poly-
chaetes transplanted as juveniles. However, polychaetes
from the egg mass transplant group also maintained their
maximum body size and longevity at levels comparable to
the control, whereas polychaetes from the juvenile transplant
group did not, with observed reductions in both traits. In
addition, polychaetes from the egg mass transplant group
had a significantly greater lifespan than their juvenile trans-
plant counterparts under TS conditions. Likewise, adult
polychaetes, Janua sp, derived from larger larvae had shorter
lifespans [70]. The differences observed in the mean
responses between transplant groups appear to be driven
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Figure 7. Significant within- versus trans-generation effects on relationships between traits of 0. labronica under elevated temperature conditions. (a) Juvenile
growth rates versus lifespan fecundity, (b) lifespan fecundity versus longevity (c) and lifespan fecundity versus max body size. Light and dark colours represent
egg mass transplants from the within- and trans-generation treatments, respectively. R” and p-values are provided with significant relationships highlighted in bold.

by trade-offs that exist between juvenile growth rate and
maximum body size/longevity under TS conditions. Further-
more, the differences between egg mass and juvenile
transplants under TS conditions appear to be related to hatch-
ing success. Hatching event success in the C-TS egg mass
transplant group was significantly lower than both the con-
trol (—91.7%) and juvenile transplant (—58.3%) groups.
Thus, it appears that selection during embryonic develop-
ment and/or the first 3 days after hatching is an important
factor in determining growth rate, maximum body size and
longevity. Trade-offs between early growth rate and longev-
ity /body size have also been observed in the brown trout,
Salmo trutta, and the three-spined stickleback, Gasterosteus
aculeatus [40,41], as well as other taxa [71]. Finally, mean life-
span fecundity levels were 24% higher in polychaetes from
egg mass transplants, although this was not significantly
different compared to individuals transplanted as juveniles,
which suggests that these trade-offs may have consequences
for polychaetes reproductive performance.

The physiological mechanism behind the observed trade-
offs under TS conditions appears to be related to a shift in
metabolic capacity, potentially leading to the alteration of
energy allocation. CS and ETS activity were 23.8% and
26.2% greater in the juvenile transplant group, although
these differences were not significant (min. p = 0.053). This
suggests that polychaetes in the juvenile transplant group
may have had a greater aerobic scope, which would explain
their higher growth rates. Faster growth rates are generally
linked to greater levels of oxidative stress within the cell
and can lead to reduced investment into protein mainten-
ance, which ultimately accelerates senescence and reduces
longevity [71]. Indeed, the production of reactive oxygen
species (ROS) is thought to be a central mediator of trade-
offs between life-history traits [72,73]. In line with this, we
report significant negative relationships between CS activity
and longevity, and ETS activity and maximum body size.
Considered together, our results indicate that lower aerobic
capacity is selected for during early development under TS
conditions. Reduced metabolic capacity is also the adaptive
mechanism that enables some marine polychaete species to
inhabit CO, vents [74]. We hypothesize that reduced aerobic
capacity is selected for during early (developmental)
exposure to TS conditions, ultimately leading to slower
growth and less energy spent on combating the negative
effects of ROS. This could potentially make more energy
available to support core functions, such as the maintenance
of homeostasis and other life-history traits: i.e. maximum
body size and longevity.

Trans-generation exposure to T and TS conditions partially
alleviated the negative within-generation effects on lifespan
fecundity, although the levels observed under TS were
still lower compared with control conditions. Egg volume,
however, was fully restored by trans-generation exposure to
T. Under T conditions, the observed trans-generation
improvement in lifespan fecundity was driven by larger
maximum body size and longer lifespan, highlighted by the
significant positive relationship between maximum body
size/longevity and lifespan fecundity. Female polychaetes
exposed to T conditions across a generation reached a larger
maximum body size than control or within-generation poly-
chaetes and lived longer than their within-generation
counterparts (i.e. larger maximum body size was driven by
a longer lifespan). The observed increase in maximum body
size is a surprising result, as a reduction in body size is
expected to be the usual adaptive outcome in response to
elevated temperature [38,75-77], as well as for other global
change drivers such as ocean acidification [74,78]. Body
size is a primary determinant of many biological and eco-
logical processes, including competitive and predator—prey
interactions [79,80]. Thus, the changes in body size that
are associated with adaptive processes could have major
consequences at the ecosystem level. In previous studies,
trans-generation improvements in life-history traits have
been linked to increased aerobic performance [23,24,39].
However, we did not detect changes in CS and ETS activity
following trans-generation exposure to T and TS conditions.
This suggests that cellular homeostasis can be maintained
without adjustment of mitochondrial content, which could
be supported by higher mobilization or efficiency of
mitochondria [81].

