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Can environmental tolerances explain convergent patterns
of distribution in endemic spring snails from opposite sides

of the Australian arid zone?
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Abstract Patterns of distribution are influenced by
species environmental requirements and limits, but
experimental tests are needed to discern whether
correlates of abundance directly affect survival and
success. Springs in Australia’s arid interior support a
wide diversity of gastropods only found in springs, and
these species show dichotomous patterns of distribu-
tion. “Amphibious” species are broadly distributed
across many springs and microhabitats, and “aquatic”
species confined to the deepest pool areas within large
springs. This pattern appears to be driven by the
interaction between different environmental condi-
tions in different microhabitats and the environmental
tolerances of each endemic snail species. Factorial
experiments were used to test whether conditions in
the environmentally extreme and variable tail area of
springs (considering pH, conductivity, temperature
and desiccation potential, alone and in synergistic
scenarios) elicited lethal or sub-lethal responses in
spring snails endemic to springs on opposite sides of
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the Australian arid zone. All species restricted to
spring pools were able to endure 24 h exposed to the
average tail conditions, alone and in combination, but
most suffered mortalities when subjected to extremes,
and mortalities occurred sooner in the most restricted
species when elevated pH and conductivity were
experienced in combination. Responses of species
from different locations are similar, but pattern of
distribution in the field were not correlated with
tolerance of environmental extremes—with the “am-
phibious” species from the sub-tropics being far more
sensitive than its arid counterpart. These findings
suggest that environmental variance within springs
can influence patterns of distribution and abundance,
particularly when extremes are experienced simulta-
neously over sustained time periods. But despite
similarities in responses across species from these
two spring complexes, no simple generalisations
linking distribution and tolerance were discernible.

Keywords Spring snails - Great Artesian Basin -

Crenobiology - Limnocrenic springs - Interactive
effects - Hydrobiidae

Introduction
Species with more specific environmental require-

ments are thought to be more restricted in distribution
than those that can persist across a broad range of
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conditions (Gaston et al. 1997; Slatyer et al. 2013).
Environmental requirements and limits, and therefore
the suitability of conditions within a species’ range,
are often inferred from patterns in abundance across
naturally occurring gradients (Hengeveld and Haeck
1981, 1982; Guisan and Thuiller 2005). However,
experiments are needed to determine whether envi-
ronmental variables directly affect processes that
dictate abundance and distribution (Vanhorne 1983;
Mitchell 2005; Kearney 2006). Such mechanistic
connections between organism and environment can
be subtle, because the environment is multipartite and
variable—we must venture to discern which factors, or
combinations of factors, as their averages or extremes,
influence each species of interest (Underwood et al.
2000; Piggott et al. 2012; Dowd et al. 2015).

A rich and productive history of experimental
research has used the environmental tolerances and
limits of freshwater species to explain patterns of
distribution and diversity (Hart et al. 1991; Stomp
et al. 2011; Stendera et al. 2012). However, few
experimental tests address spring systems (Wiegert
and Mitchell 1973; Ponder et al. 1989; Klockmann
et al. 2016). This is unfortunate, as a wealth of
descriptive studies suggests environmental matching
plays a strong role in spring systems (Fleishman et al.
2006; Zullini et al. 2011; Spitale et al. 2012; Rosati
et al. 2014), and springs often present unique physi-
ological challenges (e.g. extreme temperatures
(Mitchell 1974; Pritchard 1991), low oxygen or high
dissolved CO, and CaCOs5 (Blinn 2008) and unique
water chemistry (LeBlanc et al. 2015)). Gradients in
diversity and abundance in springs have been related
to the strong environmental gradient that exists
between a spring’s groundwater source and its outflow
(Cantonati et al. 2012). Generally, species specialised
to the stable conditions of the upper reaches and spring
pools (“crenobionts”) are replaced by species with
broader environmental tolerances (“crenophiles”) as
water flows out into spring brooks (Cantonati et al.
2012). Springs in arid contexts present a unique
system, because environmental gradients between
spring outflows and the surrounding desert are stark
and, in these regions, springs often provide the only
permanent aquatic habitat in a landscape characterised
by water impermanence and variability (Shepard
1993; Davis et al. 2017).

Springs fed by Australia’s Great Artesian Basin
(GAB) are maintained by one of the world’s largest

@ Springer

arid zone aquifers not in a serious state of decline
(Richey et al. 2015), though Australian springs have
still experienced severe losses of habitat (Fairfax and
Fensham 2002, 2003; Powell et al. 2015). In this
system, a phylogenetically diverse range of species
persists in springs that are hydrogeologically similar
(Fensham and Fairfax 2003; Fensham et al. 2011) and
share a common quaternary history (Murphy et al.
2015), despite being clustered into discrete “super-
groups” in different climatic and geological contexts
(see Habermehl (1982) for more detail) (Fig. 1). Akin
to spring systems in the Americas (e.g. Hershler et al.
2014) and Europe (e.g. Benke et al. 2011), GAB
springs are rich in endemic gastropods (Ponder 1995;
Ponder and Slatyer 2010; Fensham et al. 2011). Each
species is restricted to a single spring supergroup
(Perez et al. 2005) (and often a small locality within
that), and diversity is concentrated in particular
regions (Ponder 1995; Ponder and Slatyer 2010)—
for example springs surrounding Kati Thanda (Lake
Eyre) (McMahon et al. 2005) are particularly rich in
Tateidae (Ponder et al. 1989), whilst springs in the
Pelican Creek complex house a different radiation of
Tateidae (Ponder and Clark 1990) living in sympatry
with species of Bithyniidae (Ponder 2003) and
Planorbidae (Brown 2001) (Ponder et al. 2010)
(Fig. 1).

Gastropods endemic to GAB springs on opposite
sides of the basin have one of two distinct types of
distribution, echoing broader generalisations about the
role of environmental gradients in springs. Most
species occupy few springs and are restricted to the
deepest areas of permanent pool at the spring vent, but
some species persist in high abundance in shallow and
ephemeral spring outflows (or tails), and these species
generally occupy more springs (Tables 1, 2). Strong
differences in prevailing environmental conditions,
and patterns of variance, across pool and outflow areas
have been documented in GAB springs (Table 3).
Outflow (aka tail) areas experience higher conductiv-
ity, pH and temperature as well as greater variance in
these (Rossini et al. 2017). Early studies in one region
of the GAB system provided a mechanistic link
between patterns of distribution and environmental
tolerances of endemic gastropods (Ponder et al. 1989).
Species deemed “aquatic” had restricted distributions
and suffered severe mortalities in the face of environ-
mental extremes, whilst species deemed “amphibi-

2

ous”, by contrast, could tolerate environmental
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MULTIPLE SPRING COMPLEXES
KATI THANDA SUPERGROUP

Fonscochlea zeidleri (T)

Fonscochlea aquatica (T)

Fonscochlea accepta (T)

PELICAN CREEK SPRING COMPLEX
BARCALDINE SUPERGROUP

Gyraulus edgbastonensis (P)

Gabbia fontana (B)

Fonscochlea variabilis (T)

Trochidrobia punicea (T) % ﬂ‘a"
3

& DEDPAD

V7% Spring supergroup

Arid zone

Semi-arid zone

C Great Artesian Basin

Jardinella edgbastonensis (T)

