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Abstract 35 

1. Heterogeneous environments pose a particular challenge for organisms because the 36 

same phenotype is unlikely to perform best regardless of the types of stress it 37 

encounters. The grain size theory predicts that species with high dispersal potential 38 

experience a more heterogeneous, fine-grained environment where phenotypic 39 

plasticity may evolve to cope with habitat heterogeneity. 40 

2. To understand how species meet this challenge, we investigated the extent to which 41 

contrasting selection pressures induced ecological and phenotypic responses in a 42 

natural population of a wide-dispersing marine snail.  43 

3. We collected, measured external and internal characters, weighted, and dissected 44 

individuals of Heleobia australis (Rissooidea: Cochliopidae) from heterogeneous 45 

habitats from the intertidal area of the Bahía Blanca estuary, Argentina. We also 46 

conducted molecular analyses by amplifying the COI gene in individuals sampled 47 

from each habitat. 48 

4. We found that subpopulations of H. australis, inhabiting close to each other and 49 

without physical barriers, exhibited a strong phenotypic differentiation in shell 50 

characters and body weight in response to environmental conditions (thermal, saline, 51 

and dehydration stress), crab predation, and parasites. We proved that this 52 

differentiation occurred even early in life as most of the characters observed in 53 

juveniles mirrored those found in adults. We also found a clear variation in penis size 54 

in snails collected from each habitat and raised in common garden laboratory 55 

conditions. The COI gene analysis confirmed that the individuals studied constituted 56 

a single species despite the strong phenotypic difference among subpopulations.  57 

5. The pronounced phenotypic differentiation in H. australis is all the more remarkable 58 

because it occurred at a very small geographical scale, which is rarely documented 59 

for a wide-dispersing species. Our findings provide a reasonable ground for 60 

advocating that H. australis experienced a fine-grained environment and, thus, 61 

benefited from the combined effect of directional selection and plasticity to evolve 62 

locally adapted phenotypes to contrasting habitat conditions at a local scale. 63 
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Introduction  64 

If organisms have difficulties in adapting to human-induced global change and fail to 65 

track projected environmental changes, populations become vulnerable to decline and 66 

extinction (Hill, Griffiths, & Thomas, 2011; Hoffmann & Sgrò, 2011). Phenotypic 67 

plasticity, a common feature in nature across many taxa, is the ability of a single 68 

genotype to express different phenotypes in dissimilar biotic or abiotic environments 69 

(Travis, 1994; West-Eberhard, 2003). Many studies indicate a role of plasticity in 70 

shaping phenotypic responses as an effective mechanism that can greatly improve the 71 

conditions for persistence of populations facing abrupt environmental shift by 72 

facilitating rapid adaptation to the new selection pressures (e.g. Chevin & Lande, 2009; 73 

Ghalambor, McKay, Carroll, & Reznick, 2007; Price, Qvarnström, & Irwin, 2003). An 74 

adaptive evolutionary response to environmentally induced non-heritable variation 75 

occurs when phenotypic plasticity operates jointly with directional selection causing the 76 

expression of potentially beneficial traits (De Jong, 2005; Fusco & Minelli, 2010; 77 

Merilä & Hendry, 2014) and allowing the population to reach the fitness optimum (i.e. 78 

‘genetic assimilation’; Pigliucci, 2006; Waddington, 1953; West-Eberhard, 1989). In 79 

this sense, phenotypic plasticity is crucial for the long-term persistence of populations 80 

facing new environmental stress brought about by human-induced global change (Hill et 81 

al., 2011). 82 

 83 

Strategies to cope with environmental variation will depend upon the organism’s 84 

dispersal ability since it sets the environmental grain and plays a crucial role in 85 

determining levels of gene flow among populations, and thus, in the evolution of 86 

phenotypic traits within those populations (De Jong, 1999, 2005; Levins, 1968; Mather, 87 

1955; Scheiner, 1998; Via & Lande, 1985). According to the grain-size model, the 88 

evolution of traits will follow different pathways in species with contrasting abilities to 89 

disperse. For instance, aquatic snails display a wide range of reproductive modes and 90 

larval development types, ranging from species with immobile larvae to those with 91 

planktotrophic (free-floating) larvae (Janson, 1987; Johannesson, 2003; Parsons, 1997, 92 

1998; Yamada, 1987). Specifically, snails with restricted dispersal (absence of 93 

planktotrophic larvae) may experience a coarse-grained environment, as they tend to 94 

stay in the same habitat all their life, and their offspring are likely to remain in that 95 

habitat. In such conditions, local adaptation may be ensured by genetic polymorphism 96 
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because immigration is rare and the intrapopulation gene pool is highly reliant upon 97 

local recruitment whereat individuals are exposed to local selection pressures giving rise 98 

to different ecotypes. By contrast, wide-dispersing species will experience greater gene 99 

flow and encounter different types of habitats more or less at random, thus experiencing 100 

a fine-grained environment and exhibiting greater genetic homogeneity than in 101 

relatively immobile species. This corresponds to a generalist strategy where phenotypic 102 

plasticity may evolve to cope with heterogeneous environments (Bourdeau et al., 2015; 103 

Chapman, 1995; Conde-Padín, Grahame, & Rolán-Alvarez, 2007; Hollander, Collyer, 104 

Adams, & Johannesson, 2006; Johannesson, 2003; Levins, 1968; Reid, 1996; Vermeij, 105 

1982; Yamada, 1987). 106 

 107 

Temperate marine habitats, in particular the intertidal zone, exhibit great variability in 108 

environmental factors mainly driven by the fall and rise of the tides, creating areas on 109 

the shore that are alternately immersed and exposed (Bourdeau et al., 2015; Denny & 110 

Paine, 1998). The transitional nature of the intertidal habitat from marine to terrestrial 111 

conditions strongly influences the physiology and the ecology of intertidal organisms 112 

due to the increase in environmental harshness (e.g. desiccation, extremes in 113 

temperature and salinity) along the vertical zonation of the intertidal area (Denny & 114 

Paine, 1998; Mouritsen, Sørensen, Poulin, & Fredensborg, 2018; Vermeij, 1972). From 115 

this perspective, intertidal organisms, such as aquatic gastropods, are likely to exhibit 116 

increased phenotypic plasticity in response to such environmental selective pressures 117 

(Berrigan & Scheiner, 2004).  118 

 119 

Phenotypic variation in shell traits is particularly widespread in gastropods (Bourdeau et 120 

al., 2015) and their shells offer an easily measured and permanent record of how the 121 

organism responded to local abiotic (e.g. water chemistry, temperature) and biotic (e.g. 122 

predation, parasitism) agents (Dillon, Jacquemin, & Pyron, 2013). Major environmental 123 

factors as prolonged submersion times, desiccation, high temperature, and extreme 124 

salinity across the vertical zonation create contrasting selective pressures that give rise 125 

to opposite shell trait responses (Johannesson & Johannesson, 1996; Struhsaker, 1968). 126 

For instance, prolonged submersion times enhance foraging times and the absorption of 127 

calcium carbonate from water leading to higher shell growth rates, which result in larger 128 

and narrower shells and increased body mass (Vermeij, 1973; review by Chapman, 129 
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1995). By contrast, snails from upper intertidal habitats that are periodically exposed to 130 

hot and dry conditions and have only a limited time each day to feed exhibit the 131 

opposite shell and body mass responses and are characterized by having a smaller 132 

aperture size, which has been correlated to an increase in resistance to high desiccation 133 

in upper intertidal habitats (Chapman, 1995; Machin, 1967; Melatunan, Calosi, Rundle, 134 

Widdicombe, & Moody, 2013; Schweizer, Triebskorn, & Köhler, 2019; Vermeij, 1973).  135 

 136 

Predators are one component of the heterogeneity across the intertidal zone because 137 

they are often distributed patchily in time and space creating a steep selection gradient 138 

in predation risk, which, in turns, can promote an adaptive evolutionary shell response 139 

(Boulding & Hay, 1993; Bourdeau, 2011). Predator-induced plasticity primarily linked 140 

to shell defenses are not limited to shell thickening (more resistant to crushing) as snails 141 

are capable of plastically altering different aspects of their shell shape (i.e. increased 142 

globosity; lower shell length to width ratio) or aperture (i.e. more elongated; higher 143 

aperture length to width ratio), which prevents the crab from pulling the soft parts out of 144 

the shell (Bourdeau et al., 2015; Dillon et al., 2013; Johannesson, 2003). However, not 145 

all phenotypic plasticity triggered by environmental conditions is adaptive. Some plastic 146 

trait responses, usually those imposed by the biochemistry and physiology of the 147 

organism, can be reversed over short time scales, which is not the case for 148 

developmental plasticity as it tends to be irreversible or takes longer to be reversed 149 

