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ABSTRACT: Climate change is predicted to increase sea level and cause saline intrusion of coastal
freshwaters. This will have consequences for freshwater organisms inhabiting such areas; devel-
opmental phenotypic plasticity may facilitate the persistence of freshwater species under such
scenarios of increased salinity. Here we investigated developmental plasticity under different salin-
ity treatments (S = 2, 5, 7 and 9, with artificial pond water [APW] and deionised water [S = 0] as con-
trols) in embryos from an upper-estuarine population of the gastropod Radix balthica. We focused on
plasticity in the timing of developmental events (heterokairy) at different salinities, including the
time of onset (relative and absolute) of 10 developmental events and duration of 4 developmental
stages; we also assessed whether salinity affected hatchling morphology and embryonic cardiac
activity. There were significant differences in the absolute time of onset of several events with
increased salinity, including a delayed first heartbeat in S5 and S7 compared with APW and in the
relative time of onset of eye spot formation, first heartbeat and foot attachment between treatments.
Stage duration also varied between salinity treatments: the hippo developmental stage lasted signif-
icantly longer in S7 compared with APW and development overall was prolonged in S7, with
embryos in S9 not developing past the trochophore stage. Salinity also affected both shell size and
shell shape of hatchlings. Hence salinity influences the time of onset (absolute and relative) of devel-
opmental events and duration of several developmental stages and the morphology of hatchling
snails, although the mechanistic basis and fitness implications are, as yet, unknown.
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INTRODUCTION

Due to human-induced global warming, a significant
global mean sea level rise is predicted during the 21st
century, this rise being due primarily to both thermal
expansion of the oceans and melting of glaciers and ice
caps (IPCC 2001). The magnitude of global sea level
rise is predicted to be 0.03 to 0.14 m by 2025 and 0.05
to 0.32 m by 2050 (IPCC 2001) and is expected to affect
marine habitats in several ways, including upward
shifts in species distributions, ecological changes re-
sulting from altered habitat availability within particu-
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lar depth zones and drowning of some biogenic habi-
tats whose accretion rates are outpaced by sea level
rise (Knowlton 2001, Scavia et al. 2002, Harley et al.
2006). At the same time, global sea level rise is also
expected to affect large areas of freshwater habitat via
saline intrusion (Lee 2001).

Salinity influences the distribution of both freshwa-
ter and marine organisms (de Lafontaine 1990, Hart
et al. 1991, Ahel et al. 1996, Yamamuro 2000). The
abundance of freshwater species declines as salinity
increases from 3 to 5 (Gainey & Greenberg 1977),
although some freshwater taxa can survive in brackish
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waters. It is possible that increased saline intrusion into
freshwaters through sea level rise will compromise the
physiology of such freshwater organisms from habitats
that straddle the fresh-—saline water transition. How-
ever, the physiological mechanisms freshwater species
possess that allow them to survive saltwater intrusion
are still not fully elucidated. Neither are the time-
scales on which different physiological and evolution-
ary mechanisms could operate.

The extent to which developmental phenotypic plas-
ticity—the production of multiple phenotypes from a
single genotype due to the influence of environmental
conditions during development (Bradshaw 1965)—is a
potential means by which some predominantly fresh-
water species might survive and persist in brackish
water is relatively unexplored. Before the 1980s, much
of the emphasis within developmental biology was on
conservative aspects of development involving the
suppression of deviant variation in order to produce a
functional phenotype and, therefore, phenotypic plas-
ticity was regarded more as environmental noise than
a feature of development warranting study (discussed
in West-Eberhard 1989). Over the past 2 decades, the
importance of phenotypic plasticity has seen increased
recognition and, as a result, has been the subject of
intense study (West-Eberhard 1989, Agrawal 2001,
Pigliucci 2001, Price et al. 2003, Spicer & Rundle 2007).
Such plasticity has been demonstrated in many taxa in
response to a wide range of both biotic and abiotic
stimuli (reviewed in Pigliucci 2001, DeWitt & Scheiner
2004). Traditionally, investigations of phenotypic plas-
ticity have examined morphological characters. Stud-
ies of physiological plasticity, on the other hand, have
received scant attention until much more recently
(Spicer & Burggren 2003). Such physiological studies
usually examine phenotypic plasticity with respect to
differences in adult morphologies, with far fewer
considering environmental effects during embryonic
or juvenile development (Spicer & Burggren 2003,
Spicer & Rundle 2007). One specific form of develop-
mental phenotypic plasticity is heterokairy, defined as
‘plasticity in the timing of the onset of developmental
events at the level of an individual during its develop-
ment' (Spicer & Burggren 2003, p 92). Heterokairy is
most easily identified through the study of develop-
mental sequences. Changes in the relative timing of
physiological events during development have been
demonstrated to allow taxa to survive under stressful
environmental conditions (Spicer & El-Gamal 1999).
Consequently, the study of this phenomenon is arguably
critical to future studies of developmental plasticity.