@ Glyptophysa sp. (P)

5

Jardinella jesswiseae (T)

Jardinella acuminata (T)

Fig. 1 The spring supergroups of the Great Artesian Basin
overlaid on a map of the arid and semi-arid regions of the
Australian continent (centre), with examples of a subset of the
species of mollusc endemic to two regions [with their family
denoted by the letter in brackets—Tateidae (T), Planorbidae

Table 1 Six species endemic to the Pelican Creek springs
included in this study (with the family denoted by letters in
brackets, T = Tateidae, P = Planorbidae and B = Bithyniidae)

@
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(P) and Bithyniidae (B)]: the Kati Thanda (Lake Eyre) region in
the arid south-west (which incorporates numerous spring
complexes) (left) and the Pelican Creek complex (a single
locality) in the Barcaldine region of the basin’s semi-arid north-
east (right)

showing a summary of results presented in previous studies
regarding their distribution (Rossini et al. 2017 and the
unpublished data of RA Rossini)

Species (family) % springs Notes on distribution Type
occupied

Jardinella 13 All species have significantly higher abundance in pool areas where average Pool
acuminata (T) depth is between 1 and 10 cm, pH is below 9 and conductivity < 1500 pS/cm.  restricted

Gyraulus 10 All (except for Gy. edgbastonensis) only found in the largest spring studied
edgbastonensis (P)

Glyptophysa sp. (P) 5

Jardinella 29 No significant differences in abundance across areas but the conditions of the ~ Pool/tail

Jjesswiseae (T)

quadrats it is found within are very similar to the “pool” species (and very

dissimilar to those of Ga. fontana), apart from being relatively common in
areas < | cm deep. Found in the large- and the medium-sized springs studied

Gabbia fontana (B) 13

No significant differences in abundance across areas and particularly distinctive

because it is equally common and abundant at 1500 pS and 2500 pS/cm. Only
found in the largest spring studied

Jardinella 31
edgbastonensis (T)

Noteworthy for being the only species to have significantly higher abundance in Tail
the tail areas. The only species common and at high abundance in

occupying

water < 1 cm deep (including 1 mm i.e. they are not necessarily full
immersed or may be burrowed in the sediment). Whilst it is where
conductivity is 1500-2500 uS/cm (like Ga. fontana) it is far more abundant
where conductivity is < 1500 pS/cm

extremes for up to 48 h and were the only species
found in shallow outflows and edges and occupied
more springs (Table 2). Therefore, the environmental

tolerance of each species predicted its pattern of
distribution. An ability to generalise using links
between physiology and distribution across the vast
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Table 2 Results of surveys and physiological tests on all species endemic to

included in the previous studies of Ponder et al. (1989)

the springs surrounding Kati Thanda (Lake Eyre)

Species % Notes on distribution Notes on responses to physiological Type
(family) springs tests
occupied
Fonscochlea 10 “...tend to prefer the upper outflow and spring head All dead within 12-h dry, only Aquatic
variabilis and to attach themselves to the undersides of hard  species to suffer mortalities (small)
(T objects” p. 39 within 48 h in moist treatment
Form A Most inactive within 2 h at 9%o
(15 mS/cm), all dead instantly in
12%o0 (20 mS/cm)
Few active at temps < 5 °C
or > 40 °C
Trochidrobia 54 “...extremely abundant in the springs within which ~All dead within 6-h dry
punicea (T) it occurs. They live in a variety of microhabitats pew active > 12 h at 9% (15 mS/
and appear to be particularly abundant in shallow, cm) and all dead instantly in 12%o
firm-bottomed outflows” p. 65 (20 mS/cm)
None active at temps < 1 °C
or > 37 °C
Fonscochlea 23 “...[prefers] the shallow water outflows to the All survive up to 4-h dry and then  Aquatic
accepta (T) deeper water in pools, where as form A is found most dead within 12 h (large)
Form B in pools in large numbers™ p. 29 No clear trends, high activity in
12%o0 (20 mS/cm)
None active < 1 °C or > 42 °C
Fonscochlea 60 “...[name is] a derivation of its aquatic habit...”  Most survive up to 4-h dry and then
aquatica p- 30 most dead within 12 h
(M No clear trends, high activity in
Form A 12%0 (20 mS/cm)
Some active at temps < 0 °C and
none active > 40 °C
Fonscochlea 87 “... most widely distributed of the mound springs  Only species to have > 50% of Amphibious
zeidleri (T) snails, is of special interest because of its individuals survive being dry for
Form A amphibious habit. It lives, in most springs, along 48 h

the edges of the outflows where it is either
exposed, or partly or completely buried in

No clear trends, high activity in
12%o (20 mS/cm)

sediment” pp. 56-58

Some individuals active at
temps < 1 and > 40 °C

and diverse GAB springs system would be beneficial
to pure science and management; however, such tests
are only available for this single radiation of Tateidae
alone.

By extending studies to species and regions yet to
be investigated (e.g. those from Pelican Creek,
Table 1), we can assess whether the aquatic-amphibi-
ous dichotomy proposed for the Kati Thanda system
can be used to explain patterns of distribution gener-
ally in GAB springs, or instead, whether generalisa-
tions can be made using the taxonomic affinity of
species [i.e. more closely related species are more
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similar (Dussart 1979; Losos 2008)] or locality (i.e.
species from the same region are more similar). Such
research also provides an opportunity to build on
previous tests. Environmental extremes coincide spa-
tiotemporally in springs (Rossini et al. 2017). Periods
of little rainfall in hotter months bring extremes of
desiccation potential, pH and conductivity, and these
extremes are more severe in tail areas (as high as pH
10.5, 4000 pS/cm @ 25 °C conductivity and temp
ranges of 5-50 °C; Table 1). Therefore, important
interactions that occur between variables (Piggott
et al. 2015) and their timing (Layman et al. 2000), as
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Table 3 The differences in the observed conditions in pool
and tail microhabitats in GAB springs from the Pelican Creek
complex (summarised from Rossini et al. 2017). Ranges
presented encompass the absolute minimum and maximum
recorded over a l-year period in 2014-2015, and maximum
conductivity represents the highest value ever recorded in the

microhabitat in a spring from any records (unpub. data
Rossini). Pool microhabitats are deep (> 20 mm) and close
to the spring vent, and this water then outflows into shallow
(< 10 mm) and ephemeral tail microhabitats (all results
presented are generalisations gleaned from Rossini et al. 2017)

Pool Tail
Hours devoid of standing water each day 0h Upto8h
Completely dry in at least one season N Y
pH range 7.7-8.6 7.7-9.5
Conductivity range 500-1500 pS/cm 1000-3500 pS/cm
Maximum conductivity 2132 pS/em 7820 uS/cm

Average winter/summer temperature range

15£5°C25+£5°C

15 £ 10°/35 + 10°

well as any physiological costs when non-lethal
conditions are endured for long periods (Sultan
2015), have, to date, been overlooked. Springs also
differ in their prevailing conditions (Rossini et al.
2017) (Table 4), and populations of the same species
from different springs respond to stressors in different
ways (Ponder et al. 1989). By extending our tests to
consider the responses of multiple populations of each
species to factors in isolation and in combination and
for extended periods, we can attempt to capture the
subtleties by which environmental conditions dictate
patterns of distribution and diversity in this spring
system.

