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Current understanding of how calcifying organisms respond to externally forced oceanic and coastal 
acidification (OCA) is largely based on short-term, controlled laboratory or mesocosm experiments. 
Studies on organismal responses to acidification (reduced carbonate saturation and pH) in the wild, where 
animals simultaneously interact with a range of biotic and abiotic circumstances, are limited in scope and 
interpretation. The present study aimed to better understand how gastropod shell attributes and their 
interrelations can inform about responses to coastal acidification. We investigated shell chemical erosion, 
shell roundness, and growth rate of Planaxis sulcatus snails, which are locally exposed to acidified and 
non-acidified rocky intertidal water. We tested a new approach to quantifying shell erosion based on the 
spiral suture length (EI, erosion index) and found that shell erosion mirrored field acidification conditions. 
Exposure to acidification caused shells to become rounder (width/length). Field growth rate, determined 
from apertural margin extension of marked and later recaptured snails, was strongly negatively related 
to both shell erosion and shell roundness. Since different shell attributes are indicative of different 
relationships—shell erosion is an extrinsic passive marker of acidification, and shell roundness and growth 
rate are intrinsic performance responders—analyzing their interrelations can imply causation, enhance 
predictive power, and bolster interpretation confidence. This study contributes to the methodology and 
interpretation of findings of trait-based field investigations to understand organismal responses to coastal 
acidification. 
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BACKGROUND

Ocean and coastal acidification (OCA) exerts 
dissolution pressure on the skeletons or shells of 
calcifying organisms and reduces their ability to allocate 
energy for growth and reproduction (Orr et al. 2005; 
Melzner et al. 2011; Gledhill et al. 2015). We largely 
derive our understanding of organismal responses 
to externally forced OCA from short- to medium-
term controlled laboratory or mesocosm experiments. 

These experiments are temporally limited in terms 
of an organism’s lifetime and do not appropriately 
account for the biotic interactions (feeding, predation, 
and competition; Nagelkerken and Connell 2022) that 
naturally impact an organism’s energetics simultaneously 
with acidification. They further inadequately consider 
the natural variation in abiotic conditions (e.g., salinity, 
temperature, tidal, lunar, and seasonal effects, and 
wave action) that influence the activity, mating and 
performance of coastal animals (Hall-Spencer et al. 
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2008; Manno et al. 2017; Cummings et al. 2019; León 
et al. 2020; Clark et al. 2020; Lagos et al. 2021; Mayk 
et al. 2022b). Field-based studies on the other hand 
present an alternative or complementary approach 
to laboratory assessments (Hall-Spencer et al. 2008; 
Marshall et al. 2008 2019; Bednaršek et al. 2012a b; 
Duquette et al. 2017; Harvey et al. 2018; Mustapha and 
Marshall 2021). However, field results from currently 
naturally acidified conditions are often complicated by 
other factors that covary with acidification exposures. 
We studied several shell traits of gastropod snails 
exposed to field acidification to better understand the 
information that can be garnered from interrelating 
traits. In this paper, acidification is used synonymously 
with acidified seawater to refer to the conditions of 
pH reduction below the ambient level (~8.2) and 
environmental aragonite undersaturation (Ω < 1). The 
term trait is used synonymously with attribute to refer 
broadly to an inherited phenotype and its environmental 
interaction. Shell erosion is a general term referring to 
the loss of outer surface shell, and includes the effects 
of weathering and chemical erosion (or dissolution). 

