

1


[bookmark: _GoBack]


Intraspecific plasticity and trans-generational adaptation of reproductive traits and early development in a temperate marine neogastropod


Author information
Maria Loreto Mardones1*, Phillip B. Fenberg1, Sven Thatje1, Chris Hauton1


*Corresponding author
1. School of Ocean and Earth Science, National Oceanography Centre, University of
Southampton, Southampton SO14 3ZH, UK


Corresponding author: mlm1y14@soton.ac.uk 







Abstract
Climate warming is altering the distribution of species, producing range shifts and promoting local extinctions. There is an urgent need to understand the underlying mechanisms that influence the persistence of populations across a species’ distribution range in the face of global warming. Ocenebra erinaceus is a marine gastropod that exhibits high intraspecific variability in maternal investment and physiological capacity during early stages, which suggests local adaptation to natal environmental conditions. In this study, reproductive traits and trans-generational adaptation were measured in two subtidal populations: one from the middle (the Solent, UK) and another towards the southern end of their geographic distribution (Arcachon, France). Local adaptation was evaluated with a transfer experiment (i.e. Arcachon females transferred to Solent thermal conditions) and trans-generational adaptation was evaluated in the thermal tolerance response of embryos exposed to temperatures between 10 and 20 °C. This study shows that both populations have similar fitness; however, there are adaptive costs to live under their natal location, resulting in trade-offs between reproductive traits. Transferred females show lower reproductive output, which suggests that females are maladapted to live under a new environment. The trans-generational experiment demonstrates contrasting thermal tolerance ranges between populations. Adaptation to local thermal conditions was observed in transferred embryos, showing poor performance and high mortalities under the new environment. Our results provide a better understanding of intraspecific differences and adaptations across a species’ distribution range and provide insights into how climate warming will impact encapsulated species exhibiting location-specific adaptation. 
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1. Introduction 
Climate change is shifting temperature regimes across Earth, which will result in impacts on the physiology, ecology and distribution patterns of organisms (Somero, 2005; Castañeda, 2004). Many climate-model predictions assume that each population of a particular species has the same environmental niche; however, these predictions do not consider that across species geographic distributions, species exhibit intraspecific differences among populations (Donelson et al., 2019, Valladares et al., 2014). Across geographic range, organisms have evolved intraspecific variation in response to strong selection pressures, such as biotic (e.g. predation, competition; Pardo and Johnson, 2005; Benito-Garzón et al., 2013) or abiotic gradients (e.g. temperature, pH, oxygen amongst others; Hadfield, 1989; Osores et al., 2017; Ramajo et al., 2016). In fact, a large body of evidence already exists in terrestrial environments showing that populations within a species that experience different environmental conditions often differ in phenotypic response and genetic structure (Valladares et al., 2014; Sultan and Spencer 2002). In marine environments,  coastlines (e.g. intertidal and subtidal zone) are often characterized by strong fluctuations of temperature, pH, nutrients and oxygen availability that can vary not only latitudinally but also according to local conditions such as tides, substrate heterogeneity, heat or upwelling events (Feely et al., 2008; Helmuth et al., 2006; Schoch et al., 2006). As a result, many coastal species exhibit intraspecific differences in physiological traits such as, reproduction, growth and metabolic response across a species’ geographic distribution (Kuo and Sanford, 2009, Osores et al., 2017; Pardo and Johnson, 2005; Zippay and Hofmann, 2010). 

Two mechanisms underlie the intraspecific variability within species: phenotypic plasticity and genetic adaptation (Thomas et al., 2018; Yampolski et al., 2014). Phenotypic plasticity facilitates an organism’s physiological acclimation to a range of environmental conditions (Yu et al., 2018; Pigliucci, 2005). However, where there are persistent environmental gradients imposing divergent selection, species can evolve morphological, physiological and behavioural adaptations that can be passed on to the next generations (Kuo and Sanford, 2009; Gleason and Burton, 2013). Indeed, growing evidence has demonstrated that local selective gradients such as tides, wave action or local temperatures can also lead to local adaptation resulting in populations with high fitness in their native locations compared to populations from a more distant location (Kawecki and Ebert, 2004; Sanford and Kelly, 2011). Thus, understanding the intraspecific variability among populations is relevant for predicting, for example, whether climate change will promote extinction and/or range shift of species (Valladares et al., 2014; Donelson et al., 2019). 

Intraspecific variability in reproductive traits, e.g. maternal investment or reproductive output,  could be the result of maternal effects (i.e. phenotypic effects), such as maternal nutritional history (Qian and Chia, 1991; Steer et al., 2004; Tamburi and Martín, 2011), maternal size (Chaparro et al., 1999; Gianguzza et al., 2005; Parker and Begon, 1986), maternal environmental conditions (Atkinson et al., 2001) but also be the result of local adaptations to regional environmental conditions (Bas et al., 2007; Wehrtmann et al., 2012). Local adaptation often results in differential trade-offs, because the adaptation to one environmental constraint can result in a cost of adaptation to another (Hereford, 2009). These trade-offs might represent  a differential adaptive cost that affects the maternal investment in response to local conditions. Trade-offs could be more pronounced in species with direct development and low gene flow, high spatial environmental heterogeneity, and restricted connectivity, which results in high levels of genetic differentiation between populations (Beherens, 1989; Parsons, 1998; Sanford and Kelly, 2011). However, no studies have studied the possibility for local adaptation of reproductive traits in species with direct development. 