Here we investigated the effect of different salinities
on embryonic developmental plasticity in a brackish
water population of the pulmonate snail Radix balthica.
We wanted to know if salinity affected: (1) timing

and/or sequence of the appearance of a number of key
embryological features and events (e.g. veliger, first
heartbeat, hatching); (2) post-hatch morphology; and
(3) embryonic cardiac activity. R. balthica (formerly
Lymnaea ovata and L. peregra) is common in freshwa-
ter systems throughout the UK, but also inhabits brack-
ish waters in Northern Europe, e.g. UK estuaries and
the Baltic Sea (Rdberg & Kautsky 2007, authors' pers.
obs.), hence it is an ideal model system as it occurs in a
range of salinities in situ. At the same time, its embryos
develop within a transparent egg capsule allowing
embryonic development to be monitored non-invasively
(Smirthwaite et al. 2007).

MATERIALS AND METHODS

Stock population. Radix balthica adults were col-
lected by hand during October 2007 from the intertidal
zone of the upper Dart Estuary, Totnes, Devon, UK
(50°26'19'N, 3°41'24'W). This is a macrotidal, par-
tially mixed estuary and our collection site was ca.
100 m upstream of an Environment Agency monitoring
site at which the salinity (over a 10 yr period) varied
from 0.9 to 6.7 (Thain et al. 2004, Environment Agency
pers. comm.). Snails were transported to the laboratory
at Plymouth within 24 h of collection.

Experimental design. Snails were maintained in
aquaria (13 1 volume, max. stocking density 20 indi-
viduals per aquarium, 12 h light:12 h dark cycle, 15°C)
filled with aerated artificial pond water (APW) (ASTM
1980) with 90 mg 1! [Ca ?*] (Rundle et al. 2004). Water
in the aquaria was changed every 7 d. Snails were fed
ad libitum on lettuce and spinach.

Radix balthica is a mixed mating, simultaneous her-
maphrodite typically laying from 50 to 100 eggs within
an egg mass (Jarne & Delay 1990, Wiehn et al. 2002,
Jokela et al. 2006, authors' pers. obs.). Egg masses
deposited by snails from the stock population were
removed and examined under high power magnifica-
tion (75x%, Leica MZ12). Eggs that had not developed
past the 2-cell division stage, which occurs within 2 to
3 h of oviposition (Morrill 1982), were gently extricated
from egg masses under low power microscopy (10x)
and placed individually in treatment water (24 repli-
cates per treatment) within single-cell culture wells
(2 ml volume per well, 24 wells per tray). Eggs were
evenly distributed from each egg mass between the
treatment solutions to prevent any bias possibly re-
sulting from differences in development between eggs
from different egg masses. Eggs were also randomly
allocated to each treatment solution from within each
egg mass to prevent any bias that could be caused by
differences as a result of location in the egg mass. Due
to differences in the size of egg masses produced, the
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number of eggs in each egg mass was not constant.
Consequently, the number of eggs used in a treatment
from a single egg mass ranged from 4 to 8, although
the number of eggs from a particular egg mass was
constant across treatments. Four egg masses were
used overall. Individual culture trays contained only
eggs cultured within the same treatment solution in
order to prevent contamination of one treatment solu-
tion by another between wells. Culture trays were
housed within a controlled-temperature facility (20°C)
under a 12 h light:12 h dark cycle. Treatment solution
in each of the wells was changed daily under low
power microscopy.

Stock solutions. Eggs were cultured under salini-
ties of 2, 5, 7 and 9 (S2, S5, S7 and S9) (Carlsson
2006) and wunder control regimes of APW and
deionised water (salinity of 0, S0O). Brackish water
treatments were constructed by dissolving the appro-
priate amount of Instant Ocean® in deionised water
and salinity was measured using a digital salinity
meter (YSI 30-10 conductivity meter). Both SO and
APW were used as control solutions as APW is likely
to most closely represent water conditions in situ and
SO was the base upon which salinity treatments were
constructed. Stock solutions were maintained in
sealed glass bottles in a controlled-temperature facil-
ity (20°C) for at least 24 h before use. The salinity of
brackish water treatments was measured every 7 d
with a digital salinity meter to ensure it remained
constant throughout the study period. Solutions all
remained within 0.1 of their original salinity during
the course of the study and all stock solutions con-
structed at the beginning of the study lasted to the
end of the study period.

