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Abstract

Phenotypic plasticity in parental care investment allows organisms to promptly re-
spond to rapid environmental changes by potentially benefiting offspring survival
and thus parental fitness. To date, a knowledge gap exists on whether plasticity in
parental care behaviors can mediate responses to climate change in marine ecto-
therms. Here, we assessed the plasticity of parental care investment under elevated
temperatures in a gonochoric marine annelid with biparental care, Ophryotrocha
labronica, and investigated its role in maintaining the reproductive success of this
species in a warming ocean. We measured the time individuals spent carrying out
parental care activities across three phases of embryonic development, as well as
the hatching success of the offspring as a proxy for reproductive success, at control
(24°C) and elevated (27°C) temperature conditions. Under elevated temperature, we
observed: (a) a significant decrease in total parental care activity, underpinned by a
decreased in male and simultaneous parental care activity, in the late stage of em-
bryonic development; and (b) a reduction in hatching success that was however not
significantly related to changes in parental care activity levels. These findings, along
with the observed unaltered somatic growth of parents and decreased brood size,
suggest that potential cost-benefit trade-offs between offspring survival (i.e., imme-
diate fitness) and parents' somatic condition (i.e., longer-term fitness potential) may
occur under ongoing ocean warming. Finally, our results suggest that plasticity in
parental care behavior is a mechanism able to partially mitigate the negative effects

of temperature-dependent impacts.
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1 | INTRODUCTION

Environmental temperature has ubiquitous effects on all as-
pects of organismal biology (Angilletta, 2009; Hochachka &
Somero, 2002). This is particularly true for ectothermic animals,
whose body temperature conforms to that of the surrounding en-
vironment and depends mainly upon external heat sources (Abram
et al., 2017). In these organisms, the relationship between thermo-
sensitivity and thermoregulatory capacity in variable environments
governs the evolution of a wide range of behavioral, physiolog-
ical, and life-history traits, finally determining their overall fitness
(Abram et al., 2017; Munday et al., 2009; Przeslawski et al., 2008).
Phenotypic plasticity, that is, the capacity of a given genotype to
produce a range of phenotypes under varying environmental condi-
tions, is a key mechanism that allows ectotherms to cope with rapid
thermal changes (Schlichting & Pigliucci, 1998). Depending on the
effect of plasticity on individual fitness, plasticity can be defined
as adaptive, if it improves a genotype's fitness when environmental
conditions change, or neutral, if fitness is not affected (Ghalambor
et al., 2007). Alternatively, plasticity can even be maladaptive if its
expression decreases fitness (Schlichting & Pigliucci, 1998). Most re-
search on thermal plasticity has been focused on physiological and
life-history traits, with only more recently an increasing number of
studies considering the importance of behavioral traits for terrestrial
and aquatic ectotherms (e.g., Abram et al., 2017; Huey et al., 2012;
Nagelkerken & Munday, 2016). An even wider knowledge gap exists
for marine organisms' ability to adjust specific fitness-related behav-
ioral responses when submitted to a thermal change. This paucity of
information is particularly evident for parental care activities (Brante
et al., 2003; Dick et al., 1998; Hopkins et al., 2011).

In species exhibiting parental care, variation in temperature
conditions—far from their optimal thermal range—may alter the en-
ergetic investment required by parents to effectively perform such
activity (Johnston & Bennett, 1996). As a result, parents may incur
trade-offs between behavioral and physiological processes, and
thus between parental care and cell repair, homeostasis, feeding,
and growth, which can ultimately affect organismal fitness (Ardia
et al., 2009; Roff, 2002; Stearns, 1992). For example, a greater met-
abolic demand due to increased temperature can cause parents to
devote less energy to parental care activities in order to favor self-
maintenance (e.g., cell repair and mass loss avoidance), thus enhanc-
ing their chances of survival and future breeding attempts (Wiley &
Ridley, 2016). Alternatively, the maintenance of parental care and
reproductive performance at a higher temperature may divert re-
sources away from somatic maintenance (e.g., growth) (Donelson
et al., 2010), with possible consequences for survival and life span
fitness (Edward & Chapman, 2011). Changes in the amount of en-
ergy invested by parents caring for eggs and self-maintenance due
to intrinsic (e.g., age and health) and extrinsic factors (e.g., environ-
mental conditions and predation) could also be a strategy adopted
by species to favor future reproduction at the expense of current re-
production, as early postulated by William's principle (1966) and later
supported by Carlisle (1982). Optimal parental behavior can also be

indirectly affected via temperature-dependent changes in embryos'
development rate, size, and number (Angilletta et al., 2006; St Mary
et al., 2004). Commonly, variation in clutch size has been shown to
affect the amount of energy invested in parental care activity in fish
(Coleman et al., 1985; Van lersel, 1953) and invertebrates (Fernandez
& Brante, 2003; Rauter & Moore, 2004; Smiseth & Moore, 2004).
Larger broods require a greater parental care investment (e.g., by
fanning) to guarantee embryo development, likely because the lower
surface/volume ratio of egg masses may cause a lower rate of oxy-
gen diffusion especially in their center (Fernandez et al., 2002). In
addition to this, the increasing metabolic needs of embryos across
developmental stages may alter the amount of energy/time allo-
cated by parents for care activities (Baeza & Fernandez, 2002; Dick
etal., 1998; Green & McCormick, 2005).

Thermal changes can also have an asymmetric effect on parental
care investment in iteroparous species with biparental care, due to
differential impacts on caregiving timing and duration provided by
each sex (AlRashidi et al., 2010; Vincze et al., 2017). Several theoret-
ical models have been proposed to explain the conflict that occurs
in biparental care regarding the level of investment that each parent
provides (Houston, 1985; McNamara et al., 1999, 2003). According
to one early model, also known as the “no negotiation model”, if one
parent provides significantly less care due to a change in the envi-
ronment (e.g., rising temperature) or due to changes in life-history
traits (e.g., brood size), the other partner may modify its effort inde-
pendently of the effort adopted by the first parent (Houston, 1985).
Inversely, as predicted by more recent models (i.e., “the negotiation
models”), one parent may adjust its level of parental investment in
relation to the decrease in parental care provided by its partner (e.g.,
Johnstone & Hinde, 2006; McNamara et al., 1999, 2003). Under
such circumstances, the partner may have different options: (a)
to abandon altogether the care of the offspring in favor of future
longer-term reproductive opportunities; (b) to reduce its parental
care effort; or (c) to increase its parental care effort (Johnstone
& Hinde, 2006; McNamara et al., 2003). To date, despite that nu-
merous factors are known to affect biparental care patterns, such
as mating system, developmental mode, and brood size (Houston &
McNamara, 2002; Olson et al., 2008), the effect of rising tempera-
tures on parental investment in species exhibiting biparental care re-
mains poorly understood or completely overlooked, especially when
concerning aquatic invertebrates.

In this study, we assessed the role of behavioral plasticity in
mediating, or exacerbating, climate-related impacts on organismal
fitness using the marine annelid Ophryotrocha labronica (Eunicida,
Dorvilleidae, La Greca & Bacci, 1962). Ophryotrocha labronica (max
length = 4 mm) is a gonochoric species occurring in a variety of tem-
porally and spatially fluctuating coastal habitats across the globe
(Simonini et al., 2009). Females reproduce several times over an ex-
tended breeding period (defined as semicontinuous reproduction),
spanning approximately between 83 and 16.5 days at 14.5 and 28°C,
respectively (Akesson, 1976). Females lay their eggs in characteristic
tubular masses after a period of courtship with a male (Prevedelli

& Simonini, 2001). Immediately before spawning, the couple move
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side by side emitting a loose jelly into which eggs and spermatozoa,
which are almost immotile, are extruded; this behavior being known
as pseudocopulation (Lorenzi et al., 2019; Paxton & Akesson, 2010).
The tubular egg masses are formed before the surfaces of the egg
mass harden. When individuals are isolated into pairs, O. labronica
provide biparental cares to ensure the cleanliness and oxygenation
of the eggs mass (Paxton & Akesson, 2007). However, at higher den-
sities, males can mate with multiple females, abandoning their part-
ner at any time after the fertilization of one mass of eggs to breed
with another female, ending up caring for only one of the egg masses
fertilized (Picchi & Lorenzi, 2019; Sella & Bona, 1993). In both cases,
females are considered the main caregivers and are constrained to
parental care duties, while males can adjust their parental care ef-
fort at different densities to maximize mating opportunities (Picchi
& Lorenzi, 2019). Parental care is necessary for the survival of the
brood, as exemplified by the observation that eggs usually degen-
erate if parents are removed before embryos are completely devel-
oped (Paxton & Akesson, 2007). Parental care enhances oxygenation
of eggs and consists of active movements of the parents' bodies in
close contact with the outer or internal surface of the tubular mass
(Paxton & Akesson, 2007). In addition, parents periodically clean
the surface of the eggs mass with grazing-like movements of their
jaws, thought to prevent the proliferation of fungi, protozoans, and
bacteria (Paxton & Akesson, 2007; Sella, 1991). Parental care is pro-
vided until the embryos break free of the egg mass casing (Paxton &
Akesson, 2007), and its duration depends on the eggs' developmen-
tal time, which generally decreases under increasing temperatures,
approximately between 3 and 9 days at 30 and 18°C, respectively
(Akesson, 1976; Massamba-N'Siala unpublished data).