Furthermore, early ontogenetic stages have received little attention in studies exploring adaptation to local environmental conditions in which plasticity can override adaptation; however, early ontogenetic stages play an important role in the life cycle and can contribute strongly to local adaptation (Postma and Ågren et al., 2016, Sanford and Kelly, 2011). Natural selection can be severe during early ontogenetic stages, selecting some genotypes over others and producing cascading effects on later life stages (Postma and Ågren et al., 2016); which, in part, can establish species’ geographic ranges. For example, Zippay and Hofmann (2010), showed that early stages of the gastropod Nucella ostrina displayed different thermal tolerance limit as a function of latitude at which they were collected. These local differences can persist over later ontogenetic stages, e.g. Kuo and Sanford (2009) showed that juveniles of Nucella canaliculata were locally adapted throughout the northeastern Pacific coast. After two generations in captivity, juveniles displayed different upper thermal tolerance limits according to the location at which they were collected.  However, to what extent local adaptation could influence the thermal tolerance response of early ontogenetic stages has not yet been explored.

Ocenebra erinaceus, also known as the oyster drill, is a mixed developer gastropod (i.e. with a short planktonic phase at hatching), which inhabits the intertidal and shallow subtidal zones from the Shetland Islands, north of Scotland to Greece and Azores (https://obis.org/taxon/140405, 2020). Females enclose their embryos in capsules (~21 capsules per egg mass) and leave them on for up to 2 – 3 months on rocky shores (Smith et al., 2015). Appreciable intraspecific differences in reproductive traits have been reported for O. erinaceus. For example, in the northern portion of their geographic distribution, fecundity has been estimated at 1012, 476 and 2356 eggs per egg mass/female per year in the Solent, Plymouth, and Falmouth, UK respectively (Gibbs, 1996; Hancock, 1960; Smith et al., 2015). From the middle of their geographic range, fecundity was estimated to be an average  of 1830 eggs per female in Rivedoux, France (Martel et al., 2004). It could be expected that O. erinaceus has evolved in populations adapted to local environmental conditions, as this species is a mixed developer species, inhabiting heterogenous habitats (i.e. intertidal and subtidal), with restricted connectivity and gene flow (i.e. adults have limited dispersal capability). Indeed, we have previously reported that intraspecific variability in the aerobic response of early stages in O. erinaceus is the result of adaptation to local environmental conditions (Mardones et al. 2020). Embryos from a warm-adapted population were able to adjust their aerobic metabolism: respiration rate increased as temperature increased. However, embryos from a cold-adapted population showed no metabolic compensation at elevated temperatures (Mardones et al. 2020). To date, local adaptation has been studied in gastropods (Beherens, 1989; Johannesson et al., 1997; Kuo and Sanford 2009; Pardo and Johnson 2005), amongst others; however no study exists that explored the possibility of local adaptation and its persistence during development in O. erinaceus.

Here, we seek to determine whether the intraspecific differences observed in reproductive traits between these two geographically separated populations are due to adaptation to local environmental conditions and whether these adaptive differentiations can persist during the early development of O. erinaceus in terms of their thermal tolerance response. Fecundity was chosen as a good proxy to estimate fitness at each location because it represents the adaptational cost of a species to a particular environmental condition (Llodra, 2002). The possibility for local adaptation was evaluated by “local versus foreign” criteria according to Kawecki and Ebert, (2004); individuals were transferred from their native environments to a new foreign environment. When the performance of local genotypes exceeds the foreign genotypes, local adaptation is likely. We hypothesized that O. erinaceus will exhibit maximal fitness in their local habitats but not when transferred into foreign environmental conditions, which will provide evidence for local adaptation. This local adaptation to natal habitats (i.e. local thermal history) will persist in early ontogenetic stages (trans-generational effect), exhibiting contrasting thermal tolerance ranges depending on the local temperature history. We predict that the evidence for local adaptation will be observed in transferred embryos showing maladaptation to the foreign conditions. Therefore, this study aimed: firstly, to determine the intraspecific differences in reproductive traits and whether this variability can be observed in early stages. Secondly, to understand whether this variability could be the result of local adaptation using a transferring experiment from native to a foreign environment. Considering the prediction that the expected rise in global temperatures towards the end of this century will shift species’ biogeographic ranges and produce local extinctions (Donelson et al., 2019; Thomas et al., 2004; Valladares et al., 2014), this study contributes to greater resolution and refinement of our understanding of the variability of adaptations among populations and will improve our ability to accurately predict the effects of increased temperatures on population and species extinctions.

2. Material & methods
2.1. Study sites and thermal data acquisition
To study intraspecific variability in maternal investment, females of Ocenebra erinaceus were collected from two populations: one from the middle of their geographic distribution, the Solent, Southampton, UK (50° 51’ N, 001° 21’ W) and the other towards the southern end of the geographic distribution: Arcachon, France (44° 41’ N, 001° 11’ W). O. erinaceus is a dioecious species with internal fertilization, females exhibit one reproductive laying peak each year (Smith et al. 2015). In the Solent, the laying season is between April and May, when sea surface temperatures (SST) are between 12 and 16°C. No information was found regarding the reproductive cycle of O. erinaceus in Arcachon, France. However, Martel et al. (2004) observed only one laying peak in May in Rivedoux, France, a site 250 km North of Arcachon. At the end of May, a unique recruitment event of juveniles of O. erinaceus was observed 3 weeks after capsule laying (Martel et al., 2004). 