Studies considering gastropod shell responses 
to OCA in the field are disparate in their objectives, 
taxonomic groups and ecosystems. Earlier work 
that investigated the shells of pelagic pteropods was 
followed by investigations on benthic volcanic vent 
and coastal rocky-shore gastropods (Hall-Spencer et 
al. 2008; Marshall et al. 2008 2019; Hart et al. 2011; 
Bednaršek et al. 2012a b 2014a b; Manno et al. 2017; 
León et al. 2020; Mustapha and Marshall 2021; Mekkes 
et al. 2021; Mayk et al. 2022a b). Acidification exposure 
generally leads to changes in the shape, size, thickness, 
density, mineralogy, and degree of surface erosion of 
gastropod shells. Carbonate dissolution in combination 
with reduced calcification and compromised physiology 
under acidification causes gastropod shells to become 
smaller, thinner, and less dense (Bibby et al. 2007; 
Bednaršek et al. 2012a; Garilli et al. 2015; Viotti et al. 
2019; Barclay et al. 2019 2020; Marshall et al. 2019; 
Mayk et al. 2022a b). Whereas intrinsic organism 
responses to OCA, such as behavior, energy intake 
(feeding) and energy allocation, manifest as changes 
in shell shape and size, outer shell surface dissolution 
(beyond the reach of the mantle after primary shell 
formation) is an extrinsic passive process (Marshall 
et al. 2008 2019; Bednaršek et al. 2012a b; Marshall 
and Tsikouras 2023). Gastropod shell erosion in 
coastal environments is influenced by multiple factors, 
including heating, cooling, wetting, and drying, and 
although this kind of weathering can be significant 
in some instances, in other cases it can easily be 
distinguished from chemical erosion (Marshall et al. 
2008 2019; Nienhuis et al. 2010; Schönberg et al. 2017). 

The quantification of chemical erosion of gastropod 
shells has been investigated for rocky intertidal species 
with a view to biomonitor coastal acidification (see 
Marshall et al. 2019; Mustapha and Marshall 2021). 

Gast ropod  she l l  t r a i t  r esponses  to  f i e ld 
acidification are usually considered individually, with 
less information available for attribute interrelationships 
(shell erosion, shell roundness and growth rate). Several 
studies report on gastropod shell growth responses to 
natural and anthropogenic environmental stressors, 
including acidification (Nienhuis et al. 2010; Bednaršek 
et al. 2014b 2021; Garilli et al. 2015; Barclay et al. 
2019; Leung et al. 2020b; Slama et al. 2021). Snails 
expectedly grow slower under more stressful conditions 
as energy allocation prioritizes servicing an elevated 
metabolic demand (Nienhuis et al. 2010; Garilli et al. 
2015; Barclay et al. 2019; Leung et al. 2020b), resulting 
in populations comprising smaller individuals (Garilli 
et al. 2015; Harvey et al. 2018). Although gastropod 
shell roundness varies relative to environmental 
stress (Marshall et al. 2008 2019; Saura et al. 2012; 
Harayashiki et al. 2020; Lahbib et al. 2022), the 
relationship between shell roundness and growth has 
been poorly investigated under both field and laboratory 
circumstances. A field study demonstrating this 
relationship found that littorinid snails that grew faster 
(when feeding opportunities improved) also produced 
rounder shells (Kemp and Bertness 1984). However, 
there is little consensus on the way shell roundness 
varies in response to environmental stress, with some 
studies suggesting that stress increases shell rounding 
whereas others suggest the opposite effect of shell 
elongation (see Bibby et al. 2007; Marshall et al. 2019; 
Mayk et al. 2022a b; Martin et al. 2022).

Coastal environments are prone to acidification 
through multiple different sources (Yao et al. 2022; 
Zhang et al. 2022). We investigated an Indo-Pacific 
snail, Planaxis sulcatus (Born, 1791), that occurs 
abundantly along the Brunei coastline (northwest 
Borneo, South East Asia). Habitats along this coastline 
become acidified by groundwater discharge, originating 
from pyritic geological formations (Marshall et 
al. 2008; Proum et al. 2018; Gӧdeke et al. 2020). 
Naturally-acidified boulder beaches occur near seawalls 
that are disconnected from groundwater infiltration, 
resulting in the juxtaposition of acidified and non-
acidified intertidal habitats (Marshall et al. 2019; 
Mustapha and Marshall 2021; Fig. S1). Because other 
shore features (slope, aspect, wave action) are similar 
along this linear coastline, these differently-acidified 
sites represent a natural laboratory for investigating 
organismal responses to coastal acidification and for 
testing biomonitoring applications (Marshall et al. 
2019; Mustapha and Marshall 2021). Differences in 
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habitat acidification were found to cause different 
degrees of gastropod shell erosion, enabling researchers 
to document the distinctions between shell erosion 
caused by chemical erosion and weathering as opposed 
to erosion caused by weathering alone (Marshall et al. 
2019; Mustapha and Marshall 2021). An approach to 
semi-quantifying the erosion of Planaxis snail shells 
and showing how this can be used as an organismal 
biomarker of OCA is demonstrated in Marshall et al. 
(2019). 