(Pigliucci et al., 2006). Parasites, for instance, can induce morphological, behavioral, 150 

and physiological change of individual snail hosts thereby influencing several aspects of 151 

host life history that can significantly alter size-structure, demography, resource-use, 152 

and intra and interspecific interactions of host population (Fredensborg, Mouritsen, & 153 

Poulin, 2005; Miura, Kuris, Torchin, Hechinger, & Chiba, 2006; Mouritsen et al., 154 

2018). They have been also reported to induce changes in microhabitat choice (Curtis, 155 

1987) and in body size in snails (Alda, Bonel, Cazzaniga, & Martorelli, 2010; Levri, 156 

Dillard, & Martin, 2005; Miura et al., 2006; Mouritsen & Jensen, 1994; Probst & Kube, 157 

1999). Such pressure exerted by parasites also differs along the intertidal zone (Alda et 158 

al., 2010; Alda, Bonel, Cazzaniga, Martorelli, & Lafferty, 2019; Smith, 2001) and can 159 

cause important shifts in the expression of host phenotypic traits, creating pronounced 160 

phenotypic differences between infected and uninfected hosts (Fredensborg, Mouritsen, 161 

& Poulin, 2006; Poulin & Thomas, 1999).  162 
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 163 

These contrasting conditions along the vertical distribution pose a particular challenge 164 

for intertidal organisms: the same phenotype is unlikely to perform best regardless of 165 

the types of stress it encounters. We can then have as a result (i) the same phenotype 166 

everywhere (probably with maladaptation), (ii) a phenotypic plasticity promoting 167 

different phenotypes under different conditions, or (iii) a local genetic differentiation, 168 

contributing to the phenotypic variation between habitats, favored by restricted gene 169 

flow through habitat selection (and probably partial genetic isolation leading to 170 

sympatric speciation or cryptic species). Limited gene flow can occur when habitat 171 

conditions disrupt dispersal of planktotrophic larvae thereby increasing localized 172 

recruitment (Johnson, Watts, & Black, 1994) whereat individuals would be subjected to 173 

local (a)biotic selective pressures (Johannesson & Johannesson, 1996; Struhsaker, 174 

1968). Hence, to understand how species meet this challenge, the first step is to observe 175 

phenotypic variation and its association in the field with microhabitats characterized by 176 

different sources of stress. If we observe different morphs associated with different 177 

conditions, the next step is to explore whether such phenotypic variation results from a 178 

direct impact of stress (e.g. trait shift induced by parasites) or is it because we are 179 

dealing with a cryptic or incipient sympatric species that find alternative niches (e.g. 180 

different microhabitats) preventing competition.  181 

 182 

Here we investigated how different selective pressures induced ecological and 183 

phenotypic responses in an intertidal mud snail with planktotrophic larval dispersal. For 184 

our study, we collected and measured external and internal characters, weighted, and 185 

dissected the snail Heleobia australis (Rissooidea: Cochliopidae) over the four seasons 186 

throughout a year from three distinct habitats from the intertidal area of the Bahía 187 

Blanca estuary, Southwestern Atlantic, Argentina. The (a)biotically contrasting habitat 188 

conditions of the study area create the potential for niche differences that could affect 189 

snail density and induce different phenotypic responses among individuals from each 190 

subpopulation. Finding strong evidence of phenotypic differentiation in external 191 

characters (shell traits and body mass), we then investigated whether internal characters 192 

as the genital morphology varied among snails from each subpopulation. We found that 193 

juveniles collected from each habitat, and raised in common garden laboratory 194 

conditions until they were adults, showed a remarkable difference in penis size. We also 195 
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explored whether individuals living in these contrasting habitats belong to the same 196 

species, and not to a species complex, by amplifying the cytochrome oxidase subunit 1 197 

(COI) gene. We confirmed that the individuals here studied constitute a single Heleobia 198 

species. Collectively, our findings clearly advocate that the strong phenotypic 199 

differentiation in H. australis might have resulted from the combined effect of 200 

directional selection and plasticity that led to the evolution of locally adapted 201 

phenotypes in response to contrasting selection pressures at a local scale. 202 

 203 

Material and Methods 204 

Study species 205 

The intertidal mud snail Heleobia australis has a wide geographic range inhabiting 206 

marine and estuarine ecosystems from tropical to temperate regions (from Brazil: 22° 207 

54’ S, to Argentina: 40° 84’ S; De Francesco & Isla, 2003) and is the most common 208 

benthic macrofaunal species in the estuaries and coastal lagoons. It is a gonochoristic 209 

species with internal fertilization (Neves, Valentin, & Figueiredo, 2010). Mature 210 

females lay egg capsules, containing one fertilized egg (N. Bonel, personal 211 

observation, but see Neves et al., 2010), preferably on shells of conspecific 212 

individuals, but they may also be laid on shells of other species, on sand grains, or 213 

algae, which later develop into a veliger larva that exhibits a short pelagic larval life 214 

(Neves et al., 2010), which is, on average, 10±3 days in standard laboratory conditions 215 

(12:12 photoperiod, 25 ºC, water salinity 30 PSU, and ad libitum food in the form of 216 

boiled ground lettuce; N. Bonel personal observation). Adult snails attain a maximum 217 

shell size ranging from 7 to 8 mm and individuals have an averaged shell length of 4.7 218 

mm (1.1 SD) with a lifespan of 2.9 years in a temperate climate and two well-defined 219 

recruitment episodes (Carcedo & Fiori, 2012). However, in tropical and subtropical 220 

areas breeding and recruitment occur year-round (Neves et al., 2010) suggesting that it 221 

is likely that H. australis have shorter generation times. This species is capable of 222 

creating an air bubble inside its pallial cavity, allowing juveniles and adults to 223 

temporarily float in the water column, whereat they are carried along by the tide and 224 

wind driven current (Echeverría, Neves, Pessoa, & Paiva, 2010), increasing its 225 

dispersion potential. Moreover, H. australis is an obligate intermediate host of a large 226 

diversity of parasites that infect several other species hosts. For instance, H. australis 227 

has been reported to host 18 larval trematode species and 16 of these were from the 228 
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Bahía Blanca estuary (Argentina), being all but one parasitic castrators, with an 229 

individual worm eventually filling up the digestive gland and gonad of the snail host 230 

(Alda & Martorelli, 2014).  231 

 232 

Study area and (a)biotically heterogeneous habitats  233 

This study was conducted in the Villa del Mar saltmarsh-mudflat located in the middle 234 

reaches of the Bahía Blanca estuary, Argentina (38° 51’ S – 62° 07’ W). The intertidal 235 

mudflat extends for more than 1 km across the tidal gradient. Its topography is 236 

characterized by a very gently sloping ramp on the seaward side (Pratolongo, Kirby, 237 

Plater, & Brinson, 2009) and affected by strong semidiurnal tides and high seasonal 238 

variation (Perillo, Piccolo, Parodi, & Freije, 2001). Close to the mean high tide level, 239 

marshes covered by cordgrass (Spartina alterniflora) form a narrow, 150 m wide strip 240 

of vegetation followed by a mudflat area with no vegetation (Pratolongo, Perillo, & 241 

Piccolo, 2010). During low tide, these upper areas of the intertidal zone are subjected to 242 

high desiccation and temperature and salinity fluctuations as the tide takes ca. 10 hours 243 

to cover them (P. Pratolongo, personal communication; 26 February 2019) whereas low 244 

areas located close the seaward edge remain covered by water during low tide.  245 