Laboratory experimental thermal conditions for females of O. erinaceus were designed according to seawater temperature data from XAUK buoy for the Solent (https://stormcentral.waterlog.com/public/XAUKBuoy) and REPHY dataset 1987-2016 (http://doi.org/10.17882/47248) for Arcachon during the interval 2014-2016. Monthly temperatures were obtained by averaging the daily temperatures per month. The Solent is an estuarine system that experiences seasonal temperature variations, with surface water temperatures fluctuating between 7 and 10 °C in winter, and in summer between 17 and 20 °C. On the contrary, Arcachon is a coastal system in which temperature fluctuations throughout the year are less pronounced. Surface water temperatures range from 10 – 12 °C in winter and 19 – 22 °C in summer. The annual averages of surface water temperature are 13 and 16 °C in the Solent and Arcachon waters, respectively. 

2.2. Female collection and experimental conditions 
Specimens of O. erinaceus were collected via trawling from the Solent between February-March 2016 and from a commercial oyster bed in Arcachon in October 2017. During sampling, seawater temperature and salinity was 9-10 °C and 32.3 for the Solent and between 14-16 °C and 33.6 for Arcachon. After sampling, females from both populations were transferred in thermally controlled boxes to the National Oceanography Centre, Southampton (NOCS), UK, to aquarium conditions of continuously re-circulated seawater that originated from the local Empress Dock. Individuals were fed ad libitum with mussel and oysters 3 times per week. Both populations were maintained under different regimes of temperature to ensure that the acclimation period in the aquarium was similar to the temperatures that females experienced in the field. Temperature was adjusted with a water chiller circulation pump, and gradually increased or decreased one degree every month, depending on the required experimental temperature. Salinity was maintained between 32.5 and 34.0. 

The Solent population was maintained in captivity for 3 months before the beginning of capsule laying process (March: 8 ± 1 °C, April: 11 ± 1 °C and May: 14 ± 0.3 °C). Under laboratory conditions, fifteen females (34.6 ± 6.0 mm, shell length average) started to deposit egg capsules between April and May 2016. The Arcachon population (150 specimens) was maintained in captivity for 6 months under Arcachon field thermal conditions  (Fig. 1a; October: 17 ± 1 °C; November: 15 ± 1 °C, December: 12 ± 1 °C; January: 10 ± 1 °C, February: 10 ± 1 °C; March: 11 ± 1 °C). Sixteen females (37.7 ± 6.0 mm, shell length) started to lay capsules between February and March 2017. 

To study the possibility for adaptation to local environmental conditions, Arcachon specimens were transferred - after the laying process was finished- to Solent environmental conditions (Fig. 1). They were then maintained in captivity for 10 months in an outdoor flow-through tank with fresh seawater pumped without filtration from the Solent estuary. The sexual ratio in the tank was 4:6 male to female. Natural thermal fluctuations were recorded every day (Fig. 1b) and salinity ranged between 29 and 32 psu. Fifteen Arcachon-transferred females (33.3 ± 5.0 mm, shell length) started to lay egg masses between March and April 2019, when temperatures ranged between 12 and 14 °C. 

In each population (Solent, Arcachon and Arcachon-transferred), after 1 or 2 days of laying, three capsules per egg mass were dissected under the microscope (LEICA MZ16) to measure different reproductive traits: fecundity (i.e. total eggs per egg mass), number of eggs per capsule, capsule size, number of capsules per egg mass, and embryo size. Between 15 and 16 egg masses were analysed from the Solent, Arcachon, and Arcachon-transferred populations. The number of eggs per egg mass was estimated from the average of number of eggs of three capsules per egg mass. To estimate the relationship between capsule size and number of eggs, a group of capsules with a wide range of sizes was collected from each location (i.e. Solent, Arcachon and Arcachon-transferred populations). 
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[bookmark: _Toc36478308]Figure 1. Summary of field and laboratory conditions (NOCS facilities) for Arcachon females collected in October 2017 until June 2018 and transferred to Solent climatic conditions when they ceased reproduction from July 2018 to May 2019. (a) Arcachon field (REPHY data) and laboratory controlled temperatures for Arcachon females until females stopped laying capsules. (b) Solent field (XAUK data) and aquarium conditions (natural environmental fluctuation) for Arcachon transferred females from July 2018 to May 2019, when females started to lay egg masses. White and dark circle dots represent field temperatures from Arcachon and Solent, respectively. Grey triangles represent laboratory temperatures where females were maintained. Values given as mean ± standard deviation.



[bookmark: _Toc36478242]2.4. Egg mass collection and experimental conditions
To study the trans-generational effects on early stages, thermal tolerance response was compared between embryos from Solent and Arcachon populations. However, to study the possibility for local adaptation, thermal tolerance response was evaluated in Arcachon embryos transferred to Solent environmental conditions. After the laying, egg masses from identified females from the Solent, Arcachon and Arcachon-transferred populations were assigned to one of six experimental temperature treatments (10, 12, 14, 16, 18 and 20 °C). For the Solent population, high mortalities were observed at 18 °C; thus, embryos were not exposed to 20 °C. To acclimate to experimental conditions, the initial egg mass temperature at which egg laying occurred (The Solent: 15 °C; Arcachon: 11-12 °C; Arcachon-transferred: 14 °C) was gradually increased or decreased one degree every 24 hours, depending on the required experimental temperature treatment. Egg masses were maintained individually in 1.8 L aquariums with filtered seawater (1 μm, 33-35 salinity) under constant aeration. 100% water changes were conducted 3 times per week. Temperature and salinity conditions were measured three times per week in each experimental treatment. 