Developmental sequences and cardiac activity. Eggs
were examined daily under high power microscopy
and the event in the developmental itinerary they had
reached was recorded; developmental events, and the
criteria used for their identification, were taken from
Smirthwaite et al. (2007) (Table 1). Embryos grew, over
a period of approximately 10 d, from 0.2 to 0.9 mm
length, at which size they hatched. Embryos were
monitored for several minutes to identify the first
occurrence of non-morphological developmental events,
such as the appearance of the first heartbeat. The
developmental stages trochophore, veliger and hippo
were analysed both as an event (time of onset) and
duration (length).

Cardiac activity (beats min!) in each individual was
monitored daily under high power magnification once
the heart had begun beating, by counting the number
of heartbeats in a 15 s time period.

Shell morphology. Once hatched, individuals were
preserved in microcentrifuge tubes (Eppendorf, 0.6 ml
volume) containing 70% ethanol. Digital images of
each shell were obtained (Nikon Coolpix 4500 digital
camera) by placing the preserved shells on agar plates
with a 10 mm scale bar (0.1 mm graduations); it was
necessary to use agar plates as shells were very fragile
and therefore easily broken if placed on harder sur-
faces. Aspects of the shell morphology (length, width,
aperture height, aperture length and aperture width;
Fig. 1) were quantified through analysis of the digital
images obtained (UTHSCSA Image Tool for Windows,
version 3). Ratios of length to width (aspect ratio), aper-
ture length to aperture width (aperture ratio) and
length to aperture height were calculated to provide
measures of change in shell shape.

Table 1. Radix balthica. Descriptions of the developmental events and stages. Each event was recorded when it was first observed
and the duration of developmental stages was also recorded, observations were made every 24 h. After Smirthwaite et al. (2007)

Developmental stage Description of stage

Blastula/gastrula
Spinning activity Rotating using cilia
Trochophore stage
Veliger stage

Hippo stage

part is pinched in
Ontogeny of eyes
First heartbeat

Initial foot attachment
Radula activity
Hatching

Cell division stage, polar bodies present

Spherical liver cells form a helmet like velum within the egg
Foot formation and shell secretion. Symmetrical development of 2 ends of the embryo

Asymmetrical development with further development of the foot and shell; this is the major stage
of organogenesis, the head becomes more conspicuous from the rest of the body, as the middle

Formed on the head, further pigmentation of eye spots occurs as they develop

First beat of the chamber-type heart which forms on the far back of the shell and moves closer
towards the head as the embryo grows

Foot attaches to the capsule wall enabling the embryo to crawl
The radula situated in the head starts actively sucking in the capsular fluid

Rupture of the egg capsule, enabling the embryo to emerge
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Fig. 1. Radix balthica. Shell dimensions measured in the

analysis of shell morphology. Arrows indicate the distance

measured. A: length; B: width; C: aperture height; D: aperture
length; E: aperture width

Analytical approach. A 2-way general linear model,
run in SPSS, was used to test for differences between
salinity treatments (fixed factor) and egg mass (random
factor) in: (1) time of onset of developmental events; (2)
duration of developmental stages; and (3) shell mor-
phology of hatchlings. Estimated marginal means were
used to facilitate pair-wise post hoc comparisons, using
Sidak tests, between levels within a main effect where
an interaction potentially confounds this (SPSS).

In order to test for differences in the relative timing
of events between treatments, a timeline was pro-
duced for each embryo whereby each event was given
a score based on its position in the order of occurrence.
Event sequences were then compared with the stan-
dard sequence for Radix balthica determined by
Smirthwaite et al. (2007) and binary coding was used
to score events depending on if they occurred in a dif-
ferent (1) or the same (0) position in the sequence;
events were also given a score of 0 if their precise tim-
ing was unknown (i.e. if their onset did not occur dur-
ing the observation period). These binary data were
analysed using a generalised linear mixed model with
salinity treatment as a fixed factor and egg batch as a
random factor; the Wald test statistic, with a bimodal
error distribution, was used to test for differences
between treatments.

RESULTS
Time of onset of developmental events

There was delayed onset of several developmental
events with increased salinity, determined mostly by

the late onset of events in the S5 and S7 treatments rel-
ative to the control APW and SO treatments, including
spinning, trochophore, veliger, eyes, heart, foot and
hatching (Tables 2 & 3).

The time of onset of the developmental events spin-
ning (p < 0.001) and trochophore (p = 0.012) were sig-
nificantly later in the SO treatment relative to APW
and several early developmental events occurred later
in the SO treatment compared with higher salinity
treatments (spinning: SO vs. S2, p < 0.001; SO vs. S5,
p = 0.015; SO vs. S7, p < 0.001; trochophore: SO vs. S2,
p =0.01; SO vs. S5, p = 0.041). The time of onset of the
events eyes, heartbeat and hatching differed between
egg masses, driven almost entirely by the late onset of
events in embryos from egg mass D relative to other
egg masses (Table 4). Salinity-induced plasticity
in the time of onset of spinning, trochophore, veliger,
hippo and foot attachment differed between egg
masses, as indicated by a salinity X egg mass inter-
action.