This study had three interrelated aims, each with its
own hypotheses (Fig. 2). First, we determined whether
six of the previously untested species of gastropod
endemic to the Pelican Creek springs complex differed

in their short-term (within 24 h) lethal responses to
environmental conditions representative of the aver-
ages and extremes that prevail in tail areas (elevated
desiccation potential, conductivity, pH and tempera-
ture), and whether those responses differ across
populations or seasons. Second, we extended these
analyses evaluating the potential for factors tolerable
in short-term tests to interact over short- (within 24 h)
and long (over 1 month)-exposure periods to cause
lethal or sub-lethal effects. Third, we compared
species from Pelican Creek to those previously tested
from Kati Thanda (Ponder et al. 1989) to establish
whether species with similar patterns of distribution in
each region respond to environmental extremes in a
similar fashion, or whether similarities lie in their
taxonomic affinity or their region.

Table 4 The pool characteristics and prevailing water chemistry of the spring pool at the two springs from which snails used in this

study were collected

Springs

E509

SWs50

Landscape position

complex
Spring size 3000 m?
Maximum pool depth 15 cm
pH 7.9-8.5
Conductivity (uS/cm) 735-965

Within a sporadically flooding clay pan
with salt crusts in the centre of the

In a calcareous travertine-dominated sandy area
in the south of the complex

3500 m?
30 cm
7.7-8.3
500-800

Prevailing spring characteristics are from the unpublished data of R.A. Rossini, and all water chemistry averages are unpublished data

of RA Rossini
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AIM 2

Further assess the effect of non-
lethal differences in pH and
conductivity on an environmentally
restricted species

One specas (Glyptophyss sp.)
pH and conductivity
POOL vs. TAIL (average)

H1: Response time will be longer in tail
treatments than pool treatments

T
1
' H2: Tad treatments will have shorter time
| unti death than pool treatments

1

1

...........................

H3: Response time and time until death
under pH and conductivity in isolation will
differ from pH + conductivity in
combination

COMPARING FACTORS

AIM 1

Assess differences in lethal limits
in response to tail conditions in
species at Pelican Creek

Six species from throe famiies
pH, conductivity and temperature
PCOL vs. TAIL (average + extremes)

'
| H1: Species found in spring tails will
'
| species restricted to spring pools

'

'

)

hy " '
survive longer under tail conditions than -
'

'

...........................

' '
1 H2: Species from the same family will be :
+ more similar to each other than to species :
| adifferent family "
' '

' !
1 H3: Populations of the same species from -
1+ springs with different conditions will -
| respond in the same way '
' '

...........................

' ]
i H4: Populations of the same species :
1 tested in different seasons will respond in :
| the same way '
' '

COMPARING LOCATIONS

AIM 3
Assess similarities between

species from Pelican Creek and
species from Kati Thanda

Eleven species from three famiies
pH, conducinmty and temperature
Repicating expariments of Ponder ef al (1989)

...........................

: \
1 H1: Pool restricted species from both :
1 locations will be more similar to each other '
: than to tail occupying species '
: '

' 1
1 H2: Species from the same family will be .
+ more similar than species from different ]
1 families '
- '

' [}
! H3: Species from Kati Thanda will be more |
+ similar to each other than to species from '
; Pelican Creek '
. '

Fig. 2 A schematic showing the three main aims of this study,
and their relationship to one another—Aim 2 involves further
tests of factors from Aim 1 on species from Pelican Creek, Aim
3 involves assessing similarities between the species assessed in

Methods

This study compares endemic gastropods from two
spring supergroups on opposite sides of the GAB
(Fig. 1). All of the experimental results presented here
derive from work conducted at the Pelican Creek
complex within the Barcaldine supergroup in the
northeast of the basin, within the Edgbaston Reserve,
which encompasses most of the ~ 145 springs in the
Pelican Creek springs complex. Snails were collected
from two large springs: one in the centre of the
complex (site code E509, Lake Eyre Basin Springs
Assessment (LEBSA) ID 651 (DSITIA 2015), lat.
long. —22.732 and 145.431) and one in the south (site
code SW50, LEBSA ID 635 (DSITIA 2015), lat. long.
—22.753, 145.427). These springs were chosen
because they are among the few within the complex
that contain all species and exist in different landscape
contexts, and thus have prevailing differences in their
water chemistry (Table 4) (for more detail on envi-
ronmental variance within ES09 see Rossini et al.
(2017)).

@ Springer

Aim 1 and those from the Kati Thanda springs tested previously
by Ponder et al. (1989). Under each Aim are the species tested,
the factors considered and the treatments compared, followed by
the hypotheses tested for each Aim

Data collected from the species endemic to Pelican
Creek were compared to the previously collected and
published data of Ponder et al. (1989), which con-
cerned species endemic to multiple spring complexes
surrounding Kati Thanda (Lake Eyre) in the GAB’s
south-west. For both regions, only a subset of species
was used. There are nine species of snail endemic to the
Pelican Creek complex; however, this study uses six of
these: the Tateidae Jardinella acuminata, J. jess-
wiseae, J. edgbastonensis, the Planorbidae Glypto-
physa sp., Gyraulus edgbastonensis and the
Bithyniidae Gabbia fontana. Other species were
excluded as they are numerically rare (Edgbastonia
alanwillsi, J. pallida) or have very similar patterns of
distribution to tested species (J. corrugata is very
similar to J. edgbastonensis). For the Kati Thanda
springs, Fonscochlea variabilis, F. accepta, F. aquat-
ica, F. zeidleri and Trochidrobia punicea (all Tateidae)
were selected, despite Ponder et al. (1989) considering
5 additional species (F. billakalina, F. conica, T.
smithi, T. minuta and T. inflata), because they were the
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only species for which all tests were conducted and
included in the publication.

Aim 1.1: Short-term tests of lethal responses
to conditions in tail areas at Pelican Creek

These experiments considered six species endemic to
Pelican Creek and assessed their short-term (24 h)
tolerances to the average and maxima (extreme) of
conductivity, pH, desiccation and temperature expe-
rienced in spring tails as isolated variables. They were
designed to test the hypothesis that species differ in
their tolerances, and that species found in spring tails
will survive longer under average and extreme tail
conditions than species restricted to spring pools (for
each species distribution pattern see Table 1). The
experimental design for tests of pH, conductivity and
desiccation differed to those for temperature (see
details below). Individuals from the six species from
Pelican Creek were selected by haphazardly collecting
in the maximum size range in each spring (assumed to
be adults, different for each species, see Fig. 1). In all
experiments, individuals were transported in spring
water to a shaded area within 30 min of collection and
held in aerated tanks filled with water from their spring
of origin until experiments began.