2-3 egg masses per population were exposed per temperature treatment to quantify the following traits: capsular survival, proportion of abnormal embryos and metamorphosis time (n= 20-25 capsules per egg mass).  Capsular mortality was checked each week. A capsule was considered dead when capsules developed an external purple colour or when no larval activity was found. Developmental abnormalities were identified when some of the embryos inside the capsule showed malformations in their shell morphology. In the transferred population, the presence of ‘soft capsules’ (i.e. capsules with abnormal wall consistency) was observed in all temperature treatments and were dead. 
Until hatching, three capsules from each egg mass exposed to 14, 16 and 18 °C in the Solent and 14, 16, 18 and 20 °C in the Arcachon and Arcachon-transferred population were maintained individually in small aquaria of 0.25l to observe the time to metamorphosis after hatching (i.e. the time that swimming veliger larvae spent in the water column until they settled as a crawling juvenile). Once the hatching process had begun, larvae were exposed to light for 15 minutes under a dissecting microscope (x40 magnification). If larvae exhibited pronounced velum lobes they were considered a swimming late-pediveliger and metamorphosis was deemed incomplete. However, if larvae showed crawling activity and the complete loss of the velum lobes they were considered to be crawling juveniles. Larvae that did not complete metamorphosis were maintained for additional days in the same aquarium until metamorphosis was completed. Every day, swimming late-pediveliger larvae were examined to see if they had reached metamorphosis. The number of days to reach complete metamorphosis was recorded. Also, the size of recently settled juveniles after the metamorphosis was recorded in each population.

2.5. Statistical analysis
Fecundity data (i.e. number of eggs, number of capsules, capsule size, egg size and female size) was analysed by standard linear regression. All data were log(x)-transformed before analysis. Linear regressions were compared using ANCOVA followed by Tukey post hoc analysis. Multiple comparisons of means (MCM) were used to compare the intercept fitted values. 
Developmental data were analysed with one-way ANOVA in the Solent, Arcachon and Arcachon-transferred population to compare the effect of temperature on embryo survival and embryo development followed by Tukey post hoc analysis. Prior to analysis, the percent survival and abnormal capsules were arcsine transformed. Juvenile size was analysed by two-way ANOVA followed by Tukey post hoc analysis to compare between the Solent, Arcachon and Arcachon-transferred population, with temperature and population as factors. Normality and homogeneity of variance were confirmed before respective analysis and statistical significance was identified at p < 0.05. A Kruskal-Wallis analysis of variance by ranks, followed by Dunn’s method post hoc analysis was used to compare the time to metamorphosis in each population. Software used was R platform 3.3.3 (r Development Core Team, 2017).

[bookmark: _Toc36478244][bookmark: _Toc36478246]3. Results
3.1.  Reproductive traits in Ocenebra erinaceus
Fecundity (i.e. the total number of eggs per egg mass) was highly correlated with female size in Arcachon and the Solent; larger females produced more eggs per egg mass than smaller females. However, in the Arcachon-transferred population, fecundity was not correlated with female size (Fig. 2, Table 1). The slope and intercepts of the lines relating female shell size and fecundity were significantly different among populations (p < 0.05, Table 2). A posteriori MCM analysis showed that Arcachon and Solent females had similar fecundities but that they were significantly greater than those of the Arcachon-transferred females. On average, the fecundity was 1402 ± 657 and 2076 ± 641 eggs per egg mass in the Solent and Arcachon, respectively. In the Arcachon-transferred population, fecundity was lower with 613 ± 230 eggs per egg mass. 

[bookmark: _Toc36478310][image: ]
Figure 2.  The effects of location on the relationship between number of embryos per egg mass and female size in Ocenebra erinaceus. All data were log-transformed. Each dot represents the average number of eggs per egg mass/fecundity per female.


Similar results were observed in the number of eggs per capsule size between populations; larger capsules had more eggs developing inside of them (Fig. 3a, Table 1). Slopes and intercepts correlating capsular size with number of eggs were significantly different among populations (p < 0.05; Table 2). A posteriori MCM analysis showed more eggs developing inside capsules from Arcachon and the Solent populations than in the Arcachon-transferred population. Egg size was not correlated with female size between populations; larger females did not lay larger eggs (Fig. 3b; Table 1). The slope and intercepts of the lines relating female shell size and egg size were significantly different among populations (p < 0.05; Table 2). However, a posteriori MCM analysis showed that Arcachon-transferred females laid smaller embryos than Arcachon and Solent females. On average, embryo size ranged between 500 and 550 μm in the Solent and Arcachon; however, females from Arcachon-transferred population laid eggs with sizes of 440 μm on average.

 A positive correlation was found between capsule size and female shell length among populations, larger females deposited larger capsules than smaller females (Fig. 3c, Table 1). Whilst the slopes of these relationships did not differ between populations, i.e. female investment in capsule size, scales consistently with female size, irrespective of origin; the intercepts were significantly different (p < 0.05, Table 2). MCM analyses showed that Arcachon females deposited larger capsules than females from the Solent and Arcachon-transferred populations. On the contrary, the number of capsules was not correlated with female size (Fig. 3d, Table 1). The regression slope relating the number of capsules with female shell length were not significantly different between populations (p > 0.05, Table 2). Thus, larger females did not lay significantly more egg capsules per egg mass than smaller individuals in all populations studied. However, the intercept did differ significantly between populations (Table 2), with the Solent and Arcachon females producing more capsules than Arcachon-transferred females. On average, the number of capsules was similar in the Solent and Arcachon populations, with 26 capsules on average per egg mass; on the contrary, Arcachon-transferred females deposit 14 capsules on average.
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Figure 3. The effects of location on the relationship of (a) number of eggs per capsule and capsule size; (b) egg size per egg mass and female size; (c) capsule size per egg mass and female size; (d) number of capsules per egg mass in Ocenebra erinaceus. All data were log-transformed. 