 246 

The existence of a tidal cycle exposes H. australis to extreme, but predictable, changes 247 

in abiotic conditions (at least twice every day) likely determining their vertical 248 

distribution (zonation patterns). Snails in the upper intertidal zone must remain 249 

quiescent for long periods of time during daylight hours or during low tide, being 250 

exposed to aerial conditions for longer periods than individuals in the lower intertidal 251 

zone, which remain cover by water during low tide. The intertidal zone can therefore be 252 

characterized in three distinct habitats: flats, marshes, and pans. Flats and marshes are 253 

located in the upper zone and they drain at low tide, though flats are free of vegetation 254 

and marshes are covered by cordgrass. Pans are free of vegetation but remain covered 255 

by water during low tide and are located close the seaward edge. Thermal, saline, and 256 

dehydration stress are strong selective forces occurring mainly in the upper intertidal 257 

area (flats and marshes; Bourdeau et al., 2015; Denny & Paine, 1998) whereas these 258 

inducing agents are weaker in pans, which exhibit low environmental stress condition 259 

(Fig. S1).  260 

 261 
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Biotic agents also vary along the vertical distribution of the intertidal zone (Fig. S1). On 262 

the one hand, the grapsid crab Neohelice granulata is one of the most abundant 263 

macroinvertebrates of intertidal areas of the SW Atlantic estuaries where it commonly 264 

inhabits the upper vegetated area (marshes) but uses the entire intertidal zone (Alvarez 265 

et al., 2013; Angeletti & Cervellini, 2015; Angeletti, Lescano, & Cervellini, 2014; 266 

Spivak, Anger, Luppi, Bas, & Ismael, 1994). This burrowing crab could exert a strong 267 

pressure on Heleobia australis since it can drastically reduce snail density in vegetated 268 

areas due to an intense bioturbation activity (Alvarez et al., 2013; Angeletti & 269 

Cervellini, 2015; Angeletti et al., 2014; Spivak et al., 1994) and/or through snail 270 

predation (Barutot, D’Incao, & Fonseca, 2011; D’Incao, Silva, Ruffino, & Braga, 1990). 271 

On the other hand, parasite pressure also differs along the intertidal zone. Trematode 272 

infection not only inevitably leads to snail castration reducing its fitness to zero (Alda et 273 

al., 2019) but also gives rise to smaller shell-sized morphs for infected snails (Alda et 274 

al., 2010). The prevalence (percentage of individuals infected) of trematodes is higher in 275 

the lower area of the intertidal zone, where parasite infection is predominately caused 276 

by one extremely prevalent trematode, Microphallus simillimus. Such pressure is 277 

stronger in pans than in flats and marshes because prolonged submersion times allow 278 

snails to increase time spent foraging and thus ingesting parasite eggs (Alda et al., 279 

2019).  280 

 281 

Field sampling and laboratory procedure  282 

We sampled individuals of the intertidal mud snail H. australis in summer (March 6), 283 

autumn (July 15), winter (September 20), and spring (December 7) of 2012 in a one-284 

hectare plot. We randomly took nine samples from each habitat (flats, marshes, and 285 

pans) with 10 cm diameter and 2 cm deep circular samplers (Area = 78.5 cm2). Snails 286 

were sieved from the sediment through a 1 mm-mesh, then transported alive to the lab, 287 

kept in aquaria, and fed ad libitum with flake fish food.  288 

 289 

All 10,367 snails were used to estimate snail density and were also photographed using 290 

a camera attached to a dissecting microscope to analyze shell and aperture 291 

morphometric (see below). A random subset of snails (n = 6,250) was used to account 292 

for infected and uninfected snails (hereafter infection status) in each habitat. The 293 

remaining uncrushed snails were used to estimate snail shell and body weight (n = 294 
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3,057; see below) and parasite biomass (n = 1,060; N. Bonel and P. Alda, unpublished 295 

data). 296 

 297 

Snail density and infection status  298 

To test how contrasting habitat conditions affected snail density, we counted all 299 

sampled individuals per habitat and sampling date to analyze spatial and temporal 300 

variation of snail density. Then, to determine infection status, snails from each habitat 301 

were crushed using a mortar and a pestle, tissue was examined under a dissecting 302 

microscope, and trematodes were identified under a compound microscope following 303 

Alda & Martorelli (2014). Previous studies show that the most prevalent parasite in the 304 

study area is Microphallus simillimus (Microphallidae), which makes up 87% of the 305 

overall prevalence (Alda et al., 2019; Alda & Martorelli, 2014). This parasite has life 306 

history traits such as abbreviated life cycle (the same snail host can serve as the first- 307 

and second-intermediate host), meaning that once snails ingest parasite eggs, the 308 

metacercariae encyst within the sporocyst in the infected snail, thereby maximizing 309 

transmission success (Alda & Martorelli, 2014). One possible approach to the 310 

contribution of parasites to the phenotypic variance in host populations is to compare 311 

phenotypic responses of uninfected and infected hosts maintained under identical 312 

conditions (Poulin & Thomas, 1999). Thus, to test for this, we only considered snails 313 

infected by the most prevalent trematode M. simillimus and also from pans (the habitat 314 

with the highest prevalence; Alda et al., 2019), which implies that both infected and 315 

uninfected snails grew in the same environmental conditions. By doing so, we can 316 

ensure that differences in phenotypic responses can only be attributed to M. simillimus 317 

effect and not caused by other trematodes or habitat stress conditions.  318 

 319 

As older hosts have greater cumulative risk of infection than do young hosts, each 320 

sample should be standardized by age, collected at the same time from an area in which 321 

hosts are likely to mingle and where they have experienced relatively uniform risks of 322 

infection (Lafferty, Sammond, & Kuris, 1994). We therefore identified age cohorts by 323 

means of the length-frequency distributions in each sampling date and habitat and 324 

removed those individuals outside the lower 95% confidence limit of the cohort with 325 

larger individuals (see Appendix S1 in Supporting Information, ‘Snail length-frequency 326 

distribution and cohort identification’ for details; Fig. S2).  327 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.10.06.327767doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.06.327767


11 
 

 

 328 

Shell and aperture morphometric 329 

To analyze variation in shell morphometric across habitat conditions and infection 330 

status, we measured four linear variables from each photograph using ImageJ software: 331 

shell length (SL), shell width (SW), aperture length (AL), and aperture width (AW). We 332 

followed this approach rather than the geometric morphometric analysis because it 333 

allowed us for measuring a larger number of individuals (i.e.; 10,367 snails). Similar to 334 

some other caenogastropod species (e.g. Littoridina sp.), the shell of H. australis is 335 

generally small and conical and the axis of coiling lying at an angle of about 45º above 336 

the plane of the elliptical aperture (Hershler & Thompson, 1992; Vermeij, 1973). We 337 

thus used SL and SW to calculate the shell size by calculating the volume of a cone: 338 

 339 

Shell size: Volume of a cone = 1/3 π (SW/2)2 SL 340 

 341 

To analyze the shell shape, we estimated the SL to SW ratio. Likewise, we analyzed 342 

aperture shape by calculating the AL to AW ratio. We used AL and AW to calculate 343 

aperture size by calculating the area of an ellipse: 344 

 345 

Aperture size: Area of ellipse = (AL/2) (AW/2) π 346 

 347 

Shell thickness and body mass  348 

To test whether snails subjected to a stronger predation pressure exhibit thicker shells, 349 

(considered to be a shell defense trait against predators as it is more resistant to 350 

crushing; Bourdeau et al., 2015; Dillon et al., 2013; Johannesson, 2003) and whether 351 

contrasting environmental stress conditions affected body mass, we estimated and 352 

compared shell weight and ash-free dry-weight among habitats. We used a subsample of 353 

individuals (n = 70), representative of the population shell length-frequency 354 

distributions obtained previously for all individuals sampled on each date and habitat. 355 

We removed sediment and epibiota with a scouring pad before weighing and measuring 356 

the organic content of the snail as ash-free dry weight (AFDW, calculated as the 357 

difference between the dry weight and the weight of the incombustible component of 358 

the shell), which was considered as body mass. To achieve this, we dried snails 359 

individually in porcelain crucibles for 48 h at 60 °C, weighed them with a digital scale 360 
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(precision 0.1 mg), ashed the snails for 5 h in a muffle furnace at 500 °C and then 361 

reweighed them (Bonel & Lorda, 2015). The ash shell weight (the incombustible 362 

component of the shell) was considered to be an equivalent of shell thickness and used 363 

to estimate and compare its variation among individuals along the vertical gradient of 364 

the intertidal area.  365 

 366 

Variation in penis size  367 

To test for differences in genital morphology, we analyzed variation in the penis size 368 

and morphology of individuals from contrasting habitats conditions living in sympatry 369 

but raised in common garden laboratory conditions. We sampled snails of H. australis 370 

from the three distinct habitats of the intertidal area of the Villa del Mar saltmarsh-371 

mudflat in November (Spring) of 2017. Snails were transported to the lab and they were 372 

split into adults and juveniles based on their shell-length distribution (as mentioned 373 

above). Adults were preserved in alcohol 96% and used to conduct molecular analysis. 374 