This study aimed to improve our understanding 
about the relationships between shell erosion, shell 
roundness and growth rate in Planaxis snails, in 
response to acidification exposure. Because these 
different traits carry different kinds of information about 
OCA - shell erosion represents an extrinsic effector, 
whereas shell roundness and growth rate represent 
intrinsic response parameters - their relationships 
potentially offer insight into causation. Studying these 
relationships may allow us to identify acidification as 
the primary cause of a particular response by excluding 
confounding covarying factors. In other words, a 
change in shell shape can more reliably be attributed to 
acidification exposure if the shell is also heavily eroded 
and this erosion derives from acidification exposure. 
Additionally, a good relationship between shell 
roundness and growth rate suggests that field growth 
rate can be predicted from shell shape alone, and by 
extrapolation is affected by environmental acidification. 
A secondary objective (dealt with first) was to develop 
and test a novel approach to quantifying Planaxis shell 
erosion. This approach was based on the spiral shell 
suture length and was intended to improve the precision 
of measurement of shell erosion.

MATERIALS AND METHODS

Field sampling 

Planaxis sulcatus snails were collected from an 
acidified natural rocky shore (Empire, EM, 4.9683°N, 
114.8535°E, n = 36 snails) and a nearby non-acidified 
artificial seawall (near Universiti Brunei Darussalam, 
UBD, 4.9727°N, 114.8940°E, n = 20 snails). During the 
monitoring period of Apr.–Jul. 2018, pH and salinity at 
the acidified site varied between 8.6 and 5.9 units and 
32.8 and 0.2 psu, respectively, and at the non-acidified 
(reference) site between 8.6 and 7.9 units, and 33.2 
and 20.2 psu, respectively (for details see Proum et 
al. 2018; Marshall et al. 2019). The acid sulphate soil 
seepage is a permanent feature at the acidified site (EM) 
and is visible by an oil microbial sheen on the surface 
of the pool water throughout the year (Marshall, pers. 

obs.; Fig. S1). Planaxis shells are nearly completely 
aragonitic (Marshall, pers. obs.) and snails experience 
aragonite undersaturated water (Ω < 1) at pH and 
salinity combinations below 7.5 pH and 25 psu (see 
Marshall et al. 2019). This means that while snails are 
frequently exposed to corrosive seawater at the acidified 
site, they are not exposed to similar conditions causing 
shell dissolution at the non-acidified site. Snails were 
collected in Aug 2019 from their uppermost shoreline 
distributions, ensuring that they experienced similar 
air-water exposure cycles across localities. Collections 
were made without bias, though intentionally included 
a broad shell size range (14–28 mm shell length). Snails 
were preserved and stored in 70% ethanol. 

Shell size and shape

Shell  s izes were assessed to validate the 
comparison between the populations from the different 
shores. The abapertural shell surface of each individual 
was photographed (Canon S110, Manual, F8.0) and 
Olympus CellSens imaging software was used to 
measure projected shell length (SL) and shell width 
(SW) to 0.01 mm (Fig. 1; Marshall et al. 2019). Shell 
roundness was computed as SW divided by SL, and 
formed a key trait of the primary study objective. 
Generalized Linear Models (GZLM) for a log-link 
function and normal distribution were used to compare 
size and roundness between the shores. Statistical 
analyses and regressions were carried out using TIBCO 
Statistica ver. 13, StatSoft, and figures were drawn using 
Statistica or Sigmaplot ver. 14, Systat 149 Software, 
Inc., New York, US. 

Shell erosion indices (SER, EI, ET, SET)

A novel index for shell erosion was tested and 
compared with a previously used shell erosion ranking 
approach. Shell Erosion Ranks (SERs) were based on a 
method described by Marshall et al. (2019), but differed 
in that all ranks were created from the abapertual 
surface (Fig. 1A). Erosion ranks were determined 
using the four shell whorls, subdivided perpendicularly 
through the shell apex to give eight shell segments 
(Fig. 1A). Three different degrees of shell erosion 
were identified: no erosion, where the periostracum 
covers the outer shell, moderate erosion, where the 
periostracum is lost exposing underlying calcareous 
shell with visible ridges, and severe erosion, where shell 
ridges are eroded producing a smooth outer surface. The 
erosion rank corresponds to the value of the numerically 
greatest segment that had moderate erosion exceeding 
50% of coverage (Fig. 1A). 