	Variable
	Population
	Equation
	n
	CI
	R2
	F
	p-value

	Number of eggs per egg mass

	
	SO
	y = -0.42 + 2.31X
	15
	2.95 ± 1.53
	0.64
	22.97
	p < 0.05

	
	AR
	y = -1.35 + 2.95X
	16
	2.31 ± 1.04
	0.55
	17.24
	p < 0.05

	
	AT
	y = 1.97 + 0.52X
	15
	0.52 ± 1.33
	0.05
	0.73
	p = 0.41

	Number of eggs per capsule size

	
	SO
	y = 0.47 + 1.43X
	44
	1.43 ± 0.37
	0.58
	60.79
	p < 0.001

	
	AR
	y = -0.38 + 2.31X
	84
	2.31 ± 0.50
	0.51
	85.53
	p < 0.001

	
	AT
	y = 0.38 + 1.44X
	56
	1.44 ± 0.53
	0.34
	48.80
	p < 0.001

	Egg size per egg mass

	
	SO
	y = 2.61 + 0.07X
	15
	0.07 ± 0.16
	0.01
	0.80
	p = 0.39

	
	AR
	y = 2.48 + 0.15X
	16
	0.15 ± 0.45
	0.04
	0.53
	p = 0.48

	
	AT
	y = 2.72 + 0.04X
	15
	-0.04 ± 0.45
	0.001
	0.13
	p = 0.72

	Capsule size per egg mass

	
	SO
	y = -0.41 + 0.85X
	15
	0.85 ± 0.20
	0.87
	88.85
	p < 0.001

	
	AR
	y = -0.01 + 0.62X
	16
	0.69 ± 0.26
	0.78
	48.80
	p < 0.001

	
	AT
	y = -0.18 + 0.69X
	15
	0.62 ± 0.26
	0.71
	31.68
	p < 0.001

	Number of capsules per egg mass

	
	SO
	y = 0.28 + 0.72X
	14
	0.72 ± 0.77
	0.26
	4.25
	p = 0.06

	
	AR
	y = -0.66 + 1.30X
	16
	1.31 ± 1.69
	0.15
	2.69
	p = 0.12

	
	AT
	y = 0.25 + 0.59X
	15
	0.59 ± 0.88
	0.14
	2.11
	p = 0.17



Table 1. Linear regressions and analysis of variance comparison of the mean conducted in the experimental variables measured in the Solent (SO), Arcachon (AR) and Arcachon-transferred (AT) populations. ‘CI’ means confidence interval. All data were log-transformed before to conduct the analysis.  












	Variable
	
	Parameters estimation
	

	
	Source
	Slope ± SE
	Intercept ± SE
	MCM

	Number of eggs per egg mass
	
	

	
	SO
	-0.41 ± 0.13
	0.62 ± 0.54
	a

	
	AR
	-0.93 ± 0.31
	0.09 ± 0.05
	a

	
	AT
	2.39 ± 0.19
	-0.34 ± 0.05
	b

	
	
	F(2,42) = 4.44; p = 0.02
	F(2,42)= 36.86; p < 0.001
	

	Number of eggs per capsule size
	
	

	
	SO
	0.47 ± 0.17
	0.20 ± 0.12
	a

	
	AR
	-0.84 ± 0.20
	-0.03 ± 0.02
	a

	
	AT
	-0.01 ± 0.28
	-0.09 ± 0.02
	b

	
	
	F(3,186)= 4.81; p = 0.01
	F(2,186)= 23.01 ;p < 0.001
	

	Egg size per egg mass
	
	

	
	SO
	-0.42 ± 0.74
	0.62 ± 0.54
	a

	
	AR
	-0.93 ± 1.65
	0.09 ± 0.05
	a

	
	AT
	2.39 ± 1.07
	-0.34 ± 0.05
	b

	
	
	F(2,42) = 4.42; p = 0.02
	F(2,42)= 36.86 ;p < 0.001
	

	Capsule size per egg mass
	
	

	
	SO
	-0.41 ± 0.13
	-0.27 ± 0.09
	a

	
	AR
	0.84  ± 0.31
	-0.22 ± 0.01
	b

	
	AT
	0.24  ± 0.19
	-0.25 ± 0.01
	a

	
	
	F(2,42) = 1.12; p = 0.34
	F(2,42)= 23.01; p < 0.001
	

	Number of capsules per egg mass
	
	

	
	SO
	0.28 ± 0.13
	0.26 ± 0.39
	a

	
	AR
	-0.94 ± 0.31
	-0.03 ± 0.04
	a

	
	AT
	-0.03 ± 0.19
	-0.24 ± 0.04
	b

	
	