To achieve our goal, we first investigated the occurrence of
changes in parental care in response to elevated temperatures in
this marine annelid and then assessed whether thermal plasticity
contributes to maintaining individuals' reproductive success. In par-
ticular, we exposed independent groups of O. labronica parents to-
gether with their spawned egg masses to control (24°C) and elevated
(+3°C, RCP 8.5, IPCC, 2014) temperature conditions, and measured
the amount of time spent by parents (individually and together)
carrying out parental care activities. Then, we assessed whether
variation in the time dedicated to parental care affected offspring
hatching success, which was used as a proxy for parental fitness.
Temperature is a major abiotic factor triggering plastic responses
in O. labronica (Akesson, 1976; Chakravarti et al., 2016; Gibbin,
Chakravarti, et al., 2017; Gibbin et al., 2017; Jarrold et al., 2019;
Massamba-N'Siala et al., 2012, 2014; Prevedelli & Simonini, 2001).
In this species, increasing temperatures induce physiological adjust-
ments that underlie higher growth and reproductive rates, as well as
reduced developmental times, age to sexual maturity, fecundity per
reproductive events (brood size), and life span (Massamba-N'Siala
et al., 2012; Prevedelli & Simonini, 2001). Living at a greater pace of
life may divert energy from parental care behaviors, which consist of
energetically demanding activities (e.g., Baeza & Fernandez, 2002;
Green & McCormick, 2005). As a consequence, we expect parents

to decrease the time spent to care for the offspring in favor of their
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self-maintenance, with negative implications for the reproductive
success for the specific breeding event. This decrease in parental
care investment may also be favored by a reduction in brood size
expected under increased temperature (e.g., Fernandez et al., 2000).

In addition, to more accurately characterize the role of each
parent in caring for the brood and assess whether their parental
investment is differently affected by elevated temperature, we
compared the time spent separately by each parent, as well as si-
multaneously, in taking care of the egg mass at the two temperature
conditions tested. Based on the previous observation on sex-specific
behavioral patterns in O. labronica and specifically that males are
less strictly bounded by parental duties (Kokko & Jennions, 2012;
Picchi & Lorenzi, 2019), we expect that parental care activities will
be more likely reduced or completely dropped by the male when
compared to the female. Under these conditions, the decline in the
male investment of caring for the eggs may leave the female with
two main options: (a) maintaining her parental care effort in favor
of her short-term reproductive success, but with potential costs for
her self-maintenance or (b) reducing her investment in parental care
to the benefit of her self-maintenance, but at the detriment of her

short-term reproductive success.

2 | MATERIALS AND METHODS
2.1 | Specimens' collection and maintenance

Ophryotrocha labronica specimens used in this study are descendants
of approx. 60 indiv. collected in Gela harbor (Sicily, Italy: 37°040N.
14°130E) as described by Massamba-N'Siala et al. (2011), and then
transferred to the Marine Eco-Evolutionary Physiology laboratory
at the University of Québec in Rimouski (QC, Canada). Individuals
were divided into four glass bowls (70 mm diam., 30 mm height)
and reared for approximately six generations in artificial seawater
(Aquarium Sea Salt Mixture, Instant Ocean®, Blacksburg, VA, USA)
at constant temperature (24 + 0.5°C; mean + SD), salinity (35 + 2),
pH (8.05 + 0.1 units), and 12:12 light:dark photoperiod.

2.2 | Experimental setup and design

To assess changes in O. labronica parental care behavior in response
to elevated temperatures, sexually mature females and males
(Figure 1a,b) were first randomly selected from the laboratory
cultures to form 48 pairs (FO generation), which were kept at the
same conditions of previous exposure. Each pair was placed in one
of the wells (34 mm diam., 20 mm height) of a 6-well culture plate
(Costar, VWR, Radnor, PA, USA) until the first egg mass production.
When F1 individuals reached sexual maturity, 34 pairs were formed
by crossing sexually matured males and females randomly chosen
from different broods in order to avoid inbreeding. Each pair was
isolated in one removable well and randomly assigned to one of

two temperature conditions (17 pairs per condition): control (24°C)
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FIGURE 1 Adultfemale (a) and male (b) of Ophryotrocha labronica in dorsal view and during parental care activities (c). The stages that
identified the start and end of the three phases of embryonic development considered in our study are also shown: phase 1 (d), phase 2 (e),

phase 3 (f), and the hatching moments (g, end of phase 3)

and elevated (27°C) temperature. The former temperature condi-
tion represents an average summer temperature (June-September)
experienced by this species in the location where individuals were
originally collected (Massamba-N'Siala et al., pers. comm.), while the
latter temperature condition represented a mean +3°C of tempera-
ture increase expected by the end of the 21st century scenarios fol-
lowing the Representative Concentration Pathway (RCP) 8.5 of the
Intergovernmental Panel on Climate Change (IPCC, 2014). The el-
evated temperature condition was reached from control conditions
progressively (1°C/hr) (Massamba-N'Siala et al., 2012) using a tem-
perature incubator (MLR-352H-PA, Panasonic Healthcare Co. Ltd,
Tokyo, Japan). Stable thermal conditions and 12 light:12 dark re-
gimes were achieved by placing the culture plates in two incubators.
Each plate was kept on separate shelves and cyclically moved to an-
other shelf to remove the effect of the position in the incubator on
our observations. To reduce evaporation, plates were covered with
a breathable seal (AeraSeal, Alpha Laboratories Ltd, Eastleigh, UK).
Throughout the experiment, individuals were daily fed ad libitum
with minced spinach (Massamba-N'Siala et al., 2012) to avoid food-
limiting conditions, which can affect parental care behavior (Arcese
& Smith, 1988; Carlisle, 1982). Water changes were performed daily
to prevent undesired fermentations and the accumulation of ex-

creta, while maintaining stable oxygen levels (always >70%).

2.3 | Determination of parental care activity

Video recording for parental care activities was performed with a

digital camera (14 MP, Omax, Bucheon, South Korea) mounted on a

light microscope (MS5, Leica, St. Gallen, Switzerland). During video
recording, temperature conditions were maintained constant by im-
mersing the experimental plate inside a water bath heated by two
aquarium heaters (100 W Hydor, Sacramento, CA, USA). To ensure
homogenous heat distribution, a submersible water pump (Koralia
Nano 900, Hydor, Sacramento, CA, USA) was placed inside each
water bath. Temperature was recorded continuously using a high
accuracy J/K input thermocouple thermometer (HH802U, OMEGA,
Laval, QC, Canada, +0.1°C), while salinity was checked before and
after video recording with a refractometer (DD H,Ocean, MOPS,
Hamilton, ON, Canada, +1.0 unit).

F1 pairs were checked several times on a daily basis. Whenever
a female laid her first egg mass (Figure 1c), the well with the pair
was moved in the system for video recording of parental care.
Since the time frame of parental activities could change depending
on the temperature condition, we divided the period of egg devel-
opment (from spawning to hatching) into three phases represent-
ing specific stages of embryo development comparable between
temperature conditions (Figure 1d-f). We referred to Phase 1
(Figure 1d) as the time between the deposition of the egg mass and
the first emergence of jaws in the embryos (Paxton, 2004). During
this period, eggs had a roundish shape and a homogeneous yellow
color. Phase 2 (Figure 1e) was defined as the time between the end
of Phase 1 and the embryos' full body development. During this
time, embryos changed from an elongated egg shape to the final
shape observed in hatchlings. At the end of this phase, embryos
started to actively move within the brood pouch starting Phase
3 (Figure 1f). This last phase ended when the larvae hatched, that

is, when they broke free out of the envelope that protected them
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during the entire duration of development (Figure 1g) (Oyarzun &
Strathmann, 2011).

Ophryotrocha labronica parental care behavior was assessed
using a standard continuous focal sampling procedure (Martin &
Bateson, 1993). We grouped into a single category of parental care
activity all the behaviors identified by Paxton and Akesson (2010)
(Table 1). Parental care activities were recorded for 30 min every
3 hr until the end of Phase 3, specifically during an average time
of 6 days at 24°C and 4 days at 27°C. Then, for each pair, we ran-
domly selected one video corresponding to each of the three de-
velopmental phases previously identified, thus obtaining 1,800 s
of recording for each phase that was used to monitor parental care
behaviors. To explore whether temperature affected how paren-
tal investment was divided between sexes, we measured the in-
dividual contribution of each sex to parental care activity, which
was defined as the proportion of time spent by parents performing
parental care activity alone with their body in close contact with
the egg mass (Picchi & Lorenzi., 2019). These time variables were
defined as TF for the female and TM for the male. In addition, we
measured the proportion time spent simultaneously by both par-
ents caring for the eggs (defined as TS) and the cumulative contri-
bution of TF, TM, and TS, defined as the proportion of total time

for parental care activity (TT).