Juveniles were kept them in three different aquaria (one for each habitat) in common 375 

garden laboratory conditions (12:12 photoperiod, 25 ºC, water salinity 30 PSU, and ad 376 

libitum food in the form of boiled ground lettuce) for 21 months, which ensured that all 377 

individuals considered in the analysis were adults. Prior to dissection, we collected, on 378 

average, 30 snails from each aquaria and preserved them in the Railliet–Henry’s 379 

solution (930 ml distilled water, 6 g NaCl [0.85%], 50 ml formaldehyde [37%], 20 ml 380 

glacial acetic acid). Then, they were all dissected under the dissecting microscope and 381 

the reproductive system of ca. 15 males per aquarium was drawn using a camera lucida 382 

attachment (Pointier, Noya, Amarista, & Théron, 2004). These were scanned and the 383 

penis surface area was calculated using the ImageJ software. Shells were photographed 384 

and analyzed as mentioned above to estimate shell size and shape.  385 

 386 

COI analysis 387 

To confirm that individuals living in these contrasting habitats belong to the same 388 

species and not to a species complex, we conducted molecular analyses by amplifying 389 

the cytochrome oxidase subunit 1 (COI) gene in 10 individuals sampled from each of 390 

the three sites. Then, we built a gene tree and a haplotype network to verify if 391 

individuals gather in clusters depending on the habitat they come from. We also applied 392 

a species-delimitation method: Automatic Barcode Gap Detection (ABGD; Puillandre, 393 
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Lambert, Brouillet, & Achaz, 2012). ABGD detects barcode gaps, which can be 394 

observed whenever the divergence among organisms belonging to the same species is 395 

smaller than divergence among organisms from different species (see Supporting 396 

Information for specific details on these procedures).  397 

 398 

Statistical analyses 399 

To test for spatial and temporal variation of snail density, we performed a two-way 400 

ANOVA including habitats (flats, marshes, and pans) and seasons (summer, autumn, 401 

winter, spring) as fixed effect, and their interaction. We transformed density (natural-402 

log) data to meet assumptions of normality and homoscedasticity.  403 

 404 

To test for phenotypic variation in shell characters, we defined three categories (cat.) of 405 

snails that comprised: (i) uninfected adults, (ii) infected adults, and (iii) uninfected 406 

juveniles. These three categories (cat. i–iii) were considered to test whether contrasting 407 

(a)biotic stress conditions (environmental stress and crab predation) induced variation in 408 

shell traits (morphometric and thickness) and body mass. To evaluate the effect exerted 409 

by the trematode Microphallus simillimus on shell morphometry of Heleobia australis 410 

from pans (the habitat with the highest prevalence), we created a fourth category that 411 

included uninfected and infected adult snails (cat. iv). We performed four Principal 412 

Components Analyses (PCAs) to visualize the main components of the morphological 413 

shell variation for each snail category. Then, we tested for differences in shell 414 

morphology (size and shape of the shell and aperture) by fitting independent linear 415 

mixed models (LMMs), with a Gaussian error distribution, for the above-mentioned 416 

four categories (cat. i–iv).  417 

 418 

To test the effect of habitat conditions on shell traits (cat. i–iii), we considered habitat as 419 

a fixed effect. To test for morphometric differences between infected and uninfected 420 

(cat. iv), we included infection status (infected and uninfected) as a fixed effect as we 421 

only considered individuals from one habitat (i.e. same habitat conditions for infected 422 

and uninfected snails). For all the four categories (cat. i–iv), we included sex (male and 423 

female) as a fixed factor (and its interaction with infection status or habitat). We added 424 

sampling season as a random factor in all models as it can explain a significant portion 425 

of the variance in measured variables. Likewise, we also considered shell size as a 426 
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covariate when testing for shell and aperture shape, but the models were all ran with and 427 

without this effect to check the extent to which the effects were mediated by shell size. 428 

We also incorporated shell size as a covariate when testing for shell thickness and body 429 

weight (by means of LMMs) and estimates were statistically corrected for variation that 430 

could be explained by the covariate. Statistical significance of the fixed effects was 431 

obtained from model comparisons using likelihood-ratio tests. Random effects were 432 

separately tested using chi-square likelihood-ratio tests with the corrections indicated by 433 

Zuur (2009). To test for differences in penis size (area of the penis), we performed a 434 

linear model with habitat as a factor and we added shell size (volume) as a covariate, 435 

which was used to statistically correct estimates for variation explained by the covariate. 436 

All individuals analyzed were free of parasites, meaning that the differences found are 437 

not due to parasite effect.  438 

 439 

Post-hoc tests were performed when the effects were significant (P <0.05), using Holm-440 

Bonferroni correction for multiple testing to compare their effects. Values are given as 441 

means ± 1 SE unless otherwise stated. All analyses and figures were performed with R 442 

v.3.3.3 packages lme4 (Bates, Mächler, Bolker, & Walker, 2014), nlme (Pinheiro, Bates, 443 

DebRoy, Sarkar, & R Core Team, 2017), car (Fox et al., 2011), effects (Fox, 2003), 444 

MASS (Ripley et al., 2013), plyr (Wickham, 2011), dplyr (Wickham, François, Henry, 445 

& Müller, 2019), devtools (Wickham, Hester, & Chang, 2019), ggbiplot (Vu, 2011), 446 

psych (Revelle, 2018), ggplot2 (Wickham & Chang, 2008), and outliers (Komsta, 447 

2011). 448 

 449 

Results 450 

Overview  451 

Overall, the mud snail Heleobia australis showed a strong variation in snail density and 452 

a remarkable variation in several traits linked to contrasting (a)biotic selective pressures 453 

(environmental stress, predation, or parasite infection) occurring along the vertical 454 

zonation of the intertidal area. Tables 1 to 3 summarize descriptive statistics on density 455 

and shell traits measured for the first and fourth snail categories (cat. i and iv). In the 456 

appendix, we reported results of the snail density split by age classes (juvenile and 457 

adult; Table S1), principal components analyses (Table S2), descriptive statistics and 458 
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the linear mixed models for the four snail categories on shell traits (Tables S3–S8) and 459 

for shell weight and body mass (Table S9). 460 

 461 

Strong habitat and seasonal effect on snail density  462 

We found spatial differences in total density (including juveniles and adult snails; Table 463 

1; Fig. 1). We observed no significant interaction between habitats and seasons (F(6, 106) 464 

= 1.56, P = 0.167). Marshes showed the lowest density whereas flats and pans showed a 465 

marginal non-significant difference (Table 1). We found significant differences between 466 

seasons (Table 1). Density was higher in spring than in autumn, winter, and summer 467 

(Table 1). Snail density in autumn did not differ from that of summer or winter, these 468 

latter two being not different either (Table 1), but it largely increased from autumn to 469 

spring (particularly in pans as compared to flats and marshes). This increase across 470 

seasons was mainly driven by juvenile recruitment (Table S1; Fig. S3). By contrast, the 471 

effect of habitat conditions and seasons on adult density showed a significant interaction 472 

because density was higher in pans from autumn to winter whereas it decreased in 473 

marshes for the same period, and in flats it decreased from summer to autumn and the 474 

than remained fairly constant (Table S1; Fig. S3). 475 

 476 

Main components of the morphological shell variation within each snail group  477 

For each of the snail categories (cat. i–iv), principal component analyses decomposed 478 

the shell morphometric measures (shell and apertures size and shape) into four principal 479 

components of which the first two explained, overall, more than 73% of the variance in 480 

the original data (Table S2; Fig. S4). The component loadings showed that the shell and 481 

aperture size are highly correlated one another and with PC1, whereas PC2 highly 482 

contrast shell shape with aperture shape. In other words, the first component was 483 

strongly correlated with size indices, and the second component with shape (further 484 

details in Table S2). The distribution of individual data points from flats and marshes 485 

highly overlapped, and this was consistent in all the three snail categories (cat. i–iii). 486 