The Erosion Index (EI) was determined as the 
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ratio of the planospiral suture length (mm) for the 
eroded part of the shell and the entire suture length 
(Fig. 1B). Spiral suture lengths were determined from 
two-dimensional apical views of the shell and the 
natural three-dimensional helicospiral suture length. 
The helicospiral suture length is important in apically-
extended shells but was considered negligible for 
Planaxis snail shells, given the relatively small variation 
in this aspect of shell shape. EI was based on severe 
erosion, with suture lengths measured using Olympus 
CellSens imaging software (Fig. 1B). Erosion Time (ET) 
was estimated by dividing the eroded suture length (mm) 
by the mean growth rate (mm/day), based on the change 

in suture extension at the growing edge. Values were 
then standardized using (y – sample mean/standard 
deviation), and plotted against shell length separately 
for the acidified and non-acidified snail populations. The 
data were then corrected for shell size (SL) using [(mean 
SL/individual SL)slope X ET], where the slope coefficient 
was computed from regressions for ET against SL, 
to get standard erosion time (SET). This was used to 
compare the two acidification conditions.

Growth rate and interrelating shell attributes

Shell erosion is typically influenced by the 

Fig. 1.  Methods for determining shell roundness, shell dissolution and growth rate. (A) Shell roundness was assessed from shell width (SW)/
shell length (SL). Shell erosion rank (SER) was scored using eight segments, where moderate erosion (ridges still observed) covered > 50% of the 
numerically greatest segment. The vertical line through the shell bisects the apical angle. By forming the apical angle we could measure projected SL 
(the intrinsic responder), as the actual SL is influenced by extrinsic apical dissolution in acidified water. (B) Comparison of SER (upper) and Erosion 
Index (EI) methods (lower). EI was calculated from the spiral suture length of the eroded shell divided by the total planospiral shell spiral length (R/
(Y and R)) using severe erosion (ridges not observed) determined from apical views (lower images). Upper images show the abapertural surfaces of 
the same shells, giving their SERs. (C) The growth rate was estimated from the shell margin extension of marked and recaptured snails (n = 22). The 
marginal extension is shown to far exceed shell length (SL) extension. EA, spire whorl, EB, body whorl, S, shell suture, W1-4, shell whorls.

page 4 of 13Zoological Studies 62:41 (2023)



© 2023 Academia Sinica, Taiwan

duration of exposure to corrosive seawater, resulting 
in the highest degree of erosion near the apex and 
the least erosion near the aperture margin. Growth 
rate also influences relative shell erosion, as the same 
point on two different shells growing at different 
rates experiences different acidification exposure. 
We assessed shell field growth rates using a capture-
recapture technique for a separate (secondary) 
population of snails occurring on the lower shore 
at the acidified site (EM). These snails were readily 
accessible and mostly experienced conditions similar 
to oceanic seawater (see Mustapha and Marshall 2021). 
Around 50 snails were captured, marked with colored 
nail varnish along the marginal edge (Fig. 1C), and 
then released back into their intertidal habitat. All the 
marked snails that were later found, were collected 
after 14 (n = 7), 33 (n = 4), and 37 days (n = 11), to 
give a total of 22 recaptured snails. Their shells were 
fixed in 70% ethanol, and later photographed along the 
marginal edge. New growth was measured from the 
extension of three spiral ridges (third to fifth), from the 
marginal edge to the varnish mark (Olympus CellSens 
software; Fig. 1C). An individual’s shell growth rate 
was estimated from the average of these three marginal 
extensions, divided by the number of growing days. 

The secondary data set was used to determine 
the relationship between shell roundness and growth 
rate, and this relationship was then used to calculate the 
growth rate from shell roundness for each snail in the 
primary data set. Both growth rate and shell roundness 
were then related to the erosion index (EI). These 
relationships were determined to gain insight into how 
exposure to acidification (assessed from the extrinsic 
passive response variable, EI) might affect intrinsic 
physiological response parameters, such as growth 
and shell roundness, as well as how shell roundness is 
affected by growth rate.