It was not an aim of this study to determine the exact mech-
anism (i.e. selection or adaptive phenotypic plasticity)
responsible for the trans-generation response. However, juven-
ile survival and reproductive success in the F; generation
provide some clues as to how much selection occurred prior
to the F, generation. Juvenile survival in the parental gener-
ation (F;) was significantly reduced by 8% under TS
conditions, which suggests that a small level of selection had
occurred before the polychaetes reached sexual maturity. By
contrast, reproductive success was significantly lower under
both T and TS conditions; only 58.2 and 16.7% of the initial
F; pairs were able to produce viable egg masses, demonstrating
that strong selection pressures were present at the fertilization
and/or the embryonic development stage [82—84]. Selection



has been shown to be important in trans-generation studies.
For example, the calanoid copepod Pseudocalanus acuspes
showed increased fecundity after trans-generation exposure
to elevated CO, levels [26]. In this case, selection resulted in
genetic changes in translation mechanisms such as ribosome
formation and mitochondrial function, in addition to altering
the expression of genes related to transcription/replication,
ultimately modifying energy allocation [85].

Trans-generation phenotypic plasticity (TGP) is another
mechanism that improves offspring performance under stress-
ful conditions [21-24]. Within the context of TGP, the
environment experienced by parents alters the phenotype of
their offspring via non-genetic inheritance mechanisms [5].
Trans-generation plasticity can occur through the transfer of
nutritional material (e.g. maternal provisioning) and/or via
epigenetic processes (i.e. changes in gene expression;
Bonduriansky et al. [10]). Egg size is often used as an indicator
for maternal provisioning. Here, trans-generation improve-
ments were observed despite egg volume being significantly
reduced by within-generation exposure to both T and TS con-
ditions. It is possible that while eggs were smaller their
nutritional components were altered in a way that increased
energetic content, indeed, egg size does not always correlate
with egg quality [86]. Similar findings have been observed in
cinnamon clownfish, Amphiprion melanopus, after trans-gener-
ation exposure to elevated CO,; the clownfish produced
hatchlings that had a smaller yolk sac area, but at no apparent
cost to the fitness of the offspring [24]. Thus, we cannot rule out
the occurrence of maternal provisioning. However, as all traits
affected by trans-generation exposure were adult traits, an
alternative and more plausible explanation for our observed
trans-generation response is that changes in metabolic gene
expression caused a shift in energy production towards the
maintenance of aerobic performance, as observed in the
spiny damselfish A. polyacanthus, and the marine stickleback
G. aculeatus [87,88].

The partial restoration of fecundity observed across a gen-
eration suggests that the efficacy of undergoing high levels of
selection and possibly phenotypic plasticity are constrained
by the physiological limits imposed by extreme environ-
mental conditions [43]. Under TS conditions, lifespan
fecundity was the only trait positively affected by trans-
generation exposure, whereas under T conditions, four
traits (lifespan fecundity, egg volume, maximum body size
and longevity) were positively affected. This suggests that
multi-stressor environments impose greater limits on trans-
generation responses, at least in terms of the cost of maintain-
ing aerobic performance. Additionally, the trade-offs that
arose between juvenile growth rates and lifespan fecundity
following trans-generation exposure to T were not present
after within-generation exposure to T. This discrepancy
suggests that the energetic costs associated with the
changes in metabolic performance are modified by trans-
generation exposure. No such trade-offs were observed
after trans-generation exposure to TS.

5. Summary

Here, we identify several life-history trade-offs and limitations
that are associated with adaptive processes under future ocean
conditions in an emerging marine model species, O. labronica.
We only observed trade-offs within-generationally after

exposure to elevated temperature combined with elevated sal-
inity conditions. Juvenile growth rates were negatively related
to both maximum body size and longevity, which appears to
have been driven by selection during early development.
Trans-generation exposure to T and TS conditions only par-
tially restored lifespan fecundity, despite high levels of
selection. Trans-generation exposure to elevated temperature
also resulted in a trade-off between juvenile growth rates
and lifespan fecundity: slower growers showing a greater
reproductive output. Overall, our results suggest that future
ocean conditions may select for the slow grower and that
life-history trade-offs and limitations will be more prevalent
in a multi-stressor environment, resulting in greater constraints
on adaptive potential.

The Mediterranean Sea has been identified as an area likely
to suffer high levels of local extinction under future climate
change because it is semi-enclosed, which prevents organisms
from shifting their distribution [89]. Consequently, the
species/populations that inhabit this area will be disproportio-
nately reliant on adaptive processes to ensure their survival.
Our results indicate that adaptive processes under future con-
ditions in the Mediterranean Sea will produce slower growing
individuals with reduced reproductive output. Furthermore,
our results suggest that, under future ocean warming,
periods of elevated salinity have the potential to cause
severe population crashes. Benthic polychaete populations
play an important role in the marine nitrogen cycle through
bioturbation, driving the exchange of nutrients between
sediments and overlying waters [90-92]. The trade-offs
and limitations associated with adaptive processes could
thus have repercussions for ecosystem structure and func-
tion at a regional scale. More studies that rear organisms
for an extended period of time are needed to characterize
trade-offs and limitations associated with adaptive pro-
cesses. Only with such studies will we be able to
accurately predict future climate change impacts on
populations and ecosystems [93] and thus any associated
socio-economic implications [94-96].
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