Sequence of developmental events

There were differences in the relative timing of
several developmental events between treatments
(Fig. 2). The appearance of eye spots, heartbeat
and foot attachment occurred in significantly different
positions within the sequence of developmental
events between treatments (Wald test: eye spots, 2%, =
36.4, p < 0.001; heart, % = 15.32, p = 0.004; foot
attachment, X24 = 9.96, p = 0.041). Foot attachment
occurred earlier within the sequence of developmen-
tal events in some embryos from all treatments com-
pared with Smirthwaite et al. (2007) (percentage
occurrence: APW, 25%; S0, 46 %; S2, 36%; S5, 63 %;
S7, 60 %), and first heartbeat later in the S2 (5%), S5
(50%) and S7 (50 %) treatments, as well as in the SO
treatment (21 %). Eye spots appeared later within the
sequence of developmental events in 5% of embryos
cultured in the S2 treatment and 13% of embryos
from the S5 treatment.

Duration of developmental stages

The duration of the cell division developmental stage
was prolonged in embryos cultured under increased
salinity (Tables 5 & 6). There was a significant treat-
ment X egg mass interaction on the duration of the cell
division, trochophore and veliger stages and there was
a significant effect of egg mass on the duration of all
developmental stages, driven largely by differences
between egg mass D relative to other egg masses
(Table 7).
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Table 2. Results of 2-way ANOVAs assessing differences in the time of onset
of developmental events in Radix balthica between treatments and egg

masses. *: p <0.05; ***: p<0.001; ": p>0.05

Factor df SS MS F P
Spinning

Treatment 5 26.632 5326 11.564  0.001***
Error 14.661 6.753 0.461

Egg mass 3 3.62 1.207 2.613 0.091"¢
Error 14.630  6.756 0.462

Treatment x Egg mass 14 6.838 0.488 3.649 <0.001***
Error 95 12.717 0.134

Trochophore

Treatment 5 27.215 5.443 14.807 <0.001***
Error 15435  5.674 0.368

Egg mass 3 23.405 7.802  21.109 <0.001***
Error 15.263  5.641 0.37

Treatment x Egg mass 14 5.407 0.386 2.059 0.021*
Error 92 17.258 0.188

Veliger

Treatment 5 9.675 1.935 5.351 0.007*
Error 12.571  4.546 0.362

Egg mass 3 5.236 1.745 4.733 0.02*
Error 12.483  4.604 0.369

Treatment x Egg mass 12 4.989 0.416 7.508 <0.001***
Error 79 4.375 0.055

Hippo

Treatment 4 6.452 1.613 2.078 0.146"
Error 12.115 9.405 0.776

Egg mass 3 11.199 3.733 5.175 0.015*
Error 12.283  8.861 0.721

Treatment x Egg mass 12 9.839 0.82 12.791 <0.001***
Error 78 5 0.064

Eyes

Treatment 4 10.013 2.503 7.461 0.002*
Error 13.223  4.436 0.335

Egg mass 3 48.159  16.053 47.850 <0.001***
Error 12.555  4.212 0.335

Treatment x Egg mass 11 3.69 0.335 1 0.454"
Error 76 25.492 0.335

Heart

Treatment 4 22.042 5.51 14.572 <0.001***
Error 12.948  4.896 0.378

Egg mass 3 31.994 10.665 28.118 <0.001***
Error 12.364  4.689 0.379

Treatment x Egg mass 11 4.204 0.382 1.136 0.346"
Error 76 25.567 0.336

Foot

Treatment 4 15.739 3.935 3.584 0.038*
Error 12.046  13.224 1.098

Egg mass 3 33.793  11.264 10.127 <0.001***
Error 11.735 13.053 1.112

Treatment x Egg mass 11 12.659 1.151 2.084 0.032*
Error 76 41.967 0.552

Radula

Treatment 4 3.93 0.983 1.585 0.239"
Error 12.514  7.755 0.62

Egg mass 3 44.204 14735 23.593 <0.001***
Error 12.062  7.533 0.625

Treatment x Egg mass 11 7.01 0.637 1.451 0.168"
Error 76 33.375 0.439

Hatching

Treatment 4 60.903 15266 11.945 <0.001***
Error 14.333  18.269 1.275

Egg mass 3 139.484 46.495 36.913 <0.001***
Error 13.305 16.759 1.26

Treatment x Egg mass 11 13.427 1.221 0.662 0.769"
Error 71 130.879  1.843

Survival through to hatching

The greatest level of survival (100 %)
was recorded for embryos developing in
the SO treatment, whereas survival of
embryos in salinity treatments decreased
with increased salinity, from 91 % survival
in S2 to 0% in S9 (Fig. 3). No embryos
developed past the veliger stage in the S9
treatment (Fig. 2); their cellular material
became scattered across the egg capsule
at this stage and no further develop-
ment occurred. There was a high degree of
variation in survival between egg masses
across treatments that increased to a range
of 0 to 100% in the S7 treatment (Fig. 4).