RESULTS

Shell size and shape

There were no differences between the populations 
at the two study sites in terms of primary measures of 
size (shell length, mm : EM, acidified = 18.75 ± 0.52, 
mean and SE; UB, non-acidified = 20.3 ± 0.69; Wald 
Stat. = 3.39, p = 0.065; Fig. 2A and shell width, mm : 
EM = 12.31 ± 0.36; UB = 12.74 ± 0.48; Wald Stat. 
= 0.53, p = 0.466; Fig. 2B). The snail populations were 
similarly size-structured, enabling their comparison. 
Shell roundness (SW/SL) was, however, greater in the 
EM population (0.66 ± 0.005) compared to the UB 
population (0.63 ± 0.007; Wald Stat. = 11.04; p < 0.001; 

Fig. 2C). The relationships for shell width against shell 
length also differed between EM (y = -0.55 + 0.686x, 
r = 0.97, p < 0.001) and UB (y = 1.157 + 0.57x, r = 0.93, 
p < 0.001; Wald Stat. = 7.98, p = 0.005; Fig. 2D).

Shell erosion indices (SER, EI)

At the acidified site (EM), eroded suture length 
was positively related to shell size, measured as total 
suture length (y = -14.8 + 0.69 x, r2 = 0.59, p < 0.001; 
Fig. 3A) or shell length (y = -21.8 + 2.11x, r2 = 0.56, 
p < 0.001; Fig. 3B ). In contrast, the eroded suture 
length of shells from the non-acidified site (UB) was 
low and not size dependent (y = -0.17 + 0.104 x, r2 = 
0.23, p = 0.04 for total suture length; Fig. 3A; and y = 
-0.78 + 0.28x, r2 = 0.16, p = 0.1 for shell length; Fig. 
3B). Smaller shells of younger snails are exposed for 
a limited time to corrosive seawater regardless of the 
acidification level and show site independent responses. 
The effect of total suture length was expectedly similar 
to shell length, and these two length variables were 
strongly correlated (EM: y = -10. 5 + 3.06x, r2 = 0.98, 
p < 0.001; UB: y = -16.8 + 3.29x, r2 = 0.98, p < 0.001; 
Fig. 3C).

The EI (eroded suture length / total suture length) 
was slightly positively related to shell length at EM (y = 
-0.02 + 0.02x, r2 = 0.19, p = 0.008), whereas there was 
no significant relationship for snails from UB (y = 0.19 
– 0.005x, r2 = 0.085, p < 0.21; Fig. 3D). The EI for an 
average-size snail was ~0.35 at EM and ~0.1 at UB (Fig. 
3D). The pattern of relationships was similar for the 
shell erosion rank (SER) against shell length (EM: y = 
4.78 + 0.102x, r2 = 0.13, p < 0.03; UB: y = 6.7 – 0.095x, 
r2 = 0.1, p < 0.001; Fig. 3E). The SER for an average-
sized snail was ~7 at EM and ~5 at UB (Fig. 3E). EI 
was, however, a more sensitive indicator than SER (Fig. 
3F). As an example, EIs ranged between 0.3 and 0.6 for 
a single SER value of 7; similarly, a range of ~0.3 on 
the EI scale of  0 to 0.8 were collected for a single SER 
value of 8 (Fig. 3F). 

Growth rate and erosion time (ET, SET) 

Shell margin extension assessed for the secondary 
population was positively related to the time for growth 
(y = 0.08x – 0.34, r = 0.65, p < 0.01; Fig. 4A). Mean, 
maximum, and minimum values for growth rate (mm/
day) were 0.06, 0.14 and 0.01 mm/d (Fig. 4B). Shell 
growth rate was significantly negatively (linearly) 
related to shell length (SL) (y = -0.0074x + 0.1817, 
r = 0.53, p < 0.01; Fig. 4B). Snail age, estimated for the 
primary population by multiplying the reciprocal of the 
average growth rate by total suture length, was 2.17, 3.3 
and 1.5 years (mean, maximum and minimum). 

page 5 of 13Zoological Studies 62:41 (2023)



© 2023 Academia Sinica, Taiwan

Erosion time (ET, days) determined using a mean 
growth rate of 0.06 mm/d was positively related to SL, 
and differed greatly between the acidified (y = 0.21x – 
3.44, r = 0.75; p < 0.001) and non-acidified snail groups 
(y = 0.028x – 1.36; r = 0.39; p = 0.104; F = 86.81, p < 
0.001; Fig. 4C). The median of sized-corrected erosion 
times (SET) for the acidified site was more than five-
fold greater than that for the non-acidified site (Mann-
Whitney U = 44; Z = 5.12; p < 0.001; Fig. 4D). 