2.4 | Determination of reproductive success and
life-history traits

Hatching success was measured as the number of juveniles that
hatched successfully over the total number of eggs spawned. The
count was performed by singularly moving each hatchling from the
well to another well using a Pasteur pipette. Three life-history traits
were also considered to help control for other factors potentially
influencing parental care investment: brood size, body size, and
growth rate of both male and female. The number of eggs spawned
by a female was used as proxy for brood size (N = 34), which is
known to affect parental care behaviors (Rauter & Moore, 2004).
Specifically, digital photographs of each egg mass were taken at first
deposition using the digital camera mounted on the microscope,
and the number of eggs was counted using the software Image)
(Schneider et al., 2012). Given that parental care activity is mainly
carried out through active movements of the parents' body over the
eggs mass, we also measured female and male body size by counting

TABLE 1 Description of all parental care behaviors in
Ophryotrocha labronica

Parental care
behaviors

Cleaning and oxygenation by scratching or
brushing the body on the eggs mass

Cleaning the egg mass from debrides with jaw
movements

Parents in close contact with the eggs
accompanied or not by clear peristaltic
contractions

Ecology and Evolution . Jﬂ
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the number of chaetigers (metameric segments bearing bristles) at
the time of spawning and hatching of the larvae (Massamba-N'Siala
et al., 2012). This trait is known to be sensitive to thermal variations
in O. labronica (Massamba-N'Siala et al., 2012), and it is commonly
positively correlated with brood size in females (Berglund, 1991).
Finally, we measured parents' growth rate as the number of chaeti-
gers added per day from the day females produced the egg mass to
the end of parental care activity. Temperature-dependent changes
in growth rate are expected in O. labronica (Massamba-N'Siala
et al.,, 2012) and may divert energy away from parental care func-
tions (Stearns, 1992).

2.5 | Statistical analyses

2.5.1 | Effect of temperature and brood size on
parental care activity

A set of preliminary analyses were performed to explore the effects
of (a) seawater temperature on brood size, growth rate, and body
size of parents and of (b) parental growth rate and brood size on the
proportional time of parental care (see statistical analyses and re-
sults in Appendix S1 and S2). Only brood size significantly decreased
at the elevated temperature (Table S1; Figure S1 in Appendix S1) and
showed a positive relation with total time for parental care activ-
ity (TT): binomial generalized mixed model (B-GLMM); Appendix S2,
Table S3a and Figure S2. Therefore, to separate the effect of brood
size from the effect of temperature on parental care behaviors, we
calculated the “residual index” (Jakob et al., 1996) by extracting the
regression residuals from the previous B-GLMM between the pro-
portion of TT and brood size, which represented the times of parental
care activity controlled for brood size. We then assessed the effects
of temperature (“Temp”—fixed factor with two levels: 24 and 27°C),
embryo developmental phase (“Phase”—fixed factor with three lev-
els: Phase 1, 2, 3), and their interaction on the “residual index” using
a generalized least squares model (GLS; nlme package) (Pinheiro &
Bates, 2000). GLS was used since no significant differences were
found when comparing it with the linear mixed model (LMM) consid-
ering “Pairs” as random factor (likelihood ratio test LRT = 8.93e7%8,
p = 1.00). Female and male body size was not included in all final
analyses because its effect was always found not to be significant
(p > .05). Pairwise comparisons among least squares means for levels
of factors were performed with Tukey's test by using the “Ismeans”
package (Lenth, 2016). All analyses were performed using the R soft-
ware version 3.3.0 (R Core Team, 2016).

2.5.2 | Effect of temperature and parental care
activity on reproductive success

The effect of “Temp”, Total TT (used as continuous covariate
and measured as the sum of TT measured at each phase: i.e.,
Total TT = TT(Phase 1) + TT(Phase 2) + TT(Phase 3)), and their
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interaction, on hatching success was analyzed with a Poisson dis-
tribution generalized linear model tests (P-GLM). Brood size was
used as an offset variable to scale the model because the quantifi-
cation of hatching success was based on the total number of eggs

spawned.

2.5.3 | Effect of temperature on the sex-related
division of parental care

Given that the proportion of TF, TM, and TS decreased significantly
with the reduction in the brood size (Appendix S2, Table S3b-d), we
tested the effect of temperature on these descriptors by taking into
account the effect of brood size, using the same procedure adopted
for the proportion of TT. Specifically, we extracted the regression
residuals from B-GLMMs between each descriptor and brood size.
The term “Pairs” was initially included as a random factor, but it was
never significant (TF: LRT = 8.93e¢7%, p = 1.00; TM: LRT = 8.93e %8,
p = 1.00; TS: LRT = 8.93e™%, p = 1.00). Thus, we used three GLS
models, one for each descriptor's residual index, to test for the ef-
fect of the factors “Temp”, “Phase”, and their interactions on the
proportion of TF, TM, and S. Post hoc pairwise comparisons using
Tukey's test (“Ismeans” package) were also performed to assess the

significant interaction between levels of factors.

3 | RESULTS
3.1 | Effect of temperature on parental care activity

The proportion of total time for parental care activity (TT) ranged
between 0.83 + 0.04 (mean + SE) at 27°C and 0.95 + 0.02 at
24°C, in Phase 3 (Figure 2). Only in Phase 3, the proportion of
TT was significantly lower for pairs reared at 27°C compared
with those at 24°C (t(%) = 3.26; p = .02; Table 2 and Figure 2),
while it was comparable in Phase 1 and 2 (p > .05; Table 2 and
Figure 2). Differences in the proportion of TT during different
phases of embryonic development within the same temperature
condition were observed only at 27°C, more specifically between
Phase 2 and 3 (t(%) = 3.72; p = .004) and between Phase 1 and 3
(tgey = 3-06; p = .03) (Figure 2; Table S4 in Appendix S3). No dif-
ferences in the proportion of TT were found between phases of
embryonic development at 24°C.

3.2 | Effect of temperature and parental care
activity on reproductive success

Hatching success decreased significantly from 89% to 81% at 24°C
and at 27°C, respectively (Figure 3). Temperature was the only factor
significantly affecting hatching success (sz =5.58;p=.02; Table 2),
while Total TT and its interaction with temperature did not have any

significant effect on this trait (Table 2).
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FIGURE 2 Relationship between phase of embryonic
development and the proportion of the total time (TT) spent by
parents carrying out parental care activity in the marine annelid
O. labronica measured at 24 (blue dots and blue line) and 27°C (red
dots and red line). Solid dots represent the median, top and bottom
vertical whiskers represent quartiles, and empty dots indicate
outliers. Capital and lower-case letters represent significant
differences (p < .05) between different phases of the embryonic
development for the elevated and control temperature conditions,
respectively. Asterisk (*) indicates significant differences (p < .05)
between temperature conditions within the same phase of
embryonic development

3.3 | Effect of temperature on the sex-related
division of parental care

Overall, the proportion of the time spent carrying out parental cares
separately by the female (TF), male (TM), and the two partners si-
multaneously (TS) significantly change along the different phases of
embryonic development depending on the temperature conditions
tested, as shown by the presence of significant interactions between
“Temp” and “Phase” (TF: p < .01; TM, p < .001; S, p < .001) (Table 2;
Table S5 in Appendix S3 for the pairwise results). In detail, a signifi-
cant decrease in the proportion of TF was observed between Phase
2and 3at27°C (t(%) =3.21; p =.02), while no differences were found
at 24°C (Figure 4a; Table S5 in Appendix S3). The proportion of TF
within a given phase of egg development did not differ with tem-
perature (p > .05; Table 2; Figure 4a).

The proportion of TM was significantly lower at 27°C (0.3 + 0.08;
mean +SE) than 24°C (0.69 + 0.09) in the third phase of egg devel-
opment (t(%) = -3.44; p = .01; Table 1; Figure 4b). In addition, at
27°C, this trait was significantly lower at Phase 3 compared with
Phase 2 (t(%) = 2.98; p = .04), while trait values at Phase 1 and Phase
3 were comparable (Figure 4b; Table S5 in Appendix S3). Contrarily,
the proportion of TM increased significantly from Phase 1 to
Phase 2 (t(%) = -2.94; p = .046), as well as from Phase 1 to Phase 3
(tgey = —4.07; p =.001) at 24°C.