Hatchling shell morphology

There was a significant effect of salinity
on length, aspect ratio and aperture ratio
(Table 8). Despite there being no obvious
trend in shell morphology with an increase
in salinity from 2 to 7, the aperture ratio
was less in S2 (p = 0.001), S5 (p = 0.002)
and S7 (p = 0.001) treatments compared
with SO, and shell length was significantly
smaller in the S7 treatment compared with
shells from the APW treatment (p = 0.012;
Fig. 5).

Shell width and the body length:aper-
ture height ratio differed between egg
masses and there was a treatment x egg
mass interaction in the aperture height of
hatchling shells (Table 6).

Hatchlings from the SO treatment, rela-
tive to APW, had a significantly smaller
aperture width (p = 0.007), aperture height
(p < 0.001), shell length (p < 0.001) and
aspect ratio (i.e. they were more rotund,
p =0.016) and a greater aperture ratio (p =
0.035). That there were differences in shell
morphology between embryos cultured in
a salinity of 0 and those from other treat-
ments is perhaps not surprising given the
absence of external ions available for shell
production in the SO treatment.

Cardiac activity
The highest (132 beats min~!) and lowest

(28 beats min~!) mean heart rates were
recorded from embryos cultured in S7.
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Table 3. Results of pair-wise treatment comparisons of the
time of onset of developmental events. See Fig. 2 for de-
scription of treatments

Treatments P
Spinning APW vs S7 0.015
APW vs S9 <0.001
S0 vs S9 <0.001
S2 vs S7 0.005
S2 vs S9 <0.001
S5 vs S9 <0.001
S7 vs S9 <0.001
Trochophore APW vs S7 0.036
APW vs S9 <0.001
S0 vs S9 <0.001
S2 vs S7 0.03
S2 vs S9 <0.001
S5 vs S9 <0.001
S7 vs S9 <0.001
Veliger APW vs S7 <0.001
APW vs S9 <0.001
S2 vs S7 <0.001
S2 vs S9 <0.001
S5 vs S7 <0.001
S5 vs S9 <0.001
Eyes APW vs S7 <0.009
S0 vs S7 <0.014
S2 vs S7 <0.006
Heart APW vs S5 0.002
APW vs S7 <0.001
SO vs S7 <0.001
S2 vs S5 0.018
S2 vs S7 <0.001
S5 vs S7 0.016
Foot S0 vs S7 0.025
S2 vs S5 0.002
S2 vs S7 0.002
Hatch APW vs S7 <0.001
S0 vs S7 0.045
S2 vs S7 <0.001
S5 vs S7 0.011

Heart rate increased as development progressed (Fig.
6); this trend became less clearly defined later in devel-
opment, which appears largely due to the few abnor-
mal embryos in treatments which took longer to hatch
than the majority of embryos cultured.

DISCUSSION

Here we demonstrated the occurrence of hetero-
kairy, in terms of the time of onset of developmental
events (both relative and absolute) and duration of
developmental stages, in response to salinity in an
upper-estuarine population of Radix balthica. Salinity-
related sequence heterokairy occurred during mid-
embryonic development. For snails cultured in APW,
the heartbeat and eye appeared simultaneously and

Table 4. Radix balthica. Pair-wise egg mass comparisons of

time of onset of developmental events in control treatments of

artificial pond water (APW) and deionised water (salinity of 0,

S0) and treatments of salinities of 2, 5 and 7 (S2, S5 and S7). A,

B, C and D: individual egg masses. Only treatments contain-

ing significant egg mass pair-wise differences are included.
Blank cells indicate no significant difference

Event Avs. B Avs.D Bvs.D Cvs.D
Treatment

Eyes

APW <0.001 <0.001 <0.001
SO <0.001 <0.001 <0.001
S2 <0.001 <0.001 0.014
S5 0.003 <0.001 <0.001
Heart

APW <0.001 <0.001 <0.001
SO <0.001 0.004 <0.001
S2 0.003 <0.001 0.003
S7 0.049

Hatching

APW 0.001 0.001 0.001
SO 0.001 0.003 0.001
S2 0.034

S5 0.015 0.015

before the attachment of the foot, whereas at a salinity
of 2, foot attachment occurred in some individuals
before the appearance of the eyes which, in turn,
appeared before the heart began beating. Further-
more, culture in even higher salinities (S5 and S7) also
led to sequence heterokairy with the eyes appearing
before foot attachment, which, in turn, commenced
before the appearance of the heartbeat. Hence, altered
timing occurred in a range of developmental events,
with only the initiation of the hippo stage and onset
of radula activity occurring at the same time with in-
creased salinity.