This constituted one group that clearly differed from the other group of data points that 487 

was composed by individual observations from pans (Fig. S2). Likewise, the scatter of 488 

the data showed two groups when decomposing the variation of morphometric measures 489 

between infected and uninfected adult snails (cat. iv).  490 

 491 
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Strong habitat effect on shell morphometric 492 

The morphometric responses to habitat conditions were similar in all the three snail 493 

categories analyzed (cat. i–iii). For simplicity, we present results and figures only for 494 

uninfected adult snails (cat. i) in the main text and those for infected adults (cat. ii) and 495 

juvenile snails (cat. iii) are shown in Supporting Information (Tables S4-S7; Figs. S5-496 

S6). 497 

 498 

Shell size  499 

We found a significant interaction between fixed effects (habitat and sex; X2
2 = 8.42, P 500 

= 0.015). This was mainly driven by differences in this trait between sexes in pans, 501 

whereas such difference between males and females was not detected in snails from 502 

flats and marshes. In other words, males exhibited a larger shell size (mm3) compared to 503 

females in pans, meaning that the sex effect was much stronger in creating size 504 

differences between sexes compared to flats and marshes where the sex effect was 505 

weaker resulting in no difference in size between sexes. By contrast, the effect of habitat 506 

conditions was stronger in both sexes. Both male and female snails from flats and 507 

marshes showed a smaller shell size (a decrease of 12 and 22 % in shell size; 508 

respectively) relative to individuals from pans (Tables 2 and S3; Fig. 2).  509 

 510 

Shell shape  511 

The interaction between fixed effects was significant (X2
2 = 8.20, P = 0.017), but when 512 

we statistically corrected for shell size, it became marginally non-significant (X2
2 = 513 

5.69, P = 0.058). Snails from pans (sex pooled) exhibited the most elongated shells 514 

relative to individuals from marshes and flats. At the sex level (habitats pooled), males 515 

had a more elongated shell shape than females (Table 2 and S3; Fig. 2).  516 

 517 

Aperture size 518 

We found a strong habitat and sex effect on aperture size; the interaction between these 519 

variables was not significant (X2
2 = 3.05, P = 0.217). Across habitats (sex pooled), 520 

snails from pans showed the largest aperture size (mm2) whereas in flats and marshes it 521 

was 9 to 12% smaller, respectively. Moreover, we observed a significant difference in 522 

aperture size between sexes (habitats pooled), males had bigger apertures than females 523 

and this difference was consistent across habitats (Table 2 and S3; Fig. 2).  524 
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 525 

Aperture shape  526 

We found no significant difference in aperture shape between sexes (X2
1 = 0.65, P = 527 

0.724), and this pattern was similar even after correcting for shell size (X2
2 = 2.20, P = 528 

0.333). However, individuals from pans (sex pooled) showed the most rounded shape 529 

relative to those from flats and marshes, which showed a more elongated aperture shape 530 

(Table 2 and S3; Fig. 2). 531 

 532 

Pronounced trematode effect on shell morphometric 533 

Infection caused by the trematode M. simillimus strongly shifted the mean value of most 534 

phenotypic traits of H. australis to lower values when comparing infected and 535 

uninfected snails from pans.  536 

 537 

Shell size  538 

Shell size of infected snails (sex pooled) decreased 10% relative to uninfected ones, 539 

whereas females (infection status pooled) were 5% smaller than males (Table 3; Fig. 3). 540 

We found no significant interaction between the fixed effects (status and sex; X2
1 = 541 

0.70, P = 0.402). 542 

 543 

Shell shape 544 

We found a significant interaction between status and sex (X2
1 = 15.86, P <0.001). This 545 

was because, at the status level, uninfected males were more elongated (or exhibited 546 

higher SL to SW ratio) than uninfected females, but infected males and females showed 547 

no difference in shell shape. We found the same pattern at the sex level; that is, infected 548 

male and female snails have a more elongated shell relative to uninfected male and 549 

female individuals (Table 3; Fig. 3).  550 

 551 

Aperture size 552 

We observed a strong effect of infection status and sex in aperture size. Infected snails 553 

(sex pooled) and females (status pooled) had a smaller aperture than uninfected and 554 

male snails (15 and 3% respectively; Table 3; Fig. 3). We found no significant 555 

interaction between fixed effects (X2
1 = 2e-04, P = 0.990). 556 

 557 
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Aperture shape 558 

Uninfected snails exhibited a more elongate aperture shape (higher AL to AW ratio) 559 

than infected individuals whereas we found no sex effect on this shell trait (Table 3; 560 

Fig. 3). We found no significant interaction between fixed effects and no sex effect on 561 

aperture shape, even after correcting by shell size (X2
1 = 0.33, P = 0.564). 562 

 563 

Thicker shells and lower body mass in habitats with high (a)biotic stress 564 

We found that snails differed in shell weight (~ thickness) across habitats (X2
2 = 48.93, 565 

P <0.001). Snails from pans showed the thinnest shells (11.53±0.23 mg) compared to 566 

snails from marshes (12.54±0.15 mg; PPans<Marshes <0.001) and flats (12.00±0.15 mg; 567 

PPans<Flats = 0.001). By contrast, in marshes individuals showed the heaviest/thickest 568 

shells (PMarshes>Flats <0.001; Fig. 4). Body mass also differed across habitats (X2
2 = 19.67, 569 

P <0.001). Snails from pans exhibited the heaviest body mass (0.50±0.05 mg) relative 570 

to individuals from marshes (0.32±0.03 mg) and flats (0.33±0.04 mg) (PPans>Marshes 571 

<0.001; PPans>Flats <0.001), which showed no differences in body weight (PMarshes<Flats = 572 

0.390; Fig. 4). Further details on observations, corrected and uncorrected mean values, 573 

and statistics are indicated in the appendix (Table S9; Fig. S7).  574 

 575 

Variation in penis size  576 

The penis shape confirmed that individuals from each habitat of the Bahía Blanca 577 

estuary belong to the same species (Fig. S8; Gaillard & Castellanos, 1976). We found, 578 

however, a clear difference in penis size (F(2, 39) = 8.42, P <0.001). Individuals from 579 

marshes showed the largest size relative to flats (Pflats<marshes <0.001) and pans 580 

(Ppans<marshes = 0.034); snails collected from these two habitats showed a marginal non-581 

significant difference (Pflats<pans=0.090; Fig. 5). We found no significant effect of shell 582 

size, meaning that differences in penis size were not due differences in individual’s shell 583 

size (F(1, 39) = 0.27, P=0.608). Further, we found no differences in shell shape, even after 584 

controlling by shell size (F(2, 43) = 0.851, P = 0.435). 585 

 586 

Molecular analysis of the cytochrome oxidase subunit 1 (COI) gene 587 

The species-delimitation analysis implemented in ABGD found only one partition (prior 588 

maximal distance, P=0.001) that confirmed that the individuals here studied constitute a 589 

single Heleobia species, which is in agreement with the similar penis shape found 590 
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among habitats. In fact, we did not observe any type of structure among individuals. 591 

The gene tree and haplotype network showed that individuals did not gather in clusters 592 

depending on the habitat they come from (Figs. S9-S10).  593 

 594 

Discussion 595 

This study provides clear evidence of ecological and phenotypic trait variation in 596 

response to contrasting biotic and abiotic conditions at a local scale. Snail density and 597 

most of mean values of phenotypic traits measured shifted to lower values in habitats 598 

with high physical stress conditions (flats and marshes), crab-predation (marshes), and 599 

parasite (pans) pressure (summarized in Fig. 6). The pronounced phenotypic 600 

differentiation in Heleobia australis is all the more remarkable because it occurred at a 601 

very small geographical scale, which is rarely documented for a wide-dispersing 602 

species. These findings support the standpoint that this species might have experienced 603 

a fine-grained environment where the combined effect of directional selection and 604 

plasticity led to the evolution of locally adapted phenotypes in response to contrasting 605 

selection pressures.  606 

 607 

Reduced snail density under high environmental and predatory stress  608 

Density of Heleobia australis was the lowest in marshes (vegetated area that drains at 609 

low tide) relative to flats (unvegetated area that drains at low tide) and pans (covered by 610 

water at low tide) whereas flats and pans showed no difference. However, when 611 

analyzed by age classes, adult density was higher in pans during winter but remarkably 612 

low in marshes, even compared to flats (both habitats from the upper area). This is 613 

consistent with the idea that prolonged submersion times could increase the survival 614 

rate of snails during harsh climatic conditions (Fig. S3). As for juvenile snails, their 615 

density increased during winter season in all the three habitats (Fig. S3). This was 616 

somehow unexpected as we hypothesized that intense environmental stress in the upper 617 

area of the intertidal zone, combined with harsh climatic conditions, could strongly 618 

decrease their survival rate affecting their abundance. It is puzzling, however, that 619 

density in marshes was low relative to flats because H. australis is positively associated 620 

to marsh plants (the smooth cordgrass Spartina alterniflora, which dominates the lower 621 

marsh), as they buffer physical stress factors (thermal and dehydration stress) relative to 622 
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uncovered areas, promoting snail aggregation (Canepuccia et al., 2007 and references 623 

therein).  624 

 625 

One possible explanation for the low density in marshes, relative to flats, is if this 626 

resulted from a negative interaction between H. australis and the grapsid crab Neohelice 627 

granulata, whose aggregation is also facilitated by marsh plants (Alvarez et al., 2013; 628 