Finally, the proportion of TS was significantly lower at 27°C
(0.21 + 0.07) when compared to 24°C (0.62 + 0.09), but only at Phase
3 (t(%) =-4.16; p = .001; Table 2; Figure 4c). In addition, it decreased
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TABLE 2 Summary of statistical analyses for the effect of temperature (Temp) on the proportion of the total time spent for parental care
activity (TT), relative contribution of the proportion of TT on hatching success, proportion of the total times spent for parental care activity
by the female (TF) and male (TM) in isolation and simultaneously (TS) in the marine annelid O. labronica

Parental care activity for TT
Proportion of TT Temp
Phase
Temp * Phase

Hatching success

Temp

TT

Temp *TT
Parental care activity for TF, TM, and TS

Proportion of TF Temp
Phase
Temp * Phase

Proportion of TM Temp
Phase
Temp * Phase

Proportion of TS Temp
Phase
Temp * Phase

2

df x P
1 0.01 914
2 3.62 164
2 16.67 .0002
Phase 1 (t =-1.93; p =.39)
Phase 2 (t = -1.52; p = .65)
Phase 3 (t = 3.26; p = .019)
1 5.58 .018
1 0.52 471
1 1.94 163
1 0.01 930
2 2.58 .275
2 10.53 .005
Phase 1 (t = 1.03; p =.908)
Phase 2 (t = -2.57; p = .539)
Phase 3 (t = -1.33; p =.115)
1 0.02 .879
2 8.19 .017
2 18.50 <.0001
Phase 1 (t = 2.50; p = .134)
Phase 2 (t = 0.67; p = .985)
Phase 3 (t = -3.44; p =.011)
1 0.02 .892
2 8.19 .012
2 18.50 <.0001

Phase 1 (t=2.77; p =.071)
Phase 2 (t = 1.15; p = .858)
Phase 3 (t = -4.16; p = .001)

Note: Only comparisons between the two temperature conditions within each phase of embryonic development are reported for the analysis of the
proportion of TT, TF, TM, and TS (see Tables S4 and S5 in Appendix S3 for all pairwise comparisons). Degree of freedom (df), Wald Chi-squared (Xz),
and probability levels (p) are provided. Significant effects are reported in bold and the results of pairwise contrasts are indicated within brackets.

significantly from Phase 2 to Phase 3 (t(%) =3.79; p =.003) at 27°C,
while was comparable between Phase 1 and 2, as well as between
Phase 1 and 3 (Figure 4c; Table S5 in Appendix S3). By contrast, the
proportion of TS showed the tendency to increase significantly from
Phase 1 to Phase 2 (t(%) =-2.92; p =.049) and from Phase 1 to Phase
3 at 24°C (t(%) = -4.44; p = .0003), Phase 2 and 3 showing compa-
rable results.

4 | DISCUSSION

Our study is one among the few investigating thermal plasticity in
parental care behaviors in marine invertebrates with biparental care

systems, and its role in affecting organisms' reproductive success

within a climate change context. Whether organisms will be able to
adjust or adapt to ongoing ocean warming is a central question in
global change biology (Calosi et al., 2016; Chakravarti et al., 2016;
Donelson et al., 2018; Shama, 2015). Behavioral plasticity provides
an organism with an immediate tactical response to rapidly chang-
ing conditions, thus representing the first barrier of defense against
the negative impacts of climate changes (Kearney et al., 2009; Sih
et al., 2011; Walther et al., 2002).

Here we show that, in the marine annelid Ophryotrocha labronica,
exposure to an elevated temperature can reduce the total time spent
by parents caring for their brood, as well as the time of simultane-
ous parental care, during the last phase of embryonic development.
These responses seem to be driven by a reduction in the time spent

by the male in performing parental care activities in the third phase.
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Interestingly, this behavioral plasticity is not related to the parents'
short-term fitness, measured as hatching success, despite the fact
that the latter was negatively affected by the exposure to the ele-
vated temperature tested.

The reduction in parental care observed only during the third
phase of development at the highest temperature tested may be
explained by the existence of cost-benefit trade-offs between the
parental care investment and offspring fitness (Winkler, 1987).
Evolutionary theory on parental care predicts that selection favors
the evolution of parental care strategies when the costs of providing
care (e.g., higher energetic demand, reduced parental survival, or fu-
ture reproduction) do not outweigh its benefits (i.e., higher offspring
survival and quality) (Clutton-Brock, 1991; Klug & Bonsall, 2014; Pike
& Wen-san Huang, 2013; Winkler, 1987). Accordingly, organisms may
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FIGURE 3 Effect of temperature on the reproductive success

of O. labronica. Mean values of the reproductive success (%) at

24°C and 27°C are reported as black dots. The median (horizontal
dark line in each box), quartiles (top and bottom of box), and the
extreme of the lower and upper whiskers are shown for each group.
Empty dots indicate outliers. An asterisk (*) indicates significant
differences (p < .05) between temperature conditions

have evolved multiple behavioral responses able to guarantee that
the overall beneficial nature of their parental care strategy is main-
tained also under stressful conditions, such as rapid thermal changes.
In Ophryotrocha labronica, this condition may have been achieved
through the fine-tuning of parental care behaviors during embryo
development. For example, by evolving temperature-independent
parental care behaviors at those stages of embryonic development,
specifically from cleavage to gastrulation, that in some marine inver-
tebrates are more vulnerable to the negative effects of temperature
(Andronikov, 1975; Cossins & Bowler, 1987; Kinne & Kinne, 2011),
that is, the first and second phase in O. labronica. Therefore, by
evolving a less strict tie with the offspring at a given stage, that is,
the third phase, when embryos are more developed and able to ac-
tively move inside the egg mass case. The latter strategy may allow
for a reduction in parental care investment at the elevated tempera-
ture, enabling parents to cope with the increased energetic demand
they incur in, without negatively affecting offspring's survival. From
a mechanistic perspective, the greater energetic demand commonly
experienced by ectotherms at higher temperatures as a result of in-
creased cell kinetics (Angilletta, 2009; Hochachka & Somero, 2002)
may be the consequence of having to allocate more energy to fuel
cell maintenance, repair, and other costly whole-organism functions
(Schaffer, 1974; Stearns, 1992). This increased cost may be likely
sustained at 27°C during the third phase of embryonic development
in O. labronica, or cumulatively up to this phase. On the contrary,
reproductive performance and parental care activities at the control
condition may have not resulted in additional costs associated with
parental investment and, consequently, in the necessity to alter pa-
rental care behavior along the eggs' development.

Several studies on aquatic ectotherms have shown a negative
correlation between time spent by parents caring for their off-
spring versus parental investment in self-maintenance. Marconato
et al. (1993), for example, found that somatic conditions (body
weight) of males of the river bullhead Cottus gobio (Linnaeus, 1758)
declined proportionally with the time spent undertaking parental
care activities. Similarly, in the marine mantis shrimp Pullosquilla
thomassini (Manning, 1978), a species exhibiting biparental care, a
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reduction in body mass was detected as a consequence of increased
parental activity of the male partner, probably to compensate for
the absence of the other caregiver (Wright & Caldwell, 2015). In our
study, the lack of changes either in growth rate or body size at matu-
rity of parents due to a temperature increase—although we could not
estimate other metrics of body condition—suggests that O. labron-
ica may have the ability to release energy for somatic maintenance
that benefits current adult performance at the advantage of future
reproduction (Martins & Wright, 1993; Roff, 2002), ultimately max-
imizing parental fitness on a longer term under the novel thermal
condition (Nagelkerken & Munday, 2016). In our study, we are unable
to demonstrate the existence of the trade-off between short-term
and longer-term fitness, as well as its relationship with thermal plas-
ticity in parental care behaviors. However, we know that the first
reproductive events (1-3) provide the greatest contribution in defin-
ing the population growth rate of O. labronica at high temperatures
(Prevedelli & Simonini, 2001). Given the positive relationship com-
monly found between female body size and fecundity in this spe-
cies (Berglund, 1991; Prevedelli et al., 2006; Thornhill et al., 2009),
a relatively higher investment in self-maintenance under increasing
temperatures may increase chances for longer-term fitness, and thus
indirectly result in greater fitness at the population level.

The production of smaller broods may have favored the reduc-
tion in parental care investment. In many marine invertebrates,
in fact, larger brood contains a higher proportion of eggs located
deep in the clutch, thus requiring more ventilation in order for oxy-
gen to reach the center of the egg mass (Baeza & Fernandez, 2002;
Cohen & Strathmann, 1996; Fernadndez et al., 2000; Strathmann
& Strathmann, 1995). Accordingly, a smaller amount of eggs in the
clutch, as observed in O. labronica at the elevated temperature,
would require less care, thus allowing parents to preserve energy
for self-maintenance, repair, growth, and future reproductive invest-
ments, as postulated by the Parental Investment Theory (Sargent &
Gross, 1986; Williams, 1966). On the contrary, the increase in pa-
rental investment when broods are larger can be explained by the
increased fitness value that larger broods represent (Galvani &
Coleman, 1998). In our study, we indeed find a positive relationship
between brood size and all four measurements of parental effort, a
result that is consistent with experimental observations showing an
increase in maternal and paternal care investment in larger broods
in the congeneric hermaphroditic annelid Ophryotrocha diadema
(Akesson, 1976) (Picchi & Lorenzi, 2019).