While developmental phenotypic plasticity has
attracted considerable interest in recent years (Pigli-
ucci 1998, 2005, West-Eberhard 2003, 2005, Brakefield
2006), less attention has been given to heterokairy,
which refers specifically to changes in the sequence
and timing of events during development (Spicer &
Burggren 2003, Spicer & Rundle 2007). However, the
evidence for such changes is accumulating, from
investigations which explicitly set out to test for het-
erokairy (e.g. Black & Burggren 2004, Blacker et al.
2004, Bagatto 2005, Warkentin 2007) and those where
the pattern was found but not described explicitly as
such (see Spicer & Rundle 2007 for examples).

The present study provides further evidence for the
occurrence of heterokairy as a pattern. What is still not
clear, however, is the extent to which this phenomenon
of heterokairy as a pattern is underpinned by het-
erokairic mechanisms, i.e. changes in the sequence of
gene expression. If heterokairy is a process as well as a
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Table 5. Results of two-way ANOVAs assessing differences in the duration
of developmental stages in Radix balthica between treatments and egg

A B C D
- |

5 6

Time (d)

masses. *: p <0.05; ***: p<0.001; *: p>0.05
Factor df SS MS F P
Cell division
Treatment 5 27.215 5443 14.807 <0.001***
Error 15.435 5.674 0.368
Egg mass 3 23.405 7.802  21.109 <0.001***
Error 15.263 5.641 0.37
Treatment x Egg mass 14 5.407 0.386 2.059 0.021*
Error 92 17.258 0.188
Trochophore
Treatment 5 2.798 0.56 1.497 0.252"
Error 14.301 5.345 0.34
Egg Mass 3 35513 11.838 31.35 <0.001***
Error 13.94 5.264 0.378
Treatment x Egg mass 12 4.832 0.403 1.914 0.045*
Error 79 16.617 0.21
Veliger
Treatment 4 0.055 0.109 0.961 0.463"
Error 12.382 0.288 0.113
Egg mass 3 0.152 0.405 3.789  0.038™
Error 12.941 0.257 0.107
Treatment x Egg mass 12 0.198 0.118 3.884 <0.001***
Error 78 2.375 0.03
Hippo
Treatment 4 49.586  12.397 15966 <0.001***
Error 16.407 12.739 0.776
Egg mass 3 103.982  34.661 46.015 <0.001***
Error 14.715 11.084 0.753
Treatment x Egg mass 11 7.627 0.693 0.42 0.943™
Error 71 117.307 1.652

pattern, it may act as a mechanism for
selection by increasing fitness and thus
play an important role in evolution (see
Spicer & Rundle 2007 for discussion).
Although heterokairy may have adap-
tive significance (e.g. Warkentin 1995), it
could also have negative effects on fitness
(Spicer & Burggren 2003). Gotthard &
Nylin (1995) comment that not all pheno-
typic plasticity has to be adaptive and that
an organism exposed to environmental
conditions with which it is unfamiliar, in
terms of its evolutionary history, is highly
likely to show non-adaptive phenotypic
plasticity (discussed in Garland & Kelly
2006). Heterokairy exhibited in response
to salinity in the present study could in-
deed represent an adaptive shift in early
embryonic development to enable individ-
uals to in some way cope with the osmotic
stress of development in brackish waters.
However, the mechanisms involved are
not clear and we are left with conjecture.
On the other hand, the effect of salinity
could be negative, delaying the construc-
tion of one physiological function during
development relative to another. Only at
a salinity of 7 was development signifi-
cantly prolonged compared with that in
freshwater (mainly due to a prolonged
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Table 6. Results of pair-wise treatment comparisons of the
duration of developmental stages. See Fig. 2 for description
of treatments

Treatments P
Trochophore APW vs S7 0.036
APW vs S9 <0.001
S0 vs S9 <0.001
S2 vs S7 0.03
S2 vs S9 <0.001
S5 vs S9 <0.001
Veliger APW vs S7 0.001
S2 vs S7 0.003
S5 vs S7 0.018

Table 7. Radix balthica. Pair-wise egg mass comparisons of

duration of developmental stages in control treatments of arti-

ficial pond water (APW) and deionised water (salinity of 0, SO)

and treatments of salinities of 2, 5 and 7 (S2, S5 and S7). A, B,

C and D: individual egg masses. Only treatments containing

significant egg mass pair-wise differences are included. Blank
cells indicate no significant difference