In water naturally emerging in springs at Edgbas-
ton, the major ions likely to influence pH and
conductivity are HCO3;, Na and CI (Table 5). The
different proportions of major ions are of critical
importance in determining the effect of changes in
salinity (Cafiedo-Argiielles et al. 2016). Further, in this
system, naturally alkaline water (due to its long
residence time in the basin, alkalinity 402 mg/L on
average at Edgbaston), gradients in pH (between 7 and
10) and the concentration of bicarbonates are likely to
interact to drive species responses (Vera et al. 2014).
Therefore, to manipulate water chemistry we chose to
harvest water from the bore to maintain the alkalinity
and trace ions in the water, but mimic tail conditions
with the addition of NaCl (measured as an increase in
conductivity) and NaHCOj; (measured as an increase
in pH, though its addition also influenced conductiv-
ity). Three levels of conductivity and two levels of pH
were selected to represent the pool-tail gradient (based
on Rossini et al. (2017)): average conductivity in
pools = 800 puS/cm, the average in tails = 3500 pS/
cm and the extreme in tails = 10 mS/cm and average
pH in pools = 8 and in tails = 9.5. For treatments

Table 5 Water chemistry averages (with minimum and max-
imum) measured across different springs (different sample
sizes, 10-30) from the Pelican Creek complex taken from
Fairfax et al. (2007)

Variable Mean (min—-max)

Total alkalinity (mg/L)
Total hardness (mg/L)
HCO; (mg/L)

Na (sodium) (mg/L)
Cl (chloride) (mg/L)
Si (silica) (mg/L)

K (potassium) (mg/L) 6.6 (0.2-68)
Conductivity (uS/cm @ 25 °C) 985 (490-3300)
pH 7.98 (7.3-9.1)

402 (210-1380)
9.6 (5-25)

440 (256-1385)

278 (115-970)

113 (0.55-459)
32 (9.2-77)

focussed on single variables (i.e. tail conductivity or
tail pH) either NaCl or NaCO; was added until the
desired treatment levels were reached.

Desiccation tests aimed to replicate the three
degrees of emersion these snails experience in nature
(Table 3) (Rossini et al. 2017). The extreme tail
treatment represented the complete loss of standing
water, which occurs when the tail areas of springs dry
seasonally. For this treatment, snails were patted dry
with filter paper and placed into containers with dry
filter paper. Snails are also left without standing water
when water evaporates, but groundwater maintains the
moisture of the sediment (as occurs for up to 6 h daily
in tail areas, or near the vent of shallow springs with no
pool (Rossini et al. 2017)). This situation was repre-
sented by a moist treatment, in which snails were
placed on moistened filter paper without excess water.
Paper was checked constantly and re-moistened if
required. Finally, pools were represented by a wet
treatment, in which snails were held in containers full
of bore water. Filter paper was placed on the bottom to
control for any possible effect the filter paper may
have had.

These tests of conductivity, pH and desiccation
were conducted in 150-mL plastic containers filled
with water of the chosen treatment. The lethal
response was measured as the proportion of individ-
uals alive after being taken from their experimental
container and placed in water from their home spring
for 1 h. In these experiments, time was treated as an
independent factor; thus, a different set of 5 individ-
uals was allocated to each of the 1-, 2-, 6- and 24-h
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time periods. For each set, individuals were haphaz-
ardly allocated to treatments and immersed by 1000 h
on the day of collection; then, response was measured
after the allocated time had passed (i.e. all four sets
were started at 1000 h, and the 1-h treatment was
assessed at 1100 h, the 2-h one at 1200 h and the 24-h
one at 1000 h the following day). Data are presented as
the proportion of individuals surviving in each time
treatment.

Tests regarding temperature were conducted using
90-mL containers filled with spring water, placed in
water baths that were either heated or cooled. The
response variable for temperature tests was different
from all other tests, as this experiment employed a
repeated-measures design where temperature incre-
ments for each species are not independent of one
another. The full range of increasing (25-50 °C) or
decreasing (25-0 °C) temperatures, changed at a rate
of 5 °C per hour, were subjected on each jar contain-
ing ten individuals of each species. This rate reflects
the rate of temperature change observed in the field
(e.g. an increase of 4 °C/h (Rossini et al. 2017) and is
conservative compared to other studies of thermal
limits (e.g. 18 °C/hin Shah et al. (2017)). Ateach 5 °C
increment (starting at 25 °C, up to 50 °C and down to
0 °C), temperature was maintained for 2 min at the
chosen temperature and snails were observed in situ.
All individuals were deemed to be active or inactive
depending on whether they retained traction with the
container and were crawling normally (active) or had
lost traction, dropped to the bottom of the container
and ceased movement (not active). Results presented
are the proportion of individuals active at each 5 °C
interval across the full 0-50 °C test range.

Aim 1.2-3: Variance in response
across populations and seasons at Pelican Creek

Within this aim, we also tested whether different
populations responded in the same manner, and
whether those responses were consistent across sea-
sons. These comparisons were restricted to four of the
previously tested species—J. jesswiseae, Glyptophysa
sp., Gy. edgbastonensis and Ga. fontana, as we
struggled to collect sufficient numbers of other species
in both seasons from both springs. In these tests, the
same methods presented above were used, but popu-
lations from each of the two springs were tested
simultaneously. These springs differ in their
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prevailing conditions (Table 4), with E509 being
shallow and having higher pH and conductivity on
average. These tests were also repeated in July
(winter) and November (summer). Conditions in
springs in these two times are highly dissimilar (see
Rossini et al. 2017 for detail); springs are at their
largest in July, average conductivity is at its lowest
(800-1500 for pool and tail, respectively), and tem-
perature variance is lower with lower extremes (15-20
and 5-25 °C for pool and tail, respectively), in
contrast to November when springs severely retract
in size before the onset of summer rains, conductivity
is higher and the discrepancy between pool and tail is
greater (800-2200 pS/cm for pool and tail, respec-
tively), and temperature is higher and reaches higher
extremes (25-30 and 20-45 °C for pool and tail,
respectively).

As replication was kept deliberately low to avoid
excessive mortality of these threatened species, we
assessed whether different populations tested in dif-
ferent seasons were dissimilar using nMDS following
the recommendations of Borcard et al. (2011). For
each population of each species, the proportion of
individuals alive for each treatment level and time
were input as a proportion. For factors in which the
response of each species across all seasons and
populations were the same (e.g. all pool treatments),
the factor was excluded from the analysed dataset.
This meant that the final data set was composed of 22
input values for each population of each species [one
for each time (1, 2, 6 and 24 h) for each of the dry and
10mS and one for each of the ten temperature
increments]. As data to be input were quantitative
and used the same scale (proportion of individuals
alive as a value between 0 and 1), the distance matrix
was calculated on non-standardised data using Eucli-
dean distance via the “vedist” function and plotted
into nMDS ordinations using the “metaMDS” func-
tion with the vegan package (Oksanen et al. 2015)
executed in R Studio (R Studio Team 2015).