Relating growth rate, shell roundness and shell 
erosion  

Field shell growth rate was strongly negatively 
correlated with shell roundness (growth rate = 0.55 – 
0.73x, r = -0.695, p < 0.001; n = 22, Fig. 5A). For the 
primary population, shell roundness was positively 
correlated with erosion index (EI, y = 0.62 + 0.094x, r = 
0.54, p < 0.001, Fig. 5B), and growth rate derived from 

shell roundness was strongly negatively correlated with 
EI, the environmental acidification exposure marker 
(y = 0.097 – 0.069x, r = -0.54, p < 0.001, Fig. 5C). 

DISCUSSION

Standard laboratory approaches that compare 
responses between present-day OCA levels with those 
predicted for 2100 are limited in their exclusion of 
natural variations in biotic and abiotic conditions (eg., 
salinity, temperature, tidal, lunar and seasonal effects, as 
well as wave action) (Hall-Spencer et al. 2008; Manno et 
al. 2017; Cummings et al. 2019; León et al. 2020; Clark 
et al. 2020; Lagos et al. 2021; Mayk et al. 2022b). Field-
based studies that compare responses between spatially-
separated normal and acidified environments (often at 
CO2-enriched submarine volcanic vent systems) can be 
confounded by covarying environmental factors. Most 

Fig. 2.  (A–C). Comparisons between the localities in shell length, shell width and shell roundness (SW/SL). Data are shown as median, 25–75%, 
min-max (see key). (D) Relationships between shell width and shell length are: EM (y = -0.55 + 0.686x; r = 0.97; p < 0.001) and UB (y = 1.157 + 0.57x; 
r = 0.93; p < 0.001). Red circles indicate the acidified locality (EM) and black circles, the non-acidified locality (UB).
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Fig. 3.  (A–C) Relationships between total suture length, eroded suture length and shell length for snails from acidified (EM, red) and reference (UBD, 
black) sites. (D–F) Relationships between erosion index (EI), shell erosion rank (SER), and shell length (SL). Mean values are indicated by large 
circles. Regression equations and significant differences are given in the Materials and Methods section.
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field acidification studies investigate trait responses 
individually, such that the interrelationships of shell 
attributes are seldom considered. Here, we reveal that 
valuable information can be collected by interrelating 
traits representing different organism-to-environment 
interactions. For the traits considered separately, we 
found that acidification exposure caused Planaxis snail 
shells to become more eroded and rounder, and to grow 
slower.

Gastropod shell erosion is widely-reported in 
OCA studies. However, with the exception of a few 
intertidal species, this is usually not quantified (Marshall 
et al. 2008 2019; Mustapha and Marshall 2021). Shell 
erosion is influenced by many different sources and the 
effect of weathering in intertidal situations, where snails 
routinely experience heating, cooling, wetting, and 
drying, can be significant. Studies show that comparing 

nearby acidified and non-acidified (or reference) habitats 
allows researchers to distinguish between the effect of 
weathering on Planaxis shells and erosion caused by 
dissolution; this was facilitated by a semi-quantitative 
measure, the Shell Erosion Rank, SER (see Marshall 
et al. 2019; Mustapha and Marshall 2021). The present 
study shows that SERs based on eight shell segments 
for the abapertural surface were greater in snails at the 
acidified site (EM) compared to the non-acidified site 
(UB), and were uniquely elevated in the larger shell 
cohort (> 18 mm SL; Fig. 3D). Because of the effect 
of weathering of the first two shell whorls, most on the 
information on shell dissolution using this technique 
is conveyed by whorls 3 and 4, and because a larger 
area is covered in assessments of both the apertural and 
abapertural surfaces, an earlier method to determine 
SER might be preferential to the method used here 