Interestingly, the proportion of total time spent by parents in
caring for their offspring in O. labronica does not increase with the
progression of embryonic development, as documented in other
marine ectotherms as a strategy to sustain the higher energetic
demand of growing embryos (Baeza & Fernandez, 2002; Green &
McCormick, 2005). Neither we observe an overall trend of decreasing
parental care activity across developmental stages as found in other
aquatic species, where embryos gained the ability to self-ventilate
toward the end of development (Dick et al., 1998). This variety of
responses suggests that more than one strategy exists in marine in-

vertebrates for parental care investments across development.
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Regarding our second research aim, we did not find any signifi-
cant relationship between the time spent for parental care activity
and the hatching success under the elevated temperature condition.
We report a moderate, but significant, 7% reduction in reproductive
success compared with the control condition. However, this change
is not related to the thermal plasticity of parental care activity ob-
served in response to exposure to an elevated temperature. Hopkins
et al. (2011) reported that a negative effect of elevated tempera-
ture on reproductive success was accompanied by an increase in
parental activity in the three-spined stickleback Gasterosteus acu-
leatus (Linnaeus 1758), but the authors did not formally test for the
presence of a relationship between these two traits. Similarly, to
our study, no apparent relationship between reproductive success
and total parental care at elevated temperature was observed in the
burying beetle Nicrophorus orbicollis (Fabricius, 1775) (Ong, 2019).
Therefore, hatching success may be independent from limited
changes in the amount of care embryos receive from the parents.

Finally, we found a sex-related contribution to the care of the
eggs at the elevated temperature. In particular, males' parental in-
vestment was less than a half of that provided by females in the
last phase of egg development at 27°C, when compared to our con-
trol conditions when male contribution represented 20% of that
of the female. The existence of sex-specific behavioral patterns
in the genus Ophryotrocha was also demonstrated by Picchi and
Lorenzi (2019), who found that parental care was a female-biased
behavior both in O. labronica and the hermaphroditic O. diadema.
In addition, they observed that males were less constrained by pa-
rental duties and invested more effort (e.g., increased motility) to
increase mating opportunities, especially at higher densities (Picchi
& Lorenzi, 2019). We may conclude that sex-biased plasticity can
also be induced by factors other than density, such as conditions
of thermal stress tested in our study. More in general, our results
are in line with several studies, almost exclusively conducted on
birds, showing that increased temperatures affected investment
patterns in species with biparental care, with the dominant protec-
tor (i.e., the female in our study) and the subordinate one (i.e., the
male) responding differently to this environmental challenge (Wiley
& Ridley, 2016; Vincze et al., 2017). In addition, females' parental
investment is neither affected by temperature or by the reduced
males' parental care under elevated temperature. This is in accor-
dance with the “No negotiation” model, according to which one
parent alters its investment in the offspring independently from
the level of investment of its partner (Houston, 1985). The absence
of a negotiation strategy in this species may be due to the differ-
ences in costs and benefits of parental care between sexes. In fact,
males of this species appear to have much more fitness advantages
by engaging in multiple mating events than undertaking parental
care activity, while for females it appears more advantageous to
maintain parental care investment to maximize their fitness (Picchi
& Lorenzi, 2019). Altogether, the significant reduction in males' care
activities and the simultaneous contribution of males and females
to parental care activities appear to be responsible for the gen-

eral decrease in total parental care activity during the late phase
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of embryonic development at elevated temperatures. Manipulative
experiments, monitoring parental care behaviors of one parent in
response to the removal of its partner, would help to more defini-
tively confirm the existence of these patterns of biparental care in
this species under elevated temperature.

In summary, our findings showed that ocean warming will
exert negative effects on the reproductive success of O. labron-
ica. However, this species appears to have evolved a parental care
strategy that enables it to maintain a positive cost-benefit trade-
off between parents and offspring, with potential benefits for par-
ents' individual and species fitness (e.g., successive reproductive
events) under elevated temperatures. This suggests that plasticity
in parental care behavior is a mechanism that can partially mitigate
the negative effects of temperature-dependent impacts; however,
how this mechanism will play out along the life span of individuals,
and thus contribute to population level responses in the longer
term, is still to be determined. Nonetheless, our results contribute
to the ongoing debate on the role and limits of behavioral plas-
ticity as a coping strategy to buffer the impact of rapid environ-
mental change.

ACKNOWLEDGMENTS

DS was supported by the University of Palermo. This work was real-
ized with the financial support of a NSERC Discovery grant (RGPIN-
2020-05627), a FRQNT New University Researchers Start Up Program
grant (N0.199173), and the Université du Québec a Rimouski Fond
Institutionnelle de Recherche grants all awarded to PC, and was co-
funded by EU through the Marie Sktodowska-Curie Post-doctoral
Fellowship (No. 659359) to GMN. PC is a member of the FRQNT-
funded research excellence networks Québec-Océan.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

Davide Spatafora: Conceptualization (Lead); data curation (lead);
formal analysis (lead); funding acquisition (equal); investigation
(lead); methodology (lead); project administration (equal); writing—
original draft (lead). Gloria Massamba N'Siala: Conceptualization
(supporting); data curation (supporting); formal analysis (support-
ing); investigation (supporting); methodology (supporting). Federico
Quattrocchi: Data curation (Supporting); formal analysis (support-
ing); investigation (supporting); methodology (supporting). Marco
Milazzo: Conceptualization (Equal); data curation (equal); formal
analysis (equal); funding acquisition (equal); investigation (equal);
methodology (equal); project administration (equal). Piero Calosi:
Conceptualization (Equal); data curation (equal); formal analysis
(equal); funding acquisition (equal); investigation (equal); methodol-
ogy (equal); project administration (equal).

DATA AVAILABILITY STATEMENT
The datasets generated for this study are deposited in Dryad digital
repository at https://doi.org/10.5061/dryad.mOcfxpp47.

SPATAFORA ET AL.
ORCID
Davide Spatafora https://orcid.org/0000-0002-9858-9161
Piero Calosi https://orcid.org/0000-0003-3378-2603
REFERENCES

Abram, P. K., Boivin, G., Moiroux, J., & Brodeur, J. (2017). Behavioural
effects of temperature on ectothermic animals: Unifying thermal
physiology and behavioural plasticity: Effects of temperature on
animal behaviour. Biological Reviews, 92(4), 1859-1876. https://doi.
org/10.1111/brv.12312

Akesson, B. (1976). Temperature and life cycle in Ophryotrocha labronica
(Polychaeta, Dorvilleidae). Ophelia, 15(1), 37-47.

AlRashidi, M., Kosztolanyi, A., Ktipper, C., Cuthill, I. C., Javed, S., &
Székely, T. (2010). The influence of a hot environment on paren-
tal cooperation of a ground-nesting shorebird, the Kentish plover
Charadrius alexandrinus. Frontiers in Zoology, 7(1), 1. https://doi.
org/10.1186/1742-9994-7-1

Andronikov, V. B. (1975). Heat resistance of gametes of marine inverte-
brates in relation to temperature conditions under which the species
exist. Marine Biology, 30(1), 1-11. https://doi.org/10.1007/BF003
93747

Angilletta, M. J. (2009). Thermal adaptation: A theoretical and empirical
synthesis. Oxford University Press.

Angilletta, M. J. Jr, Oufiero, C. E., & Leaché, A. D. (2006). Direct and indi-
rect effects of environmental temperature on the evolution of repro-
ductive strategies: An information-theoretic approach. The American
Naturalist, 168(4), E123-E135.

Arcese, P., & Smith, J. N. M. (1988). Effects of population density and
supplemental food on reproduction in song sparrows. Journal of
Animal Ecology, 57(1), 119-136. https://doi.org/10.2307/4768

Ardia, D. R,, Pérez, J. H., Chad, E. K., Voss, M. A., & Clotfelter, E. D.
(2009). Temperature and life history: Experimental heating leads
female tree swallows to modulate egg temperature and incuba-
tion behaviour. Journal of Animal Ecology, 78(1), 4-13. https://doi.
org/10.1111/j.1365-2656.2008.01453.x

Baeza, J. A., & Fernandez, M. (2002). Active brood care in Cancer setosus
(Crustacea: Decapoda): The relationship between female behaviour,
embryo oxygen consumption and the cost of brooding. Functional
Ecology, 16(2), 241-251.

Berglund, A. (1991). To change or not to change sex: A comparison
between two Ophryotrocha species. Evolutionary Ecology, 5(2),
128-135.