Event Avs.B Avs.D Bvs. D Cvs.D
Treatment

Cell division

APW <0.001 0.002 0.032
SO 0.003 0.002 <0.001 <0.001
S2 0.001 0.002

S5 0.002 0.002 0.013
S7 <0.001

Trocophore

APW <0.001 <0.001 0.002
SO 0.007 <0.001 <0.001 <0.001
S2 0.002 0.005

S5 <0.001 <0.001 <0.001
S7 <0.001 <0.001 0.004
Veliger

S7 <0.001 <0.001 <0.001
Hippo

APW <0.001 <0.001 0.003
SO 0.003 0.013 0.003
S2 0.044 0.021

S5 0.044 0.044

hippo developmental stage), and it is difficult to see
this as other than a pathological, and not an adaptive,
feature.

Hatchlings from the S7 treatment had reduced shell
length compared with those from the APW treatment.
Altered shell morphology, in response to salinity very
early in shell development, may translate to even
greater differences in shell morphology in adults from
embryos cultured within salinity regimes compared
with those from freshwater. Shell aspect and aperture
ratios were also altered between treatments. Radix
balthica has been shown to modify its shell shape in

1004
N = 24 per treatment

Percentage survival

APW SO s2 s5 = s7  S9
Treatment

Fig. 3. Radix balthica. Percentage survival to hatching of
embryos cultured within different treatments. See Fig. 1 for
description of treaments

100

80

Percentage survival

APW S0 S2 S5 S7 59
Treatment

Fig. 4. Radix balthica. Percentage survival to hatching of em-
bryos from individual egg masses (A, B, C and D) in different
treatment solutionss. See Fig. 1 for description of treaments

response to the nature of predation threat (Lakowitz et
al. 2008) and habitat type (Lam & Calow 1988, Pfen-
ninger et al. 2006); however, how differences in the
shell development of the newly hatched snail arise,
and their effect on the adult phenotype merits further
attention. Embryos were exposed to constant salinity
throughout development, which is unlikely to repre-
sent current in situ conditions for this upper-estuarine
population or be entirely representative of future con-
ditions at the collection site under forecasted future sea
level rise. What is uncertain from our results is whether
a brief, or periodic (as is likely to be the case for this
upper-estuarine population), exposure to brackish
waters early in development would elicit a change in
shell morphology of hatchlings or, similarly, whether
returning hatchlings cultured within brackish water to
freshwater would see a return in shell morphology to
that observed in hatchlings from freshwater. Relyea
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Table 8. Results of 2-way ANOVAs assessing the effect of culture in differ-
ent treatment solutions on shell morphology of Radix balthica. *: p < 0.05;

(2003) studied the effects of tadpole expo-

*+++.p<0.001; ™: p > 0.05

sure to different levels of predation risk at
various stages during ontogeny on mor-