Fig. 4.  (A–B) Relationships for shell growth rate and shell size based on the secondary data set. (C) Erosion time (ET) as a function of shell size (SL), 
and (D) comparison of standardized erosion time (SET) between the acidified (EM) and non-acidified (UB) sites using the primary data sets. Dashed 
lines represent 95% CI. Red symbols indicate snails collected from the acidified site and black symbols from the non-acidified site.
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(Marshall et al. 2019). However, compared to the SER, 
the newly devised Erosion Index (EI) yielded much 
greater precision of measurement, such that ranges of 
EI values coincided with single values of SERs (Fig. 
3F). We reveal that the utility of shell erosion metrics 
can be broadened by converting eroded suture length to 
a standardized time variable (ET), by integrating suture 
growth rate. This in turn can be corrected to a standard 
shell size to give the SET, a metric that was found to 
readily discriminate between the differently-acidified 
sites of this study (SET > -0.5 uniquely indicates 
acidification; Fig. 4D). 

Several studies report  on gastropod shell 
roundness in response to environmental stress, including 

acidification, marine pollution and food deprivation 
(Chen et al. 2015; Harvey et al. 2018; Viotti et al. 
2019; Marshall et al. 2019; Clark et al. 2020; Mayk et 
al. 2022b). Other factors influencing shell roundness 
include food availability (Kemp and Bertness 1984), 
wave exposure (Kitching and Lockwood 1974) and 
predator encounters (Palmer 1979). There is, however, 
disagreement concerning the way the shell shape 
changes under stress. Some studies suggest that stress 
causes greater shell rounding, whereas others suggest 
this leads to shell narrowing and elongation (Chen et al. 
2015; Harvey et al. 2018; Viotti et al. 2019; Marshall 
et al. 2019; Clark et al. 2020; Mayk et al. 2022b). 
Rounder shells observed in faster growing individuals 

Fig. 5.  Relationships for shell growth rate, shell roundness, and erosion index.. (A) Shell growth rate and roundness measured directly for snails 
from the secondary population. (B) Shell roundness plotted against erosion index for the primary population. (C) Predicted growth rate plotted 
against the erosion index. Regression equations and significant differences are given in the Materials and Methods section. Dashed lines represent 
95% CI.
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were thought to be necessary to accommodate a more 
rapidly increasing body mass and volume (Kemp and 
Bertness 1984). However, this does not consider the 
fact that differently shaped shells differ fundamentally 
in their intrinsic growth priority pattern (Larsson et al. 
2020). For example, the internal volume of high-spired 
shells increases along the apical axis, whereas that of 
lower-spired (globular) shells increases by broadening 
of the body whorl (Larsson et al. 2020). We thus 
postulated that an environmental constraint on growth 
should compromise the intrinsic growth priority pattern, 
resulting in the broadening of high-spired shells and the 
narrowing of intrinsically globular shells. Should this 
be true, then similar environmental stress conditions 
potentially lead to different shell roundness responses 
in different gastropod species. Insight into the intrinsic 
growth pattern and shell shape can be garnered by 
comparing the shells of younger and older snails, as 
younger animals universally grow faster. Our findings 
were consistent with this hypothesis, by showing that 
Planaxis snails exhibit a shell elongation growth priority 
pattern (Fig. 5), become rounder in acidified water (Fig. 
2), and their roundness is negatively related to growth 
rate (Fig. 5). 

What drives shell roundness and growth rate 
variation in Planaxis snails? Acidification theoretically 
limits gastropod shell construction (shell extension, 
thickness and compactness) through two fundamental 
processes, the uptake and allocation of energy fuels, and 
environmental availability of calcification substrates 
(calcium and carbonate ions; Clark et al. 2020). The 
relative importance of each process on the various 
shell attributes is poorly understood for gastropods 
experiencing acidification (but see Leung et al. 2020b). 
Freshwater gastropods more commonly have thinner 
shells than marine gastropods (but see Marshall and 
Tsikouras 2023), implying that calcification substrate 
availability predominantly impacts shell thickness and 
compactness (see Leung et al. 2017 2020a for marine 
gastropods) rather than shell extension (growth rate). 
However, calcification substrates are only temporally 
unavailable to Planaxis snails, as acidified tidal pool 
water is inundated with calcium-rich oceanic water 
during high tide, supporting the assumption that 
marginal shell extension is more likely controlled by 
energetics than by shell substrate availability in their 
case (see also Kemp and Bertness 1984). Thus, the 
shell growth of Planaxis snails in the acidified habitats 
is more likely limited by reduced energy intake and/
or reduced fuel allocation associated with an expected 
elevated metabolic demand to support compensatory 
physiology and shell construction (Proum et al. 2017; 
Marshall and Tsikouras 2023). Some responses are 
protective and function to resist or compensate for 