Brante, A., Fernandez, M., Eckerle, L., Mark, F., Pértner, H., & Arntz, W.
(2003). Reproductive investment in the crab Cancer setosus along
a latitudinal cline: Egg production, embryo losses and embryo ven-
tilation. Marine Ecology Progress Series, 251, 221-232. https://doi.
org/10.3354/meps251221

Calosi, P., De Wit, P., Thor, P., & Dupont, S. (2016). Will life find a way?
Evolution of marine species under global change. Evolutionary
Applications, 9(9), 1035-1042. https://doi.org/10.1111/eva.12418

Carlisle, T. R.(1982). Brood success in variable environments: Implications
for parental care allocation. Animal Behaviour, 30(3), 824-836.
https://doi.org/10.1016/S0003-3472(82)80156-5

Chakravarti, L. J., Jarrold, M. D., Gibbin, E. M., Christen, F., Massamba-
N'Siala, G., Blier, P. U., & Calosi, P. (2016). Can trans-generational ex-
periments be used to enhance species resilience to ocean warming
and acidification? Evolutionary Applications, 9(9), 1133-1146. https://
doi.org/10.1111/eva.12391

Clutton-Brock, T. H. (1991). The evolution of parental care. Princeton
University Press.

Cohen, C. S., & Strathmann, R. R. (1996). Embryos at the edge of toler-
ance: Effects of environment and structure of egg masses on supply
of oxygen to embryos. The Biological Bulletin, 190(1), 8-15. https://
doi.org/10.2307/1542671

85U8017 SUOWILLIOD A0 8(qeoljdde ayy Aq pausenob afe sajole YO ‘8sn JO Sa|n 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBIWI00 A8 | 1M ARe.d 18U JUO//:SdnL) SUORIPUOD pue Se | 841 88S *[2202/0T/TT] uo ARiqiTauliuo AB|Im ‘9egend nd 9¥seAIuN - bndeud Ad 2062 '£998/200T OT/I0P/LI00"A8 | IMAreIq1BU1[UO//:SANY WOJ) pepeojumod ‘9T ‘TZ0Z ‘85.LSK02


https://doi.org/10.5061/dryad.m0cfxpp47
https://orcid.org/0000-0002-9858-9161
https://orcid.org/0000-0002-9858-9161
https://orcid.org/0000-0003-3378-2603
https://orcid.org/0000-0003-3378-2603
https://doi.org/10.1111/brv.12312
https://doi.org/10.1111/brv.12312
https://doi.org/10.1186/1742-9994-7-1
https://doi.org/10.1186/1742-9994-7-1
https://doi.org/10.1007/BF00393747
https://doi.org/10.1007/BF00393747
https://doi.org/10.2307/4768
https://doi.org/10.1111/j.1365-2656.2008.01453.x
https://doi.org/10.1111/j.1365-2656.2008.01453.x
https://doi.org/10.3354/meps251221
https://doi.org/10.3354/meps251221
https://doi.org/10.1111/eva.12418
https://doi.org/10.1016/S0003-3472(82)80156-5
https://doi.org/10.1111/eva.12391
https://doi.org/10.1111/eva.12391
https://doi.org/10.2307/1542671
https://doi.org/10.2307/1542671

SPATAFORA ET AL.

Coleman, R. M., Gross, M. R., & Sargent, R. C. (1985). Parental invest-
ment decision rules: A test in bluegill sunfish. Behavioral Ecology and
Sociobiology, 18(1), 59-66.

Cossins, A. R., & Bowler, K. (1987). Temperature biology of animals.
Springer Netherlands. https://doi.org/10.1007/978-94-009-3127-5

Dick, J. T. A., Faloon, S. E., & Elwood, R. W. (1998). Active brood care in an
amphipod: Influences of embryonic development, temperature and
oxygen. Animal Behaviour, 56(3), 663-672. https://doi.org/10.1006/
anbe.1998.0797

Donelson, J., Munday, P., McCormick, M., Pankhurst, N., & Pankhurst,
P. (2010). Effects of elevated water temperature and food avail-
ability on the reproductive performance of a coral reef fish. Marine
Ecology Progress Series, 401, 233-243. https://doi.org/10.3354/
meps08366

Donelson, J. M., Salinas, S., Munday, P. L., & Shama, L. N. S. (2018).
Transgenerational plasticity and climate change experiments: Where
do we go from here? Global Change Biology, 24(1), 13-34. https://doi.
org/10.1111/gcb.13903

Edward, D. A., & Chapman, T. (2011). Mechanisms underlying reproduc-
tive trade-offs: Costs of reproduction. In I. T. Flatt, & A. Heyland
(Eds.), Mechanisms of life history evolution (pp. 137-152). Oxford
University Press.

Fernandez, M., Bock, C., & Pértner, H.-O. (2000). The cost of being a
caring mother: The ignored factor in the reproduction of ma-
rine invertebrates. Ecology Letters, 3(6), 487-494. https://doi.
org/10.1046/j.1461-0248.2000.00172.x

Fernandez, M., & Brante, A. (2003). Brood care in Brachyuran crabs: The
effect of oxygen provision on reproductive costs. Revista Chilena De
Historia Natural, 76, 157-168. https://doi.org/10.4067/S0716-078X2
003000200003

Fernandez, M., Pardo, L. M., & Baeza, J. (2002). Patterns of oxygen sup-
ply in embryo masses of brachyuran crabs throughout development:
The effect of oxygen availability and chemical cues in determining
female brooding behavior. Marine Ecology-Progress Series, 245, 181-
190. https://doi.org/10.3354/meps245181

Galvani, A. P., & Coleman, R. M. (1998). Do parental convict cichlids
of different sizes value the same brood number equally? Animal
Behaviour, 56(3), 541-546. https://doi.org/10.1006/anbe.1998.0777

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007).
Adaptive versus non-adaptive phenotypic plasticity and the potential
forcontemporaryadaptationinnew environments. Functional Ecology,
21(3), 394-407. https://doi.org/10.1111/j.1365-2435.2007.01283.x

Gibbin, E. M., Chakravarti, L. J., Jarrold, M. D., Christen, F., Turpin, V.,
N'Siala, G. M., Blier, P. U., & Calosi, P. (2017). Can multi-generational ex-
posure to ocean warming and acidification lead to the adaptation of life
history and physiology in a marine metazoan? Journal of Experimental
Biology, 220(4), 551-563. https://doi.org/10.1242/jeb.149989

Gibbin, E. M., Massamba N'Siala, G., Chakravarti, L. J., Jarrold, M. D., &
Calosi, P. (2017). The evolution of phenotypic plasticity under global
change. Scientific Reports, 7(1), 17253. https://doi.org/10.1038/
s41598-017-17554-0

Green, B. S., & McCormick, M. I. (2005). O, replenishment to fish nests:
Males adjust brood care to ambient conditions and brood develop-
ment. Behavioral Ecology, 16(2), 389-397. https://doi.org/10.1093/
beheco/ari007

Hochachka & Somero (2002). Biochemical adaptation: Mechanism
and process in physiological evolution. Biochemistry and Molecular
Biology Education, 30(3), 215-216. https://doi.org/10.1002/
bmb.2002.494030030071

Hopkins, K., Moss, B. R., & Gill, A. B. (2011). Increased ambient tempera-
ture alters the parental care behaviour and reproductive success of
the three-spined stickleback (Gasterosteus aculeatus). Environmental
Biology of Fishes, 90(2), 121-129. https://doi.org/10.1007/s1064
1-010-9724-8

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Houston, A. (1985). The evolution of cooperation and life history in the
Dunnock, Prunella modularis. The ecological consequences of adaptive
behaviour.

Houston, A. I., & McNamara, J. M. (2002). A self-consistent approach to
paternity and parental effort. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 357(1419), 351-362.
https://doi.org/10.1098/rstb.2001.0925

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess,
M., & Williams, S. E. (2012). Predicting organismal vulnerability to
climate warming: Roles of behaviour, physiology and adaptation.
Philosophical Transactions of the Royal Society B: Biological Sciences,
367(1596), 1665-1679.

IPCC (2014). Climate change 2014: Synthesis report. contribution of working
groups |, Il and 11l to the fifth assessment report of the intergovernmental
panel on climate change. IPCC.

Jakob, E., Marshall, S., & Uetz, G. (1996). Estimating fitness: A compari-
son of body condition indices. Oikos, 77, 61.

Jarrold, M. D., Chakravarti, L. J., Gibbin, E. M., Christen, F., Massamba-
N'Siala, G., Blier, P. U., & Calosi, P. (2019). Life-history trade-offs and
limitations associated with phenotypic adaptation under future.

Johnston, I. A., & Bennett, A. F. (1996). Animals and temperature:
Phenotypic and evolutionary adaptation. Cambridge University Press.