	F(2,42) =0.36 ; p = 0.70
	F(2,42)= 22.58; p < 0.001
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Table 2. Parameter estimation using regression analysis for comparing slopes and intercepts describing the scaling relationships (log-transformed data) between number of eggs, capsule size and egg size variables and female size (covariate variable); and number of eggs variable and capsule size (covariate variable) in the Solent, Arcachon, and Arcachon-transferred population.  Below each parameter is showed the ANCOVA summary (Fvalue, p-value) testing for equal slopes and homogeneous intercepts. Multiple comparisons of means (MCM) were used to compare the intercept fitted values. Identical letters means no significant differences. SO’ indicates The Solent population; ‘AR’ indicates Arcachon population; ‘AT’ indicates Arcachon-transferred population.
3.2. Local adaptation in early stages
Survival and percentage of normal development during intracapsular development differed between temperature treatments and populations. In the Solent population, embryo survival was significantly affected by temperature (F(4,14)=24.85, p < 0.05; Fig. 4a). Tukey post hoc analysis showed differences at both ends of the thermal range; survival was lower at 10 and 18 °C with values of 50 – 40%, respectively.  Optimal temperatures for intracapsular development were observed between 14 and 16 °C. On the contrary, temperature did not significantly affect survival in the Arcachon population; high survival was observed for all temperature treatments (F(5,17)=1.77, p > 0.05; Fig. 4a). The percentage of capsules with embryos with normal development was not significantly different between temperature treatments in the Solent (F(4,14)=1.03, p > 0.05; Fig. 4b). On the contrary, Arcachon embryos exhibited ~20 – 25% of abnormalities (i.e. shell deformations) during the development at both extremes of the experimental range (F(5,17)=6.24, p < 0.05; Fig. 4b). Tukey post hoc analysis showed that normal embryonic development was observed between 12 and 18 °C. Time To Metamorphosis (TTM) (i.e. the time that swimming late-pediveliger larvae spent in the column of water until they metamorphosed into juvenile stage) was affected by increased temperature increase and geographic origin. In the Solent, TTM was significantly affected by temperature (H= 11.18, p < 0.05; Fig. 4c). Dunn’s post hoc analysis showed that fifty percent of swimming late-pediveliger exposed to 16 or 18 °C spent more time in the pelagic environment compared with larvae maintained at 14 °C. Swimming late-pediveligers settled before 24 hours at 14 °C; however, at higher temperature treatments (16-18 °C) this took approximately 60 hours. On the contrary, the MMT of swimming larvae from Arcachon increased with increasing temperature but it was not significant (H= 5.66, p > 0.05; Fig. 4c). The time that larvae spent in the plankton was not affected by temperature treatments with values ranging between 24 and 48 hours (Dunn’s post hoc analysis).
Transferred embryos (i.e. Arcachon embryos under the Solent conditions) exhibited low survival at both ends of the experimental temperature range (F(5,17)=3.96; p < 0.05; Fig. 4a). At extreme temperatures 10 and 20 °C, the survival was significantly lower with values between 50 and 30%, respectively (Tukey post hoc analysis). The presence of ‘soft capsules’ was observed in all temperature treatments. The maximal survival was observed at 14 – 16 °C, which is coincident with the optimal temperatures for development observed in the Solent. The development of transferred embryos was not affected by temperature (F(5,17)=4.45, p > 0.05), embryos showed normal development at all experimental temperature treatments (Fig. 4b). Temperature significantly affected the metamorphosis time in transferred Arcachon swimming larvae (H= 12.23, p < 0.05; Fig. 4c). Larvae exposed to high temperatures spent between 24 and 48 hours in the water column compared to larvae exposed to 14 °C where larvae spent only 24 hours (Dunn’s post hoc analysis).

3.3. Juvenile size at hatching

The size of juveniles was significantly affected by geographic origin and temperature (Location: F(2,343) = 44.02, p < 0.001 ; Temperature: F(2,343) = 10.14, p < 0.001; L x T: F(2,343) = 13.05, p < 0.001; Fig. 4d); juveniles were significantly larger for the Solent and Arcachon population compared to the Arcachon-transferred population (Tukey post hoc analysis). On average, juvenile size was 0.90 mm for the Solent and Arcachon; however, the average size of transferred-juveniles was 0.81 mm. Temperature also affected the juvenile’s size (p < 0.05). In the Solent, larger juveniles were observed at 16 °C. In the Arcachon and Arcachon-transferred population, high temperatures did not affect the juvenile size. 
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Figure 4. Effects of temperature on (a) embryo survival, (b) embryo abnormalities during intracapsular development, (c) metamorphosis time, and (d) juvenile size in Solent, Arcachon and Arcachon-transferred populations. (*) means significant differences between treatments (p < 0.05). Values are given as mean ± standard deviation. n = 3 egg masses per temperature treatment in (a) and (b), respectively; n = 9 – 10 capsules (48 embryos approximately per capsule) per temperature treatment in (c); n = 35-40 juveniles per temperature treatments.

4. Discussion
[bookmark: _Toc36478249]Natural selection acts on marine organisms leading to different trade-offs amongst life history traits, which gives rise to variable and complex reproductive strategies (Llodra, 2002). This is more evident in direct developing species that exhibit restricted connectivity and low gene flow among populations (Beherens, 1989; Parsons, 1998), which results in a mosaic of locally adapted populations (Kawecki and Ebert, 2004; Kuo and Sanford 2009). In this study, it was observed that females from each population of the gastropod species Ocenebra erinaceus exhibited similar fitness (i.e. maternal investment); however, they have different adaptive costs resulting in trade-offs between reproductive traits (i.e. capsule size). The decrease in the reproductive output observed in transferred females (i.e. Arcachon females into the Solent environmental conditions) suggests that reproductive traits exhibit, to some degree, local adaptation. Furthermore, this maladaptation persisted during the early development of transferred embryos. Solent environmental conditions influenced the thermal tolerance range of transferred embryos in a similar way to embryos from the Solent; however, high mortalities, presence of soft capsules (i.e. low-quality capsules) and reduction in juvenile size, demonstrated that transferred embryos were not adapted to live under this new environment. 