Aim 2: Sub-lethal and interactive effects
on Glyptophysa sp. of tail conditions over short
and extended time periods

These experiments aimed to test subtleties in the effect
of pH and conductivity concurrent with average tail
conditions using a single species, Glyptophysa sp. This
species was chosen as it has the most environmentally



Aquat Ecol (2017) 51:605-624

613

particular distribution in the field, being found in large
springs with deep pools and only within the deepest
parts of those springs (Rossini et al. 2017). These tests
were conducted as an extension of Aim 1, because
Glyptophysa sp. is never found in tail areas, but it was
able to endure all average tail conditions for 24 h.
Within this aim, we assessed its sub-lethal responses
(response time, see below for details) to short-term
exposure and lethal responses to long-term exposure
by running experiments for 1 month (vs. 1 day for
Aim 1). It also included comparisons of the effect of
pH and conductivity treatments alone, when elevated
pH and conductivity are experienced in unison. For
treatments focussed on single variables (i.e. tail
conductivity or tail pH), either NaCl or NaCO5; was
added until the desired treatment levels were reached
(see previous section). For the combined treatment
(i.e. tail conductivity and pH), both NaCl and NaCO;
were added to the same end. Snails were collected and
tested in September 2016 from the population in
SW50.

The potential for pH and conductivity to cause sub-
lethal effects (Aim 2, H1) was tested using the same
methods as Aim 1.1; however, in addition to the
number of individuals surviving at each time in each
treatment, the response time of all individuals in each
time and treatment combination were assessed. The
response variable for these tests was the time (in
seconds) that each individual took to fully extend both
tentacles beyond the aperture after being placed in a
container full of water from their home spring, which
is referred to from here as response time. It is assumed
that individuals that are slower to resume normal
activity are physiologically stressed. Results presented
are the average response time of all 6 tested individ-
uals (% standard error). Differences in response time
across times and treatments were tested with n = 6 for
each treatment (except for 10 mS/cm, where the
sample size was reduced by mortalities, so 3 random
replicates were removed from the 800 puS/cm treat-
ment to give a final of n = 3 in both treatments) using
ANOVA, with time and treatment as factors, and a
Tukey’s HSD post hoc test for pairwise comparisons.

Tests of the potential for factors tolerable in the
short term to cause cumulative effects that result in
death over exposure periods > 24 h employed a
different system. Long-term tests on Glyptophysa sp.
were conducted in a laboratory in Brisbane using
snails and water collected from spring SW50 and

transported to Brisbane. Experiments were conducted
in a flow-through aquarium system, where each
individual was housed in its own sealed 90-mL
container with water of the desired treatment circu-
lating continuously from an aerated sump shared
between all 6 replicates for each treatment. The
conductivity and pH of water within the sumps,
mortalities of Glyptophysa sp. and whether food was
required were checked daily. Glyptophysa sp. were fed
washed pesticide-free lettuce ad libitum, a food source
used in other studies of closely related species
(Kefford et al. 2007), and one on which a laboratory
colony of this species of Glyptophysa sp. have been
maintained with individuals reared through multiple
generations for over a year (Rossini, pers. obs.). The
response variable for these long-term experiments was
the time until death for the n = 6 individuals tested in
each treatment. These were compared using ANOVA,
with treatment as the only factor and individuals that
survived at the end of the experiment allocated a time
until death of 38 days.

Aim 3: Assess similarities between species
with different patterns of distribution
from different locations

In order to contextualise the responses of species from
Pelican Creek with those previously studied from the
Kati Thanda (Lake Eyre) region, we replicated the
experiments by Ponder et al. (1989). This aim tested
three alternative hypotheses: that species with the
same pattern of distribution would have similar
responses (H1), that species from the same family
would have similar responses (H2), or that species
from the same region would have similar responses
(H3).

Only a subset of the treatments used by Ponder et al.
(1989) were used here (namely, all conductivity
levels, all temperatures and desiccation treatments).
Conductivity levels in Ponder et al. (1989) were
converted to mS/cm for the presentation of results and
analyses (6%o = 10 mS/cm, 9% = 15 mS/cm and
12%0 = 20 mS/cm). Experiments at Edgbaston were
replicated in July and November, and populations as
previous tests suggest responses differ across season
and population (see “Results” section), and the
months chosen for these experiments flank the
seasonal timing of the experiments of Ponder et al.
(1989) (August to September). Unlike the experiments
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for Aims 1 and 2, table salt was used to manipulate
conductivity instead of NaCl, as this was the method
used by Ponder et al. (1989). For two species (J.
acuminata and J. edgbastonensis), we were unable to
collect enough individuals in each season and spring
combination and, thus, the full comparison was not
possible.

As replication was low in both studies (n < 3), and
some season-spring combinations were not included,
we chose to assess each hypothesis using ordination.
All raw data presented by Ponder et al. (1989) were
input into a data frame representing the Kati Thanda
species, alongside the results for species endemic to
Pelican Creek, and were analysed using the methods
described in the previous section (Aim 1.2-3). This
analysis differed only in that 26 input values were used
for the comparison [one for each time (1, 2, 6 and 24 h)
for the dry, 6-ppm, 9-ppm and 12-ppm treatments and
one for each of the ten temperature increments].

Results
Aim 1: Short-term tests of lethal responses

No individual of any species (J. acuminata, J. jess-
wiseae, J. edgbastonensis, Glyptophysa sp., Gy. edgba-
stonensis, Ga. fontana) suffered mortalities at any time
in the pool treatment. No deaths occurred within 24 h
for any species in the tail treatments moist, tail pH (9.5)
and average tail conductivity (3500 puS/cm). Mortalities
did occur in most species in response to all extreme tail
treatments: dry, 10 mS/cm conductivity and at the
temperature extremities.

Species differed from each other in their response to
these extreme treatments. All species apart from Ga.
fontana suffered mortalities in the dry treatment
(Fig. 3, left). J. acuminata suffered greatest mortality:
100% of individuals were dead at all times (Fig. 3c).
All Gy. edgbastonensis and J. jesswiseae survived in
the 1-h dry treatment, but mortalities occurred at 2 h
and none survived in the 6- and 24-h treatments
(Fig. 3a, d). Eighty per cent of individuals of Glyp-
tophysa sp. were alive in the 2- and 6-h treatments, but
only 20% survived 24 h under dry conditions
(Fig. 3b). G. fontana and J. edgbastonensis were the
only species in which 100% of individuals were alive
in the 6-h dry treatment (Fig. 3e, f), and Ga. fontana
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Fig. 3 The proportion of individuals of each focal species alive »
in the desiccation (left) and conductivity (centre) treatments and
active across the temperature gradient (right)

was the only species in which all individuals were
alive after 24-h dry.

When exposed to extreme conductivity (10 mS/
cm) (Fig. 3, centre), all species apart from Ga. fontana
suffered mortalities (Fig. 3f). All individuals of all
species apart from J. edgbastonensis were alive in the
1- and 2-h treatments (Fig. 3e). G. edgbastonensis and
J. acuminata had lower proportions of individuals
alive in the 6-h treatment, and 100% of individuals
were dead in the 24-h treatment (Fig. 3a, c). Similar
patterns occurred in Glyptophysa sp. and J. jesswiseae,
except that in both species a small number of
individuals remained alive in the 24-h treatment
(Fig. 3b, d).

When exposed to increasing or decreasing temper-
atures, all species had all or some individuals that lost
traction and ceased movement at temperatures below
10 °C (Fig. 3, right), though individuals of the two
species of Planorbidae (Glyptophysa sp. and Gy.
edgbastonensis) were the only ones to remain active at
5 °C (Fig. 3a, b). Under increasing temperatures, all
species of Jardinella and Ga. fontana began losing
traction and ceasing activity at 35 °C. All individuals
of J. acuminata ceased movement at 40 °C (Fig. 3c)
and all other species had < 50% of individuals active
at 40 °C. Of the two planorbid species this began at
higher temperatures, 40 °C for Gy. edgbastonensis
and 45 °C for Glyptophysa sp. (Fig. 3a, b). All
individuals of all species had entered heat coma at
50 °C, and no individuals of any species revived once
the water returned to 25 °C after reaching 50 °C.