phological and behavioural ftraits. He
Factor df S8 MS F p found that traits were highly reversible
Length early in ontogeny in response to altered
Treatment 4 0.192 0.048  6.558  0.006" predation risk, but that reversibility was
Error 11.317  0.083 0.007 less later in ontogeny (Relyea 2003). The
Egg mass 3 0.059 0.02 2.7 0.094" present study demonstrated plasticity, both
Error 11.709  0.085 0.007 morphological and physiological, in R. bal-
Treatment x Egg mass 10 0.075 0.008 1.445 0.189™ thica embryos, but whether the window for
S\jir:trh 49 0256 0005 this plasticity is restricted to embryonic
Treatment 4 0.042 0.01 2.755 0.076" development or continues through to
Error 12.471  0.047 0.004 adulthood is an area deserving of further
Egg mass 3 0.053 0.018 4.66 0.02* work. At the same time, R. balthica is a
Error 13.223 0.05 0.004 mobile species and, therefore, in the pres-
Treatment x Egg mass 10 0.037 0.004 0.784 0.644" ence of saline intrusion, could move
Error . 49 0.231 0.005 inland. Although we can't excuse this abil-
?&Zﬁg‘lrei:lmght . 0053 0013 2505  0.103" ity as a potential mechanism by which this
Error 10919 0.057 0.005 ' ' species might avoid salinity stress, the fact
Egg mass 3 0.044 0.015 2.804  0.088" that it can inhabit waters approaching the
Error 11.191  0.058 0.005 upper salinity range (S7) as demonstrated
Treatment x Egg mass 10 0.055 0.005 2.054 0.047* in the present study (Radberg & Kautsky
Error 49 0.131 UL 2007, Environment Agency pers. comm.),
Aperture length N suggests that it may be able to maintain its
E;fj;ment 12.‘;72 8822 88(1)2 3707 032 current distribution and rely on its physio-
Egg mass 3 0.002 0.001 0.226 0.877 logy for survival. As such, this species could
Error 13.619  0.049 0.004 offer important insights into which traits
Treatment x Egg mass 10 0.035 0.003 0.702 0.718" (including developmental plasticity and
Error 49 0.241 0.005 heterokairy) might allow the persistence of
Aperture width freshwater taxa under salinity stress.
Treatment 4 0.044 0.011 3.001  0.065™ Despite heterokairy having occurred in
Ergrgrmass 11? 61 O‘%42 08‘0000448 9 0013 0998 many of the developmental events studied,
Error 11.768  0.043 0.004 the appearance of the radula remained
Treatment x Egg mass 10 0.038 0.004 1.398 0.209"s relatively fixed across treatments, occur-
Error 49 0.132 0.003 ring at the same time in development
Aspect ratio despite altered timing of the events occur-
Treatment 4 0.112 0.028 5.703 0.006* ring before and after (Fig. 2). Delayed
Error 14.307  0.07 0.005 . hatching occurred in a salinity of 7, but
E?r%rmass 1 5% 44 O%O748 88(1)2 2.666 0.084 the radula (the event prior to hatching) did
Treatment x Egg mass 10 0.045 0.004 0.462 0.906™ not occur significantly later in the S7 treat-
Error 49 0.473 0.01 ment compared with the APW treatment;
Aperture length:Aperture width there was therefore a prolonged period be-
Treatment 4 5.563 1.391 5.029 0.014° tween radula and hatching during which
Error 11.441  3.164 0.277 little development was apparent. Arrested
Egg mass 3 0.562 0.187  0.681  0.581™ or reduced development rates under
%:z)irtment x Egg mass 11;372 zégj 8:%2 1.322  0.245™ u.nfa‘.’ourable Cond?ﬁons have been identi-
Error 49 10.463 0.214 fied in many species (e.g. Wourms 1972,
Length:Aperture height Petranka et al. 1982). Delayed hatching in
Treatment 4 0.198 0.049 1.045  0.426" embryos cultured under the S7 regime
Error 11.427  0.541 0.047 may be due to halted development in
Egg mass 3 2.095 0.698  14.848 <0.001°** response to unfavourable conditions for
E‘;ra?[menthgg mass Mi?)54 gigg 882; 1.335 0.239" the hatChl.i ng, as no visible development
Error 49 1.774 0.036 occurred in these embryos once radula

ontogeny occurred.
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Fig. 5. Radix balthica. Mean (+1 SE) shell measurements

between treatments. Results of post hoc pair-wise compar-

isons between treatments are indicated by different letters

above error bars; similar letters indicate no significant dif-

ference as shown by post hoc Bonferroni tests. See Fig. 2 for
description of treatments
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Fig. 6. Radix balthica. Mean heart rate measurements from

first heartbeat through to hatching of individuals cultured

within different treatment solutions. See Fig. 2 for description
of treatments

The response of individual egg masses to salinity
treatments in terms of survival and developmental
event sequence and timing was highly variable. For
example, survival of individuals through to hatching
from a particular egg mass ranged from 0 to 100 % in
the S7 treatment. At the same time, the proportion of
individuals within each egg mass exhibiting hetero-
kairy (i.e. deviation in the sequence of developmental
events from the mean developmental sequence
recorded for the control APW treatment) in the S5
treatment ranged from 0 to 100 %, Smirthwaite et al.

O

(2007) recorded the same developmental sequence for
this species in APW, which suggests our observed het-
erokairy is a deviation from the normal developmental
sequence of this species; due to logistical constraints,
only 4 egg masses were used in the present study and
therefore caution is required in extrapolating to any
population-level response. This high degree of vari-
ability in response to salinity between egg masses sug-
gests there might be a large degree of genetic varia-
tion both within and between egg masses. Future
studies that incorporate an investigation of the parent-
age of eggs within a mass, or that conduct selective
breeding trials would be extremely valuable in eluci-
dating key questions concerning the heritability of
heterokairy. Such information would again be highly
pertinent for predicting the potential that heterokairy
might have in driving species responses to environ-
mental change such as increased salinity in freshwater
habitats.

In summary, in response to salinity, the upper-
estuarine Radix balthica embryos used in the present
study exhibited plasticity both in the form of het-
erokairy (sequence and timing) in embryonic develop-
mental events and in hatchling shell morphology.
Heterokairy remains a form of plasticity of particular
interest due to its possible evolutionary role as a mech-
anism by which differences in the developmental
sequences between ancestral and descendent species
(i.e. heterochrony) might evolve (Spicer & Rundle
2007).
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