4.1. Intraspecific differences in reproductive traits 
The laying time of O. erinaceus females was highly correlated with environmental temperatures. Only one reproductive peak was observed during the year, when temperatures started to increase from winter to spring. In the Solent, the egg capsule laying time was in April and May, when temperatures increased from 11 to 14 °C; which is coincident with the laying time observed by Smith et al. (2015) at the same location. In contrast, Arcachon females experienced warmer temperatures throughout the year. Egg capsule laying took place between February and March when temperatures started to rise from 10 to 11 °C. 
Regardless of the temperatures that females of both populations experienced in the field (annual SST: ~ 13 °C Solent and ~ 16 °C Arcachon), no differences were observed in maternal investment (i.e. total number of eggs per egg mass) between Arcachon and Solent females. Egg production depends on maternal size in gastropods species (Chaparro and Flores, 2002; Chung et al., 2013; Gianguzza et al., 2005; Spight et al., 1974) and as observed in this study, where fecundity was correlated positively with female size. Egg production and size was similar in both populations and within the range of previous estimates (Gibbs, 1996; Martel et al., 2004). The results suggest that natural selection favoured the same reproductive potential for both populations in their native conditions. However, there were adaptive costs to live under those local conditions, leading to a trade-off between capsule size and number of eggs.

[bookmark: _Toc36478250]Capsules deposited by Arcachon females (i.e. warm temperatures) were larger and with more eggs than for Solent and transferred females. This difference in size could be explained as a combined effect of temperature and oxygen. In caenogastropods, encapsulation can be constrained by the increase of temperature and oxygen availability (Lardies and Fernández, 2002; Cancino et al., 2011). Females deposit eggs inside capsules with the same oxygen concentration that they experienced in the field, usually with values between 8 - 9 mg O2 L-1 (Cancino et al., 2011; Cumplido et al., 2011). There is minimal diffusion of oxygen through the capsule wall from the external environment (Segura et al., 2010). Therefore, the oxygen at the beginning of the development depends on the environmental temperature and oxygen saturation that the mother experienced at the time of laying. In this study, Arcachon females and their offspring experienced warmer temperatures in the field than in the Solent; thus, it can be concluded that Arcachon females allocated more resources in laying larger capsules to allow more oxygen availability per embryo which could positively impact on the embryo survival at high temperatures.

Arcachon-transferred females showed lower reproductive output under the foreign environment (i.e. Solent). Environmental temperatures influenced the laying time of transferred females after 9-months of exposure under Solent climatic conditions; females began laying capsules between March and April, as observed in the Solent population. However, the Solent thermal conditions impacted the fecundity of transferred females reducing egg production by 70% in comparison with Arcachon females. Moreover, the fecundity of transferred females was lower than those from the Solent, indicating a poor adaptation to the foreign environment (i.e. colder conditions). In addition, transferred females laid smaller capsules and eggs than females from Arcachon and the Solent; which means that females under a new environment reduced the maternal provisioning per egg (Graphical summary, Fig. 5).
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[bookmark: _Toc34145654][bookmark: _Toc36478317]Figure 5. Graphical summary of reproductive traits in Solent, Arcachon and Arcachon-transferred populations. Females from the Solent and Arcachon have similar reproductive output (egg masses size, number of capsules per egg mass, number of eggs and egg size); however, capsules were larger in Arcachon than in the Solent egg masses. On the contrary, transferred females (i.e. Arcachon females under the Solent thermal conditions) laid a few number of capsules (i.e. small egg mass), smaller capsules, small eggs and low number of eggs.







The low reproductive fitness observed in Arcachon females under the foreign environment indicates that the environmental conditions in the Solent imposed a strong selection against Arcachon female genotype. Even though transferred females were fed ad-libitum, the reduction in number and egg size suggests that Arcachon females were not adapted to experience colder temperatures (i.e. Solent environmental conditions). Previous reports in terrestrial (e.g. plants and insects) and marine environments have shown that reproductive traits can be strongly influenced by thermal environmental conditions leading to genetic changes among populations (Lazzaro et al., 2008; Miller and Cummins, 2014; Postma and Ågren, 2016). For example in terrestrial environments, a population of Drosophila melanogaster from a tropical environment showed decreased fecundity and low resistance to bacterial infection in comparison with a temperate population when they were exposed to low temperatures. Lazzaro et al., (2008) suggested that these differences could be attributable to genetic adaptations to the local abiotic environment. The same pattern was observed in plants, Miller and Cummins (2014) showed that the geographical origin (i.e. altitude) influenced the reproductive performance of the grassland Nardus stricta. Plants growing in their native location showed home-site advantages over foreign plants. On the other hand, in marine environments, Gleason and Burton (2013) studied whether temperate populations of the marine gastropod Chlorostoma funebralis (Veligastropoda), a species with a similar development of O. erinaceus (i.e. short larvae pelagic phase), were adapted to their local environmental conditions. They found that although C. funebralis has a short pelagic phase, the species evolved in locally adapted populations. Under common garden conditions (i.e. similar conditions for all individuals), southern populations showed lower mortality and high recovery following heat stress compared to northern populations. They concluded that southern populations possess genetic adaptations to tolerate the extreme heat stress they experience. 