Aim 1.2-3: Differences across populations
and seasons

In all species, there was no mortality in response to the
pool treatment or the tail conductivity (3500 pS/cm),
tail pH (9.5) and tail moist treatments across any
populations or season (the same result as previous
tests). Differences arose in response only to the
extreme treatments (dry, 10 mS/cm conductivity and
extreme thermal limits).

Whether snails from different springs or snails
examined in different seasons differed from one
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another depended on the variable tested (Fig. 4).
When exposed to the extreme dry treatment, all
species responded in a species-specific fashion (Fig. 4,
far left). Individuals from different springs elicited
similar responses, but across all species suffered larger
mortalities (> 50% dead) in earlier time treatments in
November compared to July: in the 2-h treatment
instead of the 6 or 24 h for Gy. edgbastonensis
(Fig. 4a), in the 6-h treatment versus the 24-h

Desiccation

@ 7
Gyraulus edgbastonensis
Proportion alive

Conductivity

treatment for Glyptophysa (Fig. 4b), in the 1-h treat-
ment instead of the 2-h treatment for J. jesswiseae
(Fig. 4c) and mortality after 6 h compared to none
within 24 h in Ga. fontana (Fig. 4d).
Exposure to extreme conductivity
(Fig. 4, centre left) revealed different patterns across
species. In the two planorbid species (Gy. edgbasto-
nensis and Glyptophysa sp.) higher mortality rates
occurred sooner in July compared to November, but

treatments

Temp. E509 Temp. SW50

Glyptophysa sp.
Proportion alive

Jardinella jesswiseae
Proportion alive

&) o
Gabbia fontana
Proportion alive

0 1 2 6 24 0 1

Time (hours)

Fig. 4 The proportion of individuals of a G. edgbastonensis,
b Glyptophysa sp., ¢ J. jesswiseae and d G. fontana from two
populations (circles = E509, squares = SW50) tested in two
seasons (dark line, filled = July, dashed line, open = Novem-
ber) alive at each time or temperature when exposed to extreme
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Temperature (C)

dry treatment (far left), extreme conductivity treatment (10 mS/
cm) (centre left) and the full temperature range experienced in
nature (split according to population, centre right = E509,
right—SES50)
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snails from E509 (the spring with higher conductivity
and pH on average, Table 4) experienced greater
mortality than those from SWS50 (Fig. 4a, b). In
contrast, J. jesswiseae showed the same pattern as for
the extreme dry treatment—mortalities occurred
sooner in November than in July for snails from both
springs (Fig. 4c). No mortalities of Ga. fontana
occurred in response to extreme conductivity levels
in any season for snails from both springs (Fig. 4d).

For increasing temperature (Fig. 4 centre right and
far right), a threshold of > 50% mortality occurred at
lower temperatures in the July observations compared
to the November observations in snails of all species
from both springs. Specifically, Gy. edgbastonensis
and Glyptophysa sp. suffered 100% mortality at 45 °C
(Fig. 4a, b), for J. jesswiseae at 35 versus 40 °C
(Fig. 4c) and for Ga. fontana at 35 versus 45 °C
(Fig. 4d). Patterns in the lower thermal limit were
contingent on the spring from which snails came, the
species and the season: Gy. edgbastonensis from both
springs had a lower thermal limit in November
(Fig. 4a), Glyptophysa from E509 had a lower thermal
limit in July, but those from SW50 were similar across
seasons (Fig. 4b), J. jesswiseae from E509 had a lower
thermal limit in July, but those from SW50 were the
opposite (Fig. 4c) and Ga. fontana thermal limit was
lower in snails from E509 but similar to those from
SW50 (Fig. 4d centre right versus right).

When all responses are considered simultaneously
(Fig. 5), populations of each species were generally
more similar to each other within a season. For
example, the responses of Ga. fontana from ES509
tested in July were more similar to Ga. fontana from
SW50 tested in July than those from E509 tested in
November. Glyptophysa sp. is an exception, and both
populations in each season are approximately equidis-
tant. Despite this variability, species remain dissimilar
to each other—no 95% confidence interval for a
species overlaps with another, particularly within
seasons.

Aim 2: Sub-lethal and interactive effects
of variables representative of tail conditions

Individual Glyptophysa sp. exposed to tail moist, tail
pH (9.5) and tail conductivity (3500 pS/cm) generally
had a similar response time to those exposed to pool
conditions (pH 8.5, conductivity 800 pS/cm)
(Fig. 6a—c). However, in the group exposed for 2 h
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Fig. 5 An nMDS showing the response to dry, 10 mS/cm
conductivity and temperature treatments of two populations of
four species of snail endemic to Edgbaston tested in two seasons
(filled = July, open = November) bound within 95% confi-
dence interval ellipses for each species. Symbols denote
families (circle = Tateidae, triangle = Planorbidae, dia-
mond = Bithyniidae). Colours and initials within the ellipse
denote species with J. jesswiseae (1J) as navy, G. edgbastonen-
sis (GE) and Glyptophysa sp. (GL) as light green and dark green
and G. fontana (GF) as yellow. Final stress = 0.12. (Color
figure online)

to tail conductivity, average response time was longer
than all other treatments, but there was high between-
individual variance (i.e. some had response times
similar to those in the pool treatment, and others had
response times considerably longer than that) render-
ing differences in the averages statistically insignifi-
cant (Fig. 6b). In extreme treatments, although all
Glyptophysa sp. were able to survive both the 1- and
2-h treatments under dry conditions, the response time
of individuals in these treatments was significantly
longer than all other treatments (p < 0.001) (Fig. 6a).
Likewise in 10 mS/cm conductivity treatment,
although 50% of individuals survived in the 1-h
treatment, the response time of the remaining individ-
uals was significantly longer (Fig. 6b).

Glyptophysa sp. experienced no mortality after
24 h exposed to treatments that combined tail con-
ductivity and pH treatments. Individuals exposed to
this treatment for 2 h had a longer response time at the
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Fig. 6 The average response time (in seconds, plus SE of
n = 6) (left) and proportion of individuals alive (only for
treatments where mortalities occurred, right) of Glyptophysa sp.
individuals exposed to pool conditions (grey), tail conditions
(white, dashed line) or extreme conditions (black, black line)
a desiccation potential, b conductivity and ¢ pH

2-h time period, again with high variance, identical to
the pattern that occurred when exposed to tail
conductivity in isolation.