Angeletti & Cervellini, 2015; Angeletti et al., 2014; Spivak et al., 1994) where it attains 629 

density peaks in late spring and early summer but it is absent throughout the year in 630 

unvegetated areas (flats or pans; Angeletti & Cervellini, 2015). It is therefore likely that 631 

the low density of H. australis in vegetated crab-rich habitats resulted from an increased 632 

bioturbation activity caused by N. granulata, particularly during that period of time 633 

(Alvarez et al., 2013). Another mutually non-exclusive hypothesis is that this difference 634 

between marshes and flats could result from a higher predation pressure caused by this 635 

crab (Barutot et al., 2011; D’Incao et al., 1990), in which case it might have induced 636 

predatory shell defenses as shell thickening or narrower apertures (Boulding & Hay, 637 

1993; Johannesson & Johannesson, 1996; Rolán-Alvarez, 2007; review by Bourdeau et 638 

al., 2015). Accordingly, snail from marshes exhibited a strong variation in shell 639 

characters that support this hypothesis, which we discuss later in this section.  640 

 641 

Snails exhibited larger, narrower, and thinner shells and heavier body mass in 642 

habitats with low stress conditions 643 

Snails subjected to different levels of stress showed a strong phenotypic variation. In all 644 

categories analyzed (cat. i–iii), individuals showed a clear shift in their phenotype likely 645 

in response to different selective pressures. Overall, the distribution of trait values 646 

tended to represent two distinct groups, one for flats and marshes and another for pans. 647 

Such responses seem to be primarily linked to the level of exposure to physical stress 648 

(temperature and salinity fluctuation and desiccation) of individuals during low tide. 649 

Prolonged submersion times enhance foraging times and the absorption of calcium 650 

carbonate from water increasing shell growth rate, which, in turn, gives rise to larger but 651 

more elongated shells (review by Chapman, 1995). As there is a maximal rate at which 652 

calcium carbonate can be absorbed from the water, rapidly growing individuals produce 653 

thinner shells for the same amount of body weight than slower growing individuals. 654 

This results in a larger internal volume allowing for accommodating a higher body 655 
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mass, which is related to higher growth rate favored by longer foraging times 656 

(Chapman, 1995; Kemp & Bertness, 1984; Palmer, 1981; Trussell, 2000a). 657 

Accordingly, snails that remain covered by water during low tide (pans) showed larger, 658 

narrower, and thinner shells and heavier body mass relative to individuals from habitats 659 

with high environmental stress conditions (flats and marshes). As higher body weight is 660 

directly linked to higher fecundity (i.e. egg production; Fredensborg et al., 2006), it is 661 

therefore likely that the heaviest body weight of individuals from pans is related to a 662 

higher recruitment, which would explain the increased juvenile abundance compared to 663 

flats and marshes (Fig. S3).  664 

 665 

Juvenile and adult snails from flats and marshes showed a smaller aperture size (smaller 666 

aperture surface area) with respect to individuals from pans. It could be that higher 667 

environmental stress conditions favored the expression of a smaller aperture size as a 668 

potentially beneficial trait increasing resistance to high desiccation in these habitats that 669 

drain at low tide. This is consistent with other studies showing that the size of the shell 670 

aperture in gastropods is smaller in response to hot and dry conditions (Chapman, 1995; 671 

Machin, 1967; Melatunan et al., 2013; Schweizer et al., 2019; Vermeij, 1973). 672 

Moreover, individuals from flats and marshes showed thicker shells and lower body 673 

mass. Shell thickening could be due to a higher deposition of calcium carbonate at a 674 

slow grow rate (likely in response to unfavorable conditions in more exposed habitats 675 

from the upper intertidal) that traded off against investment in body mass.  676 

 677 

Crab predation pressure would favor the expression of shell defenses in Heleobia 678 

australis 679 

Snails from marshes showed a more rounded and thicker shell, reduced body mass, and 680 

a narrow aperture shape for three snail categories analyzed (cat. i–iii). Such 681 

characteristics are consistent with shell defenses probably induced by the high presence 682 

of the predatory crab Neohelice granulata in that habitat in particular (e.g. Appleton & 683 

Palmer, 1988; Bourdeau et al., 2015; Palmer, 1990). Considering that crushing 684 

predators exert a strong selective pressure driving the evolution of behavioral, chemical, 685 

and morphological defense traits (Appleton & Palmer, 1988; Bourdeau et al., 2015; 686 

Johannesson, 2003; Palmer, 1990; Trussell, 2000b), our results, combined with its 687 

remarkably low density, support the hypothesis that predation pressure is stronger in 688 
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marshes than in flats and pans. Yet, specific information on whether crabs actively 689 

predates on H. australis is limited or inexistent. Earlier studies reported that N. 690 

granulata consumes mollusks but in a low frequency (Barutot et al., 2011; D’Incao et 691 

al., 1990). These studies, however, have used visual examination of gut/stomach 692 

contents. This procedure may have under-estimated true predation levels as crabs only 693 

eat the soft tissue after crushing/peeling the shell whereby the remains found in guts or 694 

stomach become unidentifiable due to maceration and digestion. Thus, further studies 695 

using molecular-based tools are needed for detecting the presence of Heleobia’s tissue 696 

in crab’s stomachs as an alternative or complementary approach to visual identification 697 

(e.g. Albaina et al., 2010; Collier, Fitzgerald, Hice, Frisk, & McElroy, 2014). By doing 698 

so, we would be able to establish the trophic link between these two species that is 699 

highly likely to exist. Evidence found in this study clearly reveals that H. australis 700 

phenotypically responded to the presence of predatory crabs, likely even early in life, as 701 

juveniles from marshes also showed a narrow aperture shape and a more rounded shell. 702 

Our results therefore warrant further investigation to understand the adaptive value of 703 

the plastic shell responses of gastropods induced by predators.  704 

 705 

Strong parasite effect on shell characters: a trade-off between growth and early 706 

reproduction 707 

Infected and uninfected snails from pans showed a clear phenotypic differentiation in 708 

shell traits. Trematode infection inevitably leads to snail host castration drastically 709 

reducing host fitness, which, in evolutionary terms, is equivalent to death of the host 710 

(Fredensborg et al., 2006; Lafferty, 1993). In this sense, being castrated by a parasite is 711 

similar as being eaten by a predator (Kuris, 1974). This means that parasitic castrators 712 

can exert a strong selective force that could favor the expression of behavioral, 713 

physiological, and morphological adaptations to minimize the negative impact of 714 

parasitism on host fitness (Lafferty, 1993). Early maturation, which results from fast 715 

growing individuals, is an effective strategy that increases current reproductive effort 716 

over future reproduction (Cole, 1954; Lewontin, 1965; Roff, 1992) which equals to 0 in 717 

castrated hosts. In Heleobia, castration caused by Microphallus can have a profound 718 

impact on snail fitness as this parasite shows an extensive host exploitation occupying 719 

the entire gonad and most of digestive gland (see Fig. S2 in Alda et al., 2019). Our 720 

results showed that infected snails had a more elongated shell shape but a smaller size 721 
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compared to uninfected snails. Despite infected snails were smaller, they exhibited the 722 

same number of whorls (six) as uninfected snails, which indicates that individuals 723 

analyzed were adults (Gaillard & Castellanos 1976). It could therefore be that the 724 

elongated shape resulted from an initial higher growth rate (review by Chapman, 1995) 725 

likely followed by an energy reallocation from growth to early reproduction (Agnew, 726 