Johnstone, R. A, & Hinde, C. A. (2006). Negotiation over offspring care—
How should parents respond to each other's efforts? Behavioral
Ecology, 17(5), 818-827. https://doi.org/10.1093/beheco/arl009

Kearney, M., Shine, R., & Porter, W. P.(2009). The potential for behavioral
thermoregulation to buffer “cold-blooded” animals against climate
warming. Proceedings of the National Academy of Sciences, 106(10),
3835-3840. https://doi.org/10.1073/pnas.0808913106

Kinne, O., & Kinne, E. M. (2011). Rates of development in embryos of a
cyprinodont fish exposed to different temperature- salinity-oxygen
combinations. Canadian Journal of Zoology, 40(2), 231-253. https://
doi.org/10.1139/262-025

Kokko, H., & Jennions, M. D. (2012). Sex differences in parental care. In
N. Royle, P. T. Smiseth & M. Koélliker (Eds.), The evolution of parental
care (pp. 110-116). Oxford University Press.

Klug, H., & Bonsall, M. B. (2014). What are the benefits of parental care?
The importance of parental effects on developmental rate. Ecology
and Evolution, 4(12), 2330-2351. https://doi.org/10.1002/ece3.1083

Lenth, R. V. (2016). Least-squares means: The R package Ismeans. Journal
of Statistical Software, 69(1), 1-33.

Lorenzi, M. C., Araguas, A., Bocquet, C., Picchi, L., & Ricci-Bonot, C.
(2019). Courtship behavior as a war of attrition in a simultaneous
hermaphrodite. Animal Biology, 69(1), 47-62.

Marconato, A., Bisazza, A., & Fabris, M. (1993). The cost of parental care
and egg cannibalism in the river bullhead, Cottus gobio L. (Pisces,
Cottidae). Behavioral Ecology and Sociobiology, 32(4), 229-237.

Martin, P., & Bateson, P. P. G. (1993). Measuring behaviour: An introductory
guide. Cambridge University Press.

Martins, T., & Wright, J. (1993). Brood reduction in response to ma-
nipulated brood sizes in the common swift (Apus apus). Behavioral
Ecology and Sociobiology, 32(1), 61-70. https://doi.org/10.1007/
BF00172224

Massamba-N'Siala, G., Calosi, P, Bilton, D. T., Prevedelli, D., & Simonini,
R. (2012). Life-history and thermal tolerance traits display different
thermal plasticities and relationships with temperature in the marine
polychaete Ophryotrocha labronica La Greca and Bacci (Dorvilleidae).
Journal of Experimental Marine Biology and Ecology, 438, 109-117.
https://doi.org/10.1016/j.jembe.2012.09.008

Massamba-N'Siala, G., Prevedelli, D., & Simonini, R. (2014). Trans-
generational plasticity in physiological thermal tolerance is modu-
lated by maternal pre-reproductive environment in the polychaete
Ophryotrocha labronica. Journal of Experimental Biology, 217(11),
2004-2012.

85U8017 SUOWILLIOD A0 8(qeoljdde ayy Aq pausenob afe sajole YO ‘8sn JO Sa|n 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBIWI00 A8 | 1M ARe.d 18U JUO//:SdnL) SUORIPUOD pue Se | 841 88S *[2202/0T/TT] uo ARiqiTauliuo AB|Im ‘9egend nd 9¥seAIuN - bndeud Ad 2062 '£998/200T OT/I0P/LI00"A8 | IMAreIq1BU1[UO//:SANY WOJ) pepeojumod ‘9T ‘TZ0Z ‘85.LSK02


https://doi.org/10.1007/978-94-009-3127-5
https://doi.org/10.1006/anbe.1998.0797
https://doi.org/10.1006/anbe.1998.0797
https://doi.org/10.3354/meps08366
https://doi.org/10.3354/meps08366
https://doi.org/10.1111/gcb.13903
https://doi.org/10.1111/gcb.13903
https://doi.org/10.1046/j.1461-0248.2000.00172.x
https://doi.org/10.1046/j.1461-0248.2000.00172.x
https://doi.org/10.4067/S0716-078X2003000200003
https://doi.org/10.4067/S0716-078X2003000200003
https://doi.org/10.3354/meps245181
https://doi.org/10.1006/anbe.1998.0777
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1242/jeb.149989
https://doi.org/10.1038/s41598-017-17554-0
https://doi.org/10.1038/s41598-017-17554-0
https://doi.org/10.1093/beheco/ari007
https://doi.org/10.1093/beheco/ari007
https://doi.org/10.1002/bmb.2002.494030030071
https://doi.org/10.1002/bmb.2002.494030030071
https://doi.org/10.1007/s10641-010-9724-8
https://doi.org/10.1007/s10641-010-9724-8
https://doi.org/10.1098/rstb.2001.0925
https://doi.org/10.1093/beheco/arl009
https://doi.org/10.1073/pnas.0808913106
https://doi.org/10.1139/z62-025
https://doi.org/10.1139/z62-025
https://doi.org/10.1002/ece3.1083
https://doi.org/10.1007/BF00172224
https://doi.org/10.1007/BF00172224
https://doi.org/10.1016/j.jembe.2012.09.008

SPATAFORA ET AL.

11166 Wl LEY_ECObe and Evolution

Open Access,

Massamba-N'Siala, G., Simonini, R., Cossu, P., Maltagliati, F., Castelli,
A., & Prevedelli, D. (2011). Life-history and demographic spatial
variation in Mediterranean populations of the opportunistic poly-
chaete Ophryotrocha labronica (Polychaeta, Dorvilleidae). Marine
Biology, 158(7), 1523-1535. https://doi.org/10.1007/s0022
7-011-1668-9

McNamara, J. M., Gasson, C. E., & Houston, A. I. (1999). Incorporating
rules for responding into evolutionary games. Nature, 401(6751),
368-371.

McNamara, J. M., Houston, A. |, Barta, Z., & Osorno, J.-L. (2003). Should
young ever be better off with one parent than with two? Behavioral
Ecology, 14(3), 301-310. https://doi.org/10.1093/beheco/14.3.301

Munday, P. L., Leis, J. M., Lough, J. M., Paris, C. B., Kingsford, M. J,,
Berumen, M. L., & Lambrechts, J. (2009). Climate change and
coral reef connectivity. Coral Reefs, 28(2), 379-395. https://doi.
org/10.1007/s00338-008-0461-9

Nagelkerken, I., & Munday, P. L. (2016). Animal behaviour shapes the
ecological effects of ocean acidification and warming: Moving from
individual to community-level responses. Global Change Biology,
22(3), 974-989. https://doi.org/10.1111/gcb.13167

Olson, V. A., Liker, A., Freckleton, R. P., & Székely, T. (2008). Parental
conflict in birds: Comparative analyses of offspring development,
ecology and mating opportunities. Proceedings of the Royal Society B:
Biological Sciences, 275(1632), 301-307.

Ong, J. Y. (2019). Coping with thermal challenges: Reaction norms of life
history traits of a burying beetles with biparental care (Thesis).

Oyarzun, F.,, & Strathmann, R. (2011). Plasticity of hatching and the dura-
tion of planktonic development in marine invertebrates. Integrative and
Comparative Biology, 51, 81-90. https://doi.org/10.1093/icb/icr009

Paxton, H. (2004). Jaw growth and replacement in Ophryotrocha labron-
ica (Polychaeta, Dorvilleidae). Zoomorphology, 123(3), 147-154.
https://doi.org/10.1007/s00435-004-0097-4

Paxton, H., & Akesson, B. (2007). Redescription of Ophryotrocha puerilis
and O. labronica (Annelida, Dorvilleidae). Marine Biology Research, 3,
3-19.

Paxton, H., & Akesson, B. (2010). The Ophryotrocha labronica group
(Annelida: Dorvilleidae) - With the description of seven new species.
Zootaxa, 2713, 1-24. https://doi.org/10.11646/zootaxa.2713.1.1

Picchi, L., & Lorenzi, M. C. (2019). Gender-related behaviors: Evidence for
a trade-off between sexual functions in a hermaphrodite. Behavioral
Ecology, 30(3), 770-784. https://doi.org/10.1093/beheco/arz014

Pike, D., & Wen-san Huang, D. A. P. (2013). Testing cost-benefit models of
parental care evolution using lizard populations differing in the expres-
sion of maternal care.

Pinheiro, J. C., & Bates, D. M. (2000). Mixed-effects models in S and S-PLUS
(p. 8). Springer.

Prevedelli, D., N'siala, G. M., & Simonini, R. (2006). Gonochorism vs. her-
maphroditism: Relationship between life history and fitness in three
species of Ophryotrocha (Polychaeta: Dorvilleidae) with different
forms of sexuality. Journal of Animal Ecology, 75(1), 203-212.