When Glyptophysa sp. snails were exposed to
treatments for longer than 24 h, there was a significant
difference in the time until death across treatments
(n = 6, p < 0.05) (Fig. 7). No mortalities occurred in
the pool treatment within the 38-day test period
(Fig. 7). Short-term exposure to either tail pH or
conductivity in isolation caused no deaths, but a single
mortality occurred in each after 35 days (with no
significant difference between the two or between
these treatments and the pool treatment) (Fig. 7).
Glyptophysa sp. in the combined tail pH and
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of the GAB

In ordinations of species endemic to Kati Thanda
(Lake Eyre), two broadly dissimilar clusters formed
corresponding to the conclusions of Ponder et al.
(1989) (Fig. 8). Individuals of the “amphibious” F.
zeidleri form A from all three locations were more
similar to each other than to the “large aquatic”
species (F. accepta and F. aquatica), both of which
were dissimilar to the “small aquatic” species (F.
variabilis and T. punicea).

The Pelican Creek species responded in a similar
fashion to the treatments of Ponder et al. (1989)
(Table 6). Confidence intervals (95%) for Pelican
Creek species generally corresponded to the groups
formed by the Kati Thanda (Lake Eyre) species
(Fig. 8) (i.e. Pelican Creek species were not more
similar to each other than to Kati Thanda species). The
tail occupying Ga. fontana was dissimilar to all other
Pelican Creek species and had a confidence interval
that overlaps with the “amphibious” F. zeidleri form
A (Fig. 8). The large planorbid Glyptophysa sp. has a
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Fig. 8 nMDS ordination of all species endemic to Pelican
Creek springs and those from the Kati Thanda (Lake Eyre)
complex studied by Ponder et al. (1989). For species endemic to
Pelican Creek, species from different families are represented as
different symbols (circle = Tateidae, triangle = Planorbidae,
diamond = Bithyniidae) and multiple populations tested within
two seasons are shown (filled = July, open = November) and
are bound within a 95% confidence interval ellipse coloured and
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(1) = J.jesswiseae, light blue (JE) = J. edgbastonensis, blue
(JA) = J. acuminata, light green (GE) = G. edgbastonensis,
dark green (GL) = Glyptophysa sp., yellow (GF)= G.
fontana]. Data presented in Ponder et al. (1989) are presented
as squares, coloured according to the category applied to the
species by the authors (black = amphibious, grey = large
aquatic and white = aquatic). Final stress = 0.10. (Color
figure online)

confidence interval that overlaps with the “large
aquatic” species F. aquatic and F. accepta (Fig. 8).
All Tateidae (J. acuminata, J. jesswiseae and J.
edgbastonensis) and the smaller planorbid (Gy. edg-
bastonensis) had confidence intervals that overlapped
with each other and were most similar to the “small
aquatic” species of Ponder et al. (1989) (F. aquatica
and T. punicea). G. edgbastonensis and J. acuminata
are therefore all more similar to Kati Thanda species
with similar patterns of distribution. In contrast, the
response of J. edgbastonensis is highly dissimilar to
the Kati Thanda species that has the same pattern of
distribution in the field, the “amphibious” F. zeidleri
(Fig. 8).

Discussion

Most species tested here are found only where water is
deep and permanent, and pH and conductivity are
lowest. Therefore, it could have been assumed that,
when left without standing water or left exposed to
levels of conductivity or pH beyond the limits of their
distribution in the field (Table 1), individuals of these
species of snail would perish. Instead, pool-restricted
species were able to persist for 24 h in water with
conductivity two times their field limits, or with pH of
9.5, and where there was little more than moist
substrate. However, all species suffered mortalities
within 24 h of exposure to treatments imitating the
desiccation, conductivity and temperature extremes
that prevail when springs dry and retract (Rossini et al.
2017). Further to this, in one species with the most
restricted distribution in the field, short-term tolerance
is not indicative of effects in the long term. as
treatments tolerable for 24 h caused sub-lethal
responses and mortality within a week. This was
particularly true in scenarios that more closely
resemble nature (i.e. factors in combination over
extended periods). This alludes to the subtlety with
which environmental variance may be shaping pat-
terns of distribution in this system.

Most species tested here were able to endure
conductivity levels far beyond their field limits, a
seemingly anomalous result considering the fact that
only two of them are found in tail areas where
conductivity is consistently high. The particular ions
responsible for shifts in conductivity strongly influ-
ence their toxicity (Zalizniak et al. 2006). Though tests
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Table 6 All species endemic to the Pelican Creek springs (with
the family denoted by letters in brackets, T = Tateidae,
P = Planorbidae and B = Bithyniidae) and their type of

distribution in the field (from Rossini et al. inpress1, summarised
in Table 1) and the results gathered here regarding the responses
of these species to the treatments applied by Ponder et al. (1989)

Species (family) Distribution Response to

Response to conductivity

type desiccation
Jardinella Pool All dead within 1 h Dead within 6 h at 6%o (10 mS/cm) and all dead in 9%o (15 mS/cm)
acuminata (T) and 12%o (20 mS/cm)
Gyraulus All dead within 6 h Dead within 6 h at 6%o (10 mS/cm) and all dead in 9%o (15 mS/cm)
edgbastonensis (P) and 12%o (20 mS/cm)
Glyptophysa sp. (P) 20% left at 24 h Few survive 24 h at 6%o (10 mS/cm), most survive 1 h at 12%o
(20 mS/cm), but very few remain longer than that
Jardinella Pool and All dead within 6 h Few survive 24 h at 6%o0 (10 mS/cm), most survive 1 h at 12%o
Jjesswiseae (T) tail (20 mS/cm), but very few remain longer than that
Gabbia fontana (B) Only species to Only species to survive all times at 12%o (20 mS/cm)
survive 24 h
Jardinella Tail Only species with All dead within 2 h at 6%o0 (10 mS/cm), some survive 1 h at 12%o

edgbastonensis (T) 100% alive at 6 h

(20 mS/cm), but very few remain longer than that

used here shifted conductivity by adjusting major ions,
shallow tail areas are likely to see all ions concentrate
due to evaporation [e.g. potassium concentration is
also highly variable in springs (Table 5)]. These tests
also overlooked life stages other than the adult, but
high abundance is contingent on the ability of the
organism to fit all elements of its life cycle into the
prevailing structure of its environment (Walter and
Hengeveld 2014). For example, early life stages are
often more sensitive than adults (Kefford et al. 2007,
Pineda et al. 2012). Thus, although adults of pool-
restricted species survived treatments representing tail
conditions used here, tests of single variables over
short time periods are not likely to be indicative of
their true limitations in the field.

Studies of the effects of environmental variance as
it occurs for organisms in nature are vital for
understanding the subtleties of how species respond
to environmental variability, and how this affects their
distributions in the field (C6té et al. 2016; Jackson
et al. 2016). Extremes of environmental variance
coincide in springs: conductivity, pH, temperature and
the potential to dry must all be endured simultaneously
in space (i.e. in shallow tail areas) and in time (i.e.
diurnally at midday, seasonally when springs evapo-
rate and shrink) (Rossini et al. 2017). Temperature and
salinity (Layman et al. 2000), pH, bicarbonate con-
centration or alkalinity and salinity (Havas and
Rosseland 1995; Zalizniak et al. 2009; Vera et al.
2014) or salinity and desiccation (Pallarés et al. 2015)
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have all been shown to interact with one another. In
this study, levels of conductivity and pH that were
tolerable in isolation resulted in death within a week if
experienced in combination. This emphasises the
importance of studying interactions (Piggott et al.
2015) and suggests that when experienced simultane-
ously, stressors in springs are far more lethal.