Bedhomme, Haussy, & Michalakis, 1999; Lafferty, 1993), which could explain the 727 

smaller shell size compared to uninfected snails (Alda et al., 2010, 2019; this study). 728 

Infected snails also showed a smaller aperture size but a more rounded shape relative to 729 

uninfected individuals. This change in aperture size and shape could be a side effect of 730 

selection for high rate of shell growth (Boulding & Hay, 1993) induced by parasites. 731 

Together, these findings support the idea that infection by trematodes exerted a strong 732 

selective pressure on the snail host causing important shifts in the expression of shell 733 

traits towards lower mean values, creating a pronounced phenotypic difference between 734 

infected and uninfected snails (Poulin & Thomas, 1999). 735 

 736 

Difference in penis size in a single Heleobia species 737 

Interestingly, individuals from each habitat showed a clear variation in penis size, which 738 

is all the more remarkable as they were raised in common garden laboratory conditions 739 

(no habitat effect) and, when dissected, we observed that none of them was infected by 740 

parasites (no parasite effect). It could be that this variation resulted from different 741 

growth rates as well as the differences in shell shape observed for wild snails. However, 742 

we found no differences in shell shape, even after controlling by shell size, among male 743 

individuals reared in laboratory conditions. This result suggests that the differences in 744 

penis size might not be related to differences in growth rate. Future studies are therefore 745 

needed to exclude other processes (e.g. genetic differences) that may have contributed 746 

to this difference in penis size and to understand whether this genital divergence could 747 

be an indicative of pre-zygotic reproductive isolation among subpopulations of 748 

Heleobia australis living in sympatry (Hollander, Smadja, Butlin, & Reid, 2013; 749 

Kameda, Kawakita, & Kato, 2009). Despite the difference in size, its shape indicates 750 

that individuals from each subpopulation belong to the same species, more specifically 751 

to Heleobia australis australis (see Gaillard & Castellanos, 1976 for further detail on 752 

taxonomy). Accordingly, the protein-coding COI gene confirmed that specimens 753 

considered in this study constitute a single species.  754 
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 755 

Does the pronounced phenotypic differentiation in Heleobia australis reflect an 756 

adaptive evolutionary response to local selection pressures? 757 

The intertidal mud snail H. australis exhibited a strong phenotypic variation in shell 758 

morphology and other characteristics associated to contrasting biotic (parasitism and 759 

predation) and abiotic (high temperature, salinity, and desiccation stress) factors among 760 

habitats that are separated just a few meters away from each other within the intertidal 761 

area. Such phenotypic differentiation at a very small geographical scale has been rarely 762 

documented for a natural population of a wide-dispersing species. It does seem 763 

reasonable to interpret the observed variation as an adaptive phenotypic response to 764 

contrasting selection pressures occurring along the vertical gradient of the intertidal area 765 

(Levins, 1968; Pigliucci, 2001). Environmentally-induced phenotypic change has been 766 

reported for a large number of snail species (review by Bourdeau et al., 2015). The 767 

appearance of an environmentally induced novel phenotype relies on plasticity unique 768 

ability to generate an immediate phenotypic response to the surrounding habitat 769 

conditions (West-Eberhard, 2003). If genetic variation in plasticity exists (or arises), 770 

then an environmentally induced novel phenotype can be refined by selection on the 771 

expression of such phenotype through processes such as genetic accommodation or 772 

assimilation (see Pigliucci et al., 2006; Waddington, 1953; West-Eberhard, 1989, 2003, 773 

2005 for further details). Both processes are potentially relevant in fostering divergent 774 

phenotypes within populations and subsequently driving diversification (e.g. Pfennig et 775 

al., 2010 and references therein; Suzuki & Nijhout, 2006; West-Eberhard, 2003, 2005). 776 

Multilocus or genomic analyses are therefore needed to unveil whether the phenotypic 777 

differentiation of external and internal characters might have become genetically 778 

assimilated, likely due to by local disruption to dispersal caused by environmental stress 779 

conditions thereby increasing localized recruitment (e.g. Parsons, 1997; Struhsaker, 780 

1968). If so, the individuals studied herein would be part of a species complex that have 781 

recently diverged, which would explain why individuals showed, for instance, 782 

differences in the genital morphology but did not cluster when analyzing the conserved 783 

COI gene (Janzen et al., 2017; Matos�Maraví, Wahlberg, Antonelli, & Penz, 2019). 784 

 785 

Conclusion 786 
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Our results show a remarkable shift in the expression of phenotypic traits, even early in 787 

life, in response to strong selective pressures exerted by biotic (parasites, predation) and 788 

abiotic (temperature, salinity, desiccation) stressors, which also affected ecological 789 

processes such as snail density (summarized in Fig. 6) in a natural population at a very 790 

small geographical scale. While this study was not designed to test for an adaptive basis 791 

to phenotypic variation, these findings provide a reasonable ground for advocating that 792 

H. australis benefited from the combined effect of directional selection (likely through 793 

genetic assimilation) and plasticity to evolve locally adapted phenotypes to contrasting 794 

habitat conditions. The demonstration of the adaptive nature of these differences in life 795 

history features will be the object of a future study.  796 
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Tables  1100 

Table 1. Summary of means (±SE) and statistical significance of the two-way ANOVA testing for habitat and seasonal effect on total snail 1101 

density (ind./per sample; one sample being 78.5 cm-2) of the intertidal mud snail Heleobia australis from the Bahía Blanca estuary, Argentina. 1102 

Number of samples are indicated between parentheses. Value in bold indicate overall mean. We reported raw estimates whereas the model fits 1103 

for Ln-transformed density. See Methods section for details.  1104 

 1105 

 1106 

∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001. We applied the Holm-Bonferroni correction for multiple testing when comparing effect sizes.1107 

Habitats Season effect
Flats (F) Marshes (M) Pans (P)

Summer (Su) 132±17 (9) 52±14 (9) 128±20 (9) 104±12 (27) F (2, 106)  = 15.48*** P vs. M 5.49*** F (3, 106)  = 6.22*** Au vs. Sp 4.26***

Autumn (Au) 65±13 (9) 87±42 (9) 70±14 (9) 74±15 (27) M vs . F -3.54*** Wi vs. Sp 2.69*
Winter (Wi) 92±20 (8) 70±24 (9) 206±30 (9) 124±18 (26) P vs. F 1.91 Su vs. Sp 2.57*
Spring (Sp) 187±36 (9) 114±36 (9) 317±34 (9) 206±26 (27) Su vs. Au 1.68

Au vs. Wi 1.53
Mean by Habitat 120±14 (35) 81±15 (36) 180±20 (36) 127±10 (107) Su vs. Wi 0.14

Total 
density

Habitat 
comparison

Effect 
size

Season 
comparison

Effect 
size

Seasons Mean by 
Season

Habitat effect
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Table 2. Uninfected adult snails. Summary of means (±SE) and statistical significance of habitat and sex effect on shell and aperture 1108 

morphometry of uninfected adult individuals of the mud snail Heleobia australis from the intertidal area of the Bahía Blanca estuary, Argentina. 1109 

Variables are the same as indicated in table 2. Number of observations are indicated between parentheses, which are only shown for shell size but 1110 

are the same for other traits measured.  1111 

 1112 

 1113 

 1114 

Ф As there was a significant interaction between Habitat and Sex when testing shell size, we report effect sizes separately for this trait.  1115 

† We report estimates of shell shape corrected for shell size, as the pattern observed was not the same when removing the covariate from the model.  1116 

∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001. We applied the Holm-Bonferroni correction for multiple testing when comparing effect sizes 1117 

 1118 

Sex pooled Sex effect
Males (♂) Females (♀)

Flats (F) 6.19±0.18 (388) 6.17±0.18 (396) 6.17±0.16 (784) Males P vs. F 17.91*** Flats
Marshes (M) 6.78±0.13 (266) 6.64±0.11 (245) 6.71±0.11 (511) X 2

2 = 346.22*** P vs. M 11.01*** X 1
2 =0.20; n.s. ♂ vs.♀ 0.50

Pans (P) 7.97±0.36 (600) 7.55±0.40 (738) 7.74±0.40 (1338) M vs . F 4.08*** Marshes