dissolved shell loss by producing thicker, more compact, 
and mineralogically more-complex shells (Langer et 
al. 2014; Peck et al. 2018; Leung et al. 2020a; Mayk 
et al. 2022a). Whereas severely-constrained growth 
impacts organismal size, causing individuals exposed 
to acidification to become stunted (Garilli et al. 2015; 
Harvey et al. 2018), we found no difference between the 
study sites in population size structure (Fig. 2). Rather, 
the observed difference in shell roundness for the 
populations suggests that roundness represents a more 
sensitive indicator of environmental or acidification 
stress (see also Chen et al. 2015; Viotti et al. 2019).

Although individual shell traits of the Planaxis 
snails are themselves informative of acidification 
exposure, and can potentially be used to indicate local 
acidification (see Fig. 1C for roundness, and Fig. 3F 
and Fig. 4D for shell erosion; Marshall et al. 2019; 
Mustapha and Marshall 2021), their interrelationships 
offer insight into causation. This is likely the case when 
different traits form different mechanistic associations 
with the acidified seawater. Shell erosion represents 
an extrinsic passive responder to acidification, as this 
occurs beyond the reach of the mantle after the shell 
is formed at the growing edge. Shell roundness, on 
the other hand, represents an intrinsic performance 
indicator, as this relates functionally to growth rate 
(Kemp and Bertness 1984; Fig. 5A). A good relationship 
between these traits means that the performance 
response (shell roundness) can be interpreted with 
confidence as being caused by acidification (assessed 
from shell erosion), rather than some other confounding 
factor. Such relationships can be especially useful when 
assessing a performance response along a latitudinal 
gradient that is not only variable with respect to the 
carbonate system, but also in terms of temperature and 
nutrient availability (see Melzner et al. 2011; Ramajo et 
al. 2015; Clark et al. 2020; Mayk et al. 2022b; Duarte 
et al. 2022). The interrelationship of the three studied 
traits (shell erosion, growth, and roundness) indicates 
directionality and mechanism in the following way: 
greater acidification exposure, indicated by greater 
shell erosion, causes reduced growth rate, which in turn 
causes roundness to vary. Interpretations of correlations 
in the opposite direction (ie., that shell roundness affects 
growth rate, that shell roundness affects shell erosion, 
or that growth rate affects shell erosion) defy all reason. 
Because these shell trait relationships are grounded in 
the physical principle that shell dissolution is caused 
by the seawater carbonate saturation state, they comply 
with rudimentary mechanistic modeling. There appears 
to be great potential to expand on such modeling 
by including other shell traits, such as thickness, 
compactness and mineralogy. Indeed, a recent review 
of the current state of organismal attributes and OCA, 
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not only excluded gastropod shell roundness, but made 
no reference to trait functionality, or indeed to modeling 
(Leung et al. 2022).  

CONCLUSIONS

This study confirms that the gastropod Planaxis 
represents a good model species for understanding 
organismal responses to OCA. It shows that relating 
traits  that  convey different information about 
the association of the organism and the acidified 
environment, enhances the interpretative power 
of observed responses. Such relationships among 
traits can also potentially provide information about 
mechanism. While the techniques refer to Indopacific 
snails, they nonetheless provide a framework for similar 
investigations on other gastropods in other global 
regions. By observing gastropod shell traits, we have 
the ability to monitor and manage how gastropods 
respond to changes in the ecosystem, which is becoming 
increasingly necessary to counter the predicted 
acidification of the ocean and coasts.
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Supplementary materials

Fig. S1.  Groundwater discharge into the uppershore 
of a boulder beach during low tide at the Empire site 
(EM). Planaxis snails occur in and around pools that 
become acidified, characterized by reduced pH, reduced 
salinity and undersaturated aragonite (see Marshall et 
al. 2019). Acidified habitats can be identified by an oily 
sheen on the surfaces of small pools, and rust-stained 
sediments are rocks. Points of discharge are indicated 
by blue arrows, snails by red arrows, and the oily sheen 
by green arrows. (download)
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