Prevedelli, D., & Simonini, R. (2001). Effect of temperature on demog-
raphy of Ophryotrocha labronica (Polychaeta, Dorvilleidae). Vie Et
Milieu, 51(4), 173-180.

Przeslawski,R.,Ahyong,S.,Byrne,M.,Wérheide, G., & Hutchings, P.(2008).
Beyond corals and fish: The effects of climate change on noncoral
benthic invertebrates of tropical reefs. Global Change Biology, 14(12),
2773-2795. https://doi.org/10.1111/j.1365-2486.2008.01693.x

R Core Team (2016). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Rauter, C., & Moore, A. (2004). Time constraints and trade-offs among
parental care behaviours: Effects of brood size, sex and loss of mate.
Animal Behaviour, 68, 695-702. https://doi.org/10.1016/j.anbeh
av.2003.09.018

Roff, D. (2002). Life history evolution. Sinauer Associates Inc.

Sargent, R. C., & Gross, M. R. (1986). Williams' principle: An explanation
of parental care in teleost fishes. In T. J. Pitcher (Ed.), The behaviour of
teleost fishes (pp. 275-293). Johns Hopkins University Press.

Schaffer, W. M. (1974). Optimal reproductive effort in fluctuating envi-
ronments. The American Naturalist, 108(964), 783-790. https://doi.
org/10.1086/282954

Schlichting, C. D., & Pigliucci, M. (1998). Phenotypic evolution: A reaction
norm perspective, 5.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to
ImageJ: 25 years of image analysis. Nature Methods, 9(7), 671-675.
https://doi.org/10.1038/nmeth.2089

Sella, C., & Bona, F. (1993). Sex-ratio and parental care in two popula-
tions of the polychaete Ophryotrocha labronica. Ethology Ecology &
Evolution, 5(3), 413.

Sella, G. (1991). Evolution of biparental care in the hermaphroditic poly-
chaete worm Ophryotrocha diadema. Evolution, 45, 63-68.

Shama, L. N. S. (2015). Bet hedging in a warming ocean: Predictability
of maternal environment shapes offspring size variation in marine
sticklebacks. Global Change Biology, 21(12), 4387-4400. https://doi.
org/10.1111/gcb.13041

Sih, A., Ferrari, M. C. O., & Harris, D. J. (2011). Evolution and be-
havioural responses to human-induced rapid environmental
change. Evolutionary Applications, 4(2), 367-387. https://doi.
org/10.1111/j.1752-4571.2010.00166.x

Simonini, R., Massamba-N'Siala, G., Grandi, V., & Prevedelli, D. (2009).
Distribution of the genus ophryotrocha (polychaeta) in Italy: New re-
cords and comments on the biogeography of Mediterranean species.
Vie Milieu, 59, 79-88.

Smiseth, P. T., & Moore, A. J. (2004). Behavioral dynamics between car-
ing males and females in a beetle with facultative biparental care.
Behavioral Ecology, 15(4), 621-628. https://doi.org/10.1093/beheco/
arh053

St Mary, C. M., Gordon, E., & Hale, R. E. (2004). Environmental effects
on egg development and hatching success in Jordanella floridae, a
species with parental care. Journal of Fish Biology, 65(3), 760-768.
https://doi.org/10.1111/j.0022-1112.2004.00481.x

Stearns, S. C. (1992). The evolution of life histories. OUP Oxford.

Strathmann, R. R., & Strathmann, M. F. (1995). Oxygen supply and limits
on aggregation of embryos. Journal of the Marine Biological Association
of the United Kingdom, 75(2), 413-428. https://doi.org/10.1017/
$0025315400018270

Thornhill, D., Dahlgren, T., & Halanych, K. (2009). The evolution and
ecology of Ophryotrocha (Dorvilleidae, Eunicida). In D. H. Shain (Ed.),
Annelids as model systems in the biological sciences (pp. 242-256). John
Wiley and Son.

Van lersel, J. J. A. (1953). An analysis of the parental behaviour of the
Male three-spined stickleback (Gasterosteus aculeatus). Behaviour
Supplement, 3, 111-159.

Vincze, O., Kosztolanyi, A., Barta, Z., Kipper, C., Alrashidi, M., Amat, J.
A., Arguelles Tico, A., Burns, F., Cavitt, J., Conway, W. C., Cruz-Lépez,
M., Desucre-Medrano, A. E., dos Remedios, N., Figuerola, J., Galindo-
Espinosa, D., Garcia-Pefia, G. E., Gémez Del Angel, S., Gratto-Trevor,
C., Jénsson, P,, ... Székely, T. (2017). Parental cooperation in a chang-
ing climate: Fluctuating environments predict shifts in care divi-
sion. Global Ecology and Biogeography, 26(3), 347-358. https://doi.
org/10.1111/geb.12540

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee,
T. J. C., Fromentin, J.-M., Hoegh-Guldberg, O., & Bairlein, F. (2002).
Ecological responses to recent climate change. Nature, 416, 389-395.
https://doi.org/10.1038/416389%a

Wiley, E. M., & Ridley, A. R. (2016). The effects of temperature on off-
spring provisioning in a cooperative breeder. Animal Behaviour, 117,
187-195. https://doi.org/10.1016/j.anbehav.2016.05.009

85U8017 SUOWILLIOD A0 8(qeoljdde ayy Aq pausenob afe sajole YO ‘8sn JO Sa|n 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBIWI00 A8 | 1M ARe.d 18U JUO//:SdnL) SUORIPUOD pue Se | 841 88S *[2202/0T/TT] uo ARiqiTauliuo AB|Im ‘9egend nd 9¥seAIuN - bndeud Ad 2062 '£998/200T OT/I0P/LI00"A8 | IMAreIq1BU1[UO//:SANY WOJ) pepeojumod ‘9T ‘TZ0Z ‘85.LSK02


https://doi.org/10.1007/s00227-011-1668-9
https://doi.org/10.1007/s00227-011-1668-9
https://doi.org/10.1093/beheco/14.3.301
https://doi.org/10.1007/s00338-008-0461-9
https://doi.org/10.1007/s00338-008-0461-9
https://doi.org/10.1111/gcb.13167
https://doi.org/10.1093/icb/icr009
https://doi.org/10.1007/s00435-004-0097-4
https://doi.org/10.11646/zootaxa.2713.1.1
https://doi.org/10.1093/beheco/arz014
https://doi.org/10.1111/j.1365-2486.2008.01693.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.anbehav.2003.09.018
https://doi.org/10.1016/j.anbehav.2003.09.018
https://doi.org/10.1086/282954
https://doi.org/10.1086/282954
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1111/gcb.13041
https://doi.org/10.1111/gcb.13041
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1093/beheco/arh053
https://doi.org/10.1093/beheco/arh053
https://doi.org/10.1111/j.0022-1112.2004.00481.x
https://doi.org/10.1017/S0025315400018270
https://doi.org/10.1017/S0025315400018270
https://doi.org/10.1111/geb.12540
https://doi.org/10.1111/geb.12540
https://doi.org/10.1038/416389a
https://doi.org/10.1016/j.anbehav.2016.05.009

SPATAFORA ET AL.

Williams, G. C. (1966). Natural selection, the costs of reproduction, and
a refinement of Lack's principle. The American Naturalist, 100(916),
687-690. https://doi.org/10.1086/282461

Winkler, D. W. (1987). A general model for parental care. The American
Naturalist, 130(4), 526-543. https://doi.org/10.1086/284729

Wright, M. L., & Caldwell, R. L. (2015). Are two parents better than one?
Examining the effects of biparental care on parental and egg clutch
mass in the Stomatopod Pullosquilla Thomassini. Journal of Crustacean
Biology, 35(1), 51-58.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

How to cite this article: Spatafora, D., Massamba N'Siala, G.,
Quattrocchi, F., Milazzo, M., & Calosi, P. (2021). Plastic
adjustments of biparental care behavior across embryonic
development under elevated temperature in a marine
ectotherm. Ecology and Evolution, 11, 11155-11167. https://doi.
org/10.1002/ece3.7902

85U8017 SUOWILLIOD A0 8(qeoljdde ayy Aq pausenob afe sajole YO ‘8sn JO Sa|n 10} ARIq1T 8UIUO A8]IAA UO (SUONIPUOD-PUE-SWLBIWI00 A8 | 1M ARe.d 18U JUO//:SdnL) SUORIPUOD pue Se | 841 88S *[2202/0T/TT] uo ARiqiTauliuo AB|Im ‘9egend nd 9¥seAIuN - bndeud Ad 2062 '£998/200T OT/I0P/LI00"A8 | IMAreIq1BU1[UO//:SANY WOJ) pepeojumod ‘9T ‘TZ0Z ‘85.LSK02


https://doi.org/10.1086/282461
https://doi.org/10.1086/284729
https://doi.org/10.1002/ece3.7902
https://doi.org/10.1002/ece3.7902