Habitats pooled 7.14±0.22 (1254) 6.95±0.25 (1379) Females P vs. F 15.20*** X 1
2 =1.57; n.s. ♂ vs.♀ 1.25

X 2
2 = 249.33*** P vs. M 9.01*** Pans

M vs . F 3.62*** X 1
2 =24.30*** ♂ vs.♀ 4.93***

Flats 2.27±0.02 2.26±0.02 2.27±0.02 X 2
2 = 101.02*** P vs. F 10.13*** X 1

2 = 29.02*** ♂ vs.♀ 5.39***
Marshes 2.32±0.01 2.29±0.01 2.31±0.01 P vs. M 5.31***
Pans 2.35±0.01 2.31±0.01 2.33±0.01 M vs . F 3.61***

Habitats pooled 2.32±0.01 2.29±0.01

Flats 1.82±0.05 1.83±0.06 1.82±0.05 X 2
2 = 362.62*** P vs. F 17.10*** X 1

2 = 8.54** ♂ vs.♀ 2.93**
Marshes 1.90±0.04 1.86±0.03 1.88±0.03 P vs. M 12.79***
Pans 2.10±0.09 2.05±0.10 2.07±0.09 M vs . F 1.63

Habitats pooled 1.97±0.06 1.94±0.07

Flats 1.73±0.03 1.73±0.03 1.73±0.03 X 2
2 = 535.73*** P vs. F -22.91*** X 1

2 =0.04; n.s. ♂ vs.♀ -0.20
Marshes 1.70±0.02 1.71±0.01 1.70±0.02 P vs. M -15.35***
Pans 1.60±0.02 1.60±0.02 1.60±0.02 M vs . F -3.86***

Habitats pooled 1.66±0.02 1.66±0.03

Effect 
size

Aperture 
size

Shell size Ф 

Shell shape  
†

Habitat effect Habitat 
comparison

Effect 
size

Aperture 
shape

Traits 
measured

Habitat type Sex Sex 
comparison
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Table 3. Infected vs. Uninfected adult snails. Summary of means (±SE) and statistical significance of status (infected of uninfected) and sex 1119 

effect on shell and aperture morphometry of the intertidal mud snail Heleobia australis from the Bahía Blanca estuary, Argentina. In these 1120 

analyses we only considered individuals from pans, which allowed for preventing habitat effect on morphometry. Shell size estimated as the 1121 

volume of a cone (mm3), shell shape as the length to width ratio (SL/SW), aperture size as the area of an ellipse (mm2), and aperture shape as the 1122 

ratio between aperture length and width (AL/AW). Number of observations are indicated between parentheses, which are only shown for shell 1123 

size but are the same for other traits measured.  1124 

 1125 

 1126 

 1127 

Ф As there was a significant interaction between Status and Sex when testing shell shape, we report effect sizes separately for this trait.  1128 

 ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001. We applied the Holm-Bonferroni correction for multiple testing when comparing effect sizes.1129 

Sex pooled Sex Effect
Male (♂) Female (♀)

Uninfected (U) 7.97±0.36 (600) 7.55±0.40 (738) 7.74±0.38 (1338) X 1
2 = 149.69*** U vs. I 12.42*** X 1

2 = 31.68*** ♂ vs.♀ 5.65***
Infected (I) 7.01±0.14 (432) 6.76±0.20 (573) 6.86±0.16 (1005)

Status pooled 7.59±0.28 (1032) 7.22±0.32 (1311)

Uninfected 2.36±0.01 2.32±0.01 2.34±0.01 Males Uninfected
Infected 2.40±0.01 2.39±0.02 2.40±0.01 X 1

2 = 11.82*** U vs. I  3.43*** X 1
2 = 37.51*** ♂ vs.♀  6.12***

Status pooled 2.38±0.01 2.35±0.01

Females Infected

X 1
2 = 99.50*** U vs. I 9.98*** X 1

2 = 0.09; n.s. ♂ vs.♀ -0.30

Uninfected 2.10±0.09 2.05±0.10 2.07±0.09 X 1
2 = 408.65*** U vs. I 21.11*** X 1

2 = 14.95*** ♂ vs.♀  3.88***
Infected 1.80±0.04 1.76±0.06 1.77±0.05

Status pooled 1.98±0.07 1.92±0.08

Uninfected 1.60±0.02 1.60±0.02 1.60±0.02 X 1
2 = 60.57*** U vs. I 7.83** X 2

1 = 1.3e-3; n.s. ♂ vs.♀ 0.03
Infected 1.56±0.02 1.56±0.02 1.56±0.02

Status pooled 1.58±0.02 1.58±0.02

Aperture 
shape

Traits 
measured

Habitat type Sex Status effect Sex 
comparison

Effect 
size

Shell size

Shell shape 
Ф

Aperture 
size 
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comparison

Effect 
size
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Figure Captions 1130 

Figure 1. Variation in total density (juveniles and adults pooled) of the planktotrophic 1131 

snail Heleobia australis across habitats and seasons in the intertidal area of the Bahía 1132 

Blanca estuary, Argentina. Bars represent ± 1 SE. 1133 

 1134 

Figure 2. Phenotypic variation in shell and aperture morphometrics of uninfected adult 1135 

snails Heleobia australis (cat. i) in the Bahía Blanca estuary, Argentina. Blue and red 1136 

dots indicate mean values of each variable and sex in each habitat (flats, marshes, and 1137 

pans). Mean values of shell shape were statistically corrected for shell size. Bars 1138 

represent ± 1 SE. 1139 

 1140 

Figure 3. Phenotypic variation in shell and aperture morphometrics of infected and 1141 

uninfected adult snails Heleobia australis (cat. iv) in response to a strong parasite 1142 

pressure from a habitat with low environmental stress conditions but high parasite 1143 

prevalence (pans) in the Bahía Blanca estuary, Argentina. Blue and red dots indicate 1144 

mean values of each variable and sex (males and females, respectively). Mean values of 1145 

aperture size were statistically corrected for shell size. Bars represent ± 1 SE. 1146 

 1147 

Figure 4. Shell weight (as a proxy of thickness) and body mass variation of the 1148 

intertidal mud snail Heleobia australis across habitats with different biotic and abiotic 1149 

selective pressures in the Bahía Blanca estuary, Argentina. Bars represent ± 1 SE. 1150 

 1151 

Figure 5. Differences in penis size (mm2) of uninfected adult snails Heleobia australis 1152 

collected from three environmentally distinct habitats from the Bahía Blanca estuary, 1153 

Argentina and kept in standard laboratory conditions for 21 months, which ensured that 1154 

individuals analyzed were all adults. Bars represent ± 1 SE. 1155 

 1156 

Figure 6. Summary of the responses observed in snail population density, shell and 1157 

aperture morphometry, and shell and body weight of the intertidal mud snail Heleobia 1158 

australis from the Bahía Blanca estuary, Argentina. Such responses were induced by: (i) 1159 

environmental pressure, whereby snails experiencing prolonged submersion times in 1160 

habitats that remain covered by water during low tide (pans) exhibited higher density 1161 

and higher mean values of morphological traits relative to those from more 1162 
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environmental stress conditions (flats and marshes), which showed opposite phenotypic 1163 

responses; (ii) predation pressure caused by the presence of the burrowing crab 1164 

Neohelice granulata could be linked to the remarkable low density in marshes and 1165 

could have favored the expression of shell defenses as shell thickening, increased shell 1166 

globosity (lower SL to SW ratio), narrower apertures (higher AL to AW ratio); and (iii) 1167 

strong parasite pressure caused by Microphallus simillimus where morphological traits 1168 

of infected (I) snails shifted to lower mean values compared to uninfected (U) ones; 1169 

note that polymorphisms are only shown for pans, where parasite prevalence was the 1170 

highest. Responses observed in this study are indicated by color-filled boxes, white-1171 

filled boxes indicate possible mechanisms or processes that might explain the observed 1172 

responses. Green color refers to responses induced by environmental pressure, orange to 1173 

polymorphism induced by crab predation, and pink by parasite pressure. Upper arrows 1174 

(↑) indicate increase/higher/longer and down arrows (↓) indicate decrease/lower/shorter. 1175 
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Figures 1176 

 1177 

Figure 1. 1178 
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Figure 2.  1180 
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Figure 3. 1183 
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Figure 4.  1185 
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Figure 5.  1188 
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Figure 6.  1190 
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