[bookmark: _Toc36478251]In all these examples, ‘local and foreign’ criteria showed that local genotypes have higher fitness than foreign genotypes. In this study, it was shown that the differences observed between these two populations are due to local adaptations to natal environmental conditions. Solent and Arcachon genotypes showed higher fitness in their native environments; however, when the Arcachon genotype was exposed to the Solent environmental conditions, females performed poorly, reducing their reproductive fitness. 

4.2. Persistence of local adaptation during the early development
Early stages can play an important role in local adaptation; however, little is known about the potential impact on the species genetic divergence between populations (Postma and Ågren et al., 2016). Natural selection can be severe during the first part of the life of cycle when organisms are vulnerable and suffer high mortalities, which can lead to selecting some genotypes over others producing cascading effects on later life stages (Postma and Ågren et al., 2016). In this study (Fig. 4), embryos from Arcachon (44° 41’N) showed high thermal plasticity (12 – 18 °C), high survival (~ 80 – 100%), and sub-lethal effects (i.e. abnormalities) at both ends of the thermal range (10 and 20 °C). At the end of the intracapsular development, temperature did not significantly affect the metamorphosis time in the Arcachon population. On the contrary, embryos form the Solent (50° 51’ N) showed low thermal plasticity (14 – 16 °C) and low survival at both ends of the temperature range (~ 50%). Lethal effects were observed at 10 – 18 °C with no abnormalities due to embryos could not survive at extreme temperatures. At the end of the intracapsular development, temperature affected the time to metamorphosis, fifty percent of Solent larvae at 16 and 18 °C delayed their metamorphosis for approximately 60 hours. 

The contrasting thermal response between these two populations suggest that embryos from the Arcachon population might possess genetic adaptations to tolerate warm temperatures; whilst embryos from the Solent population are less adapted to such conditions. In fact, when embryos from Arcachon-transferred females were exposed to the Solent environmental conditions, they showed maladaptation to the new environment with high mortality at both end of the thermal range, presence of ‘soft capsules’ (i.e. capsules with abnormal wall) and size reduction in settled juvenile. Studies of local adaptation during early stages in terrestrial environments have shown that early stages can be locally adapted. For example, Postma and Ågren (2016) demonstrated strong selection against non-local genotypes during the seed establishment phase of the annual plant Arabidopsis thaliana. They conducted a reciprocal transplant experiment with seeds from two locally adapted populations. The results showed that natural selection strongly favoured the local genotypes; local alleles were favoured against non-local; thus, they suggest that genetic differentiation may be strong in early stages and may contribute to genetic differences.  On the contrary, few attempts have been made to determine local adaptation during early life stages in marine environments. Kuo and Sanford (2009) studied the influence of geographic origin in the upper thermal limits of newly hatched juveniles of the temperate gastropod Nucella canaliculata, a species with the same development of O. erinaceus. Individuals were reared in common garden conditions over two generations to avoid the potential impact of acclimatization and non-genetic effects. They demonstrated that the differences observed in the upper thermal limits of newly hatched juveniles are likely to be genetic. Individuals from populations inhabiting hot spots had greater thermal tolerance at high temperatures than those from less thermally stressful sites.  They concluded that populations of N. canaliculata were genetically differentiated along a latitudinal gradient (Kuo and Sanford 2009). In our study, the results obtained from transferred embryos and their poor performance under Solent environmental conditions demonstrate a high energetic cost of living in a new thermal environment, which supports the idea that early stages of O. erinaceus are locally adapted to regional thermal conditions. 

In this study, we suggest local adaptation as a possible explanation for the intraspecific differences observed in reproductive traits and in the thermal tolerance response during early development of O. erinaceus. However, based on the experimental design, phenotypic plasticity and genetic differentiation cannot be distinguished. Although Arcachon females were maintained under Solent climatic conditions for 10 months to reduce the effects of environmental history, female origin and captivity effects could have, nonetheless, influenced the response of early ontogenetic stages. Therefore, a fully reciprocal transplant experiment or genetic analyses (e.g. genome-scan techniques) are necessary to elucidate the adaptive cost to live under each native location and whether there is a genetic differentiation between these two populations. 

 5. Conclusion

 Global warming is altering the distribution of organisms and promoting the extinction and/or range shift of species. In this work, we showed that the intraspecific differences observed in the reproductive traits in O. erinaceus are due to adaptation to local thermal conditions. Warmer environments (Arcachon) appear to select for females laying larger capsules to improve oxygen availability to a greater quantity of eggs per capsule. On the contrary, colder environments (i.e. Solent) could be selecting for smaller capsule sizes. Both populations, Solent and Arcachon, showed similar fitness in their native environments; however, when the Arcachon genotype was exposed to Solent environmental conditions, females performed poorly showing reduced fitness. The transgenerational experiment, showed a very distinct thermal tolerance window indicating that embryos were adapted to local environmental conditions. Indeed, the transferred experiment demonstrated that the thermal response of transferred embryos is plastic and highly correlated with environmental temperatures; however, the high energetic costs of surviving in a new environment (i.e. presence of soft capsules, high mortality and juvenile size reduction) are the evidence for local adaptation. Therefore, this study emphasises the need to understand population-scale variability in species response to climate change and cautions against the extrapolation of future species success from single population studies taken from limited geographic distribution. 
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