Many species that live in regions characterised by
climatic extremes, like the arid zone, have adaptations
that make them resilient to environmental variance
(Cloudsley-Thompson 1975; Williams 1985). Spring
snails lack many of the adaptations common to other
arid zone freshwater species [e.g. ability to diapause at
some point in the lifecycle through dry periods
(Ponder and Slatyer 2010)]; they retain traits of their
mesic ancestors but, because of this, are now trapped
in permanent springs. Despite this, these results
demonstrate that they have some resistance to envi-
ronmental variance. All species had higher upper
thermal limits in summer when the ambient temper-
atures were ~ 10 °C higher (Rossini et al. 2017).
Many also appeared to employ behavioural mecha-
nisms to avoid lethal temperatures in the field
(> 35 °C), such as perching at the waterline in the
shade or burrowed during the day and active at night
(Rossini pers. obs.). Such behavioural responses may
be key for their persistence; for example, burrowing
was shown to be essential for the Desert Goby
(Chlamydogobius eremius), one of the few fish that
occurs in spring shallows (Kodric-Brown and Brown
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1993), to remain within its thermal limits (Glover
1982).

In some cases, however, acclimation or adaptation
does not appear to be occurring. It could have been
expected that populations from springs with higher
average pool conductivity (E509), or species that
occupy areas of highest conductivity on average (J.
edgbastonensis), would be more tolerant to conduc-
tivity extremes. However, Glyptophysa sp. and Gy.
edgbastonensis from the spring with higher average
conductivity (E509) suffered mortality faster than
others, and J. edgbastonensis (the species that occu-
pies the broadest conductivity gradient in the field)
was the least tolerant of salinity extremes. Likewise, in
all species tested, mortalities in response to desicca-
tion and extreme conductivity occurred faster in the
hottest, driest season when conductivity and pH are
higher on average (November) (Rossini et al. 2017).
Perpetually persisting in areas of sub-lethal environ-
mental conditions can have fitness effects (Kefford
and Nugegoda 2005) and make individuals less
resistant of environmental extremes (Sultan 2015).
Therefore, whilst these species appear able to accli-
mate and respond to some forms of environmental
variance (i.e. temperature), some appear to be already
living at their limit, which effects their ability to
endure extreme events.

When seeking generalisations across the Kati
Thanda and Pelican Creek systems, Pelican Creek
species share stronger similarities with those from
Kati Thanda that have comparable patterns of distri-
bution than those that are more closely related (e.g.
Tateidae are as similar to Planorbidae) or are from the
same region. However, the divide between “aquatic”
and “amphibious”, and the strong connection to
patterns of distribution in the field shown by Ponder
et al. (1989), is not readily applicable to the Pelican
Creek system. In some cases, the generalisation works.
Species with high abundance in pool areas at the
Pelican Creek springs (J. acuminata, Gy. edgbasto-
nensis, Glyptophysa sp.) were similar to the pool-
restricted and sensitive “aquatic” species from Kati
Thanda (F. variabilis, F. aquatic, F. accepta and T.
punicea), with a similar pattern also occurring in that
larger species (Glyptophysa sp., F. aquatic, F.
accepta) were more tolerant than small (see Fig. |
for sizes). Likewise, the Bithyniidae Ga. fontana,
which can be found in relatively high abundance in
shallow areas of springs at Pelican Creek (Table 2),

was most similar to the “amphibious” F. zeidleri from
Kati Thanda. However, J. edgbastonensis does not fit
this mould—it was expected to be the most tolerant of
environmental extremes because it is the only species
at Pelican Creek that occupies shallow areas in high
abundance, and can be found in springs that com-
pletely lack pools. This was not the case, and whilst it
was tolerant of desiccation for up to 6 h, it was the
most sensitive to conductivity extremes.

This alludes again to the potential subtleties by
which environmental variance influences patterns of
distribution in these species. In the field, J. edgbas-
tonensis is common and abundant in areas less than
10 mm deep that dry for up to 6 h daily, but has
highest abundance where conductivity is low
(< 1500 pS/cm) (Rossini et al. 2017). Therefore, the
desiccation tolerance of this species may let it persist
in springs and areas shallower than most, but it is
environmentally limited to areas where conductivity is
low. This may explain why abundance of this species
was highest in springs that were shallow but had low
conductivity (spring SW66 in Rossini et al. (2017)).
Such surprising results are not uncommon in tests of
environmental limits (e.g. Klockmann et al. 2016) and
emphasise the importance of empirical tests of all
environmental correlates of abundance, rather than
assumptions of limits based purely on descriptive
study. The match between an organism requirement
and the structure and spatiotemporal dynamics of its
environment is important for explaining patterns of
distribution at a range of scales (Hengeveld and Haeck
1981, 1982; Hengeveld 1993). This study demon-
strates that combinations of naturally occurring envi-
ronmental variables can act as a mechanism that
shapes the distribution of snails endemic to the GAB
springs system. However, broadly applicable general-
isations about how this occurs that encompass all
species are not available.

One generalisation that can be made, however, is
that all species considered here are dead within a day
or two when left on dry substrates, when exposed to
high conductivity (> 10 mS/cm) or high temperatures
(> 40 °C), and mortality is likely to be more severe
when all extremes are experienced simultaneously (as
they are in nature). Dry and hot conditions occur often
in this arid context, emphasising the vital role
permanent spring-fed aquatic habitat plays in arid
zone aquatic ecosystems (Davis et al. 2017). Organ-
isms other than snails are also restricted to deep spring
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pools, and many have been shown to retreat to the pool
margin or spring vent when the springs shrink in size
(Fairfax et al. 2007; Rossini et al. 2017). Therefore,
what unites springs across opposite sides of the GAB
within Australia (e.g. Kati Thanda and Pelican Creek),
and in different contexts across the globe (e.g. arid vs.
alpine), is the strong role of groundwater-mediated
environmental stability. In alpine (von Fumetti and
Blattner 2017), temperate (Smith et al. 2003) and arid
(Rossini et al. 2017; Blinn 2008) systems alike, areas
close to the vent are the most stable, and this stability
helps species stay within their physiological limits
(e.g. never dry (Klockmann et al. 2016), never freeze
(Kiiry et al. 2017), never get above 50 °C (Rossini
et al. 2017)).

Without permanent and strong groundwater flow,
such environmental stability will be lost, alongside
all species that rely on it. Considering the fact that
springs across the globe are hot spots of diversity
(Fensham et al. 2011; Cantonati et al. 2012; Hershler
et al. 2014; Cantonati et al. 2016; Davis et al. 2017),
such losses represent a huge concern for aquatic
conservation. Aquatic ecosystems are already among
the most anthropogenically altered and threatened
systems (Dudgeon et al. 2006), and the endemic
invertebrates within them the most at risk (Strayer
2006; Cardoso et al. 2011). Groundwater systems
face their own challenges (Danielopol et al. 2003;
Boulton 2005), and unfortunately, poor basin man-
agement (Richey et al. 2015) has already led to severe
losses (Unmack and Minckley 2008; Powell et al.
2015; Powell and Fensham 2016) and threats to
groundwater have been (Fairfax and Fensham
2002, 2003), and remain (Nevill et al. 2010) con-
cerning in Australia.
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