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Abstract Pulmonate snails inhabiting the near-shore

zone of water bodies experience air exposure during

water level fluctuations and some of them are known to

survive long time in temporary basins. In laboratory, we

investigated survival and behavioural defences (hori-

zontal migrations and burrowing in substratum) of adult

pulmonate snails Planorbarius corneus during substra-

tum (sand and organic-rich) drying. We examined

horizontal migrations at shorter and longer distances (24

and 48 cm), during gradual (8 days) or sudden water

level drop rates. P. corneus was remarkably resistant to

substratum drying, surviving 50 days on sand and more

than 53 days on organic-rich bottom. The snails

followed the retreating water level and grouped in the

submerged parts of experimental tanks. This response

was reduced on organic-rich bottom at a longer distance

and with water level decreasing suddenly. Moreover,

snails exposed to drying buried shallowly in both bottom

types. Thus, P. corneus exhibited variable and efficient

strategies enabling its survival during water level

fluctuations, including active migrations following the

retreating water level and burying in sediments.

Keywords Desiccation � Drought tolerance �Water

level fluctuations � Sand � Organic-rich sediments �
Gastropods

Introduction

Snails, especially pulmonates, inhabit the near-shore

zone of water bodies (e.g. Lodge, 1985; Underwood

et al., 1992; Costil & Clement, 1996), which is strongly

affected by water level fluctuations (e.g. Coops et al.,

2003; Furey et al., 2004; Poznańska et al., 2009). The

effect of water level changes on fauna and flora depends

on their range, duration, regularity and frequency, as

well as on season, basin morphometry, bottom type and

climate (e.g. Richardson et al., 2002; Brauns et al., 2008;

Poznańska et al., 2010). In the future, climate change is

likely to increase the frequency and intensity of droughts

in many river basins (e.g. van Vliet & Zwolsman, 2008)

and to decrease the water level of lakes (Overpeck &

Udall, 2010; Abbaspour et al., 2012). Water level

fluctuations and temporary air exposures belong to the

most important factors affecting invertebrate commu-

nities in the near-shore zone (Costil et al., 2001). When

the water level drops in summer, bottom dwellers such

as freshwater snails are in danger of desiccation, anoxia
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M. Poznańska (&) � D. Goleniewska �
T. Gulanicz � Ł. Jermacz � J. Kobak

Department of Invertebrate Zoology, Faculty of Biology

and Environmental Protection, Nicolaus Copernicus

University, Lwowska 1, 87-100 Toruń, Poland
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and starvation, associated with air exposure (Ferreira

et al., 2003; White et al., 2006; Akande et al., 2010).

Freshwater gastropods include gill-breathing proso-

branchs and air-breathing pulmonates that differ from

each other in the degree of adaptation to aquatic life

(Aldridge, 1983; McMahon, 1983). According to

Machin (1975) and McMahon (1983), due to their

terrestrial origin, most freshwater pulmonates are

highly tolerant to prolonged aerial exposure. Their

aerial mode of respiration is efficient in shallow,

eutrophic environments, where exposure to air, desic-

cation and hypoxia can be frequent. Nevertheless, they

may be limited by the amount of dissolved oxygen as

they do not occur in waters with oxygen saturation

below 1.3% (Tanveer & Kahn, 1989). According to

Ghiretti & Ghiretti-Magaldi (1975) and McMahon

(1983), freshwater pulmonates show various degrees of

readaptation to aquatic life, increasing from Lymnaei-

dae (with a typical lung), through Physidae, to the best

adapted Planorbidae and Acroloxidae. They can use

dissolved oxygen through cutaneous respiration, and

the two latter families have developed an accessory,

neomorphic gill. Other adaptations of Planorbidae

include haemoglobin as an oxygen transporter (more

efficient than haemocyanin found in other pulmonates),

ureotelism (allowing for retention of nitrogenous

wastes in haemolymph) and efficient facultative anaer-

obic metabolism. This allows them to survive in

hypoxic conditions, for instance when they bury in

sediments, Planorbidae can resist totally anoxic condi-

tions for up to 64 h (von Brand et al., 1950).

A special physiological adaptation of some freshwa-

ter gastropods to prolonged air exposure is aestivation

(Machin, 1975; Livingstone & de Zwaan, 1983). This is

an aerobic dormancy exhibited in arid conditions

including the lack of water and food as well as high

temperatures (Nowakowska, 2011). Pulmonate snails

endure such conditions by retracting into their shells,

secreting a thick mucous membrane or epiphragm,

depressing their metabolic rate and aestivating for

months or even years until re-appearance of favourable

environmental conditions (Parashar & Rao, 1998;

Nowakowska, 2011). Aestivating freshwater pulmo-

nates rely on anaerobic breathing, as their pneumostome

is closed (Alâkrinskaâ, 1971). Metabolic depression

extends the period of survival without oxygen (Ferreira

et al., 2003). As snails starve during aestivation, they use

their depot resources for energy (e.g. Goddard & Martin,

1966; Livingstone & de Zwaan, 1983; White et al.,

2006). There are many examples of planorbids from

temporary basins aestivating without water for

1–2 years (e.g. Klekowski, 1959 after Precht, 1939;

Richards, 1967; Ferreira et al., 2003).

The second strategy to avoid desiccation is active

migration of mobile organisms to more favourable

areas (McMahon, 1983; Poznańska et al., 2013).

Snails following the retreating water level move to

small pools created in depressions (Extence, 1981), or

to moist debris and macrophytes remaining on the

exposed shore (Piechocki, 1979).

Yet another strategy is burying into deeper, more

humid and cooler sediment layers (e.g. Gough et al.,

2012; Kapps & Haase, 2012). In some cases burying

behaviour precedes aestivation (Machin, 1975).

We chose Planorbarius corneus Linnaeus, 1758

(Planorbidae) as a pulmonate snail model species, as it

typically inhabits near-shore zones of water bodies

subjected to temporary air exposures. P. corneus lives

in ponds, lakes and slowly flowing waters with rich

macrophyte cover (Piechocki, 1979). It is a common

inhabitant of central European wetlands (Jopp, 2006)

and temporary basins (Klekowski, 1959; Piechocki,

1979; Jurkiewicz-Karnkowska, 2008). Therefore, we

hypothesised that this snail would exhibit some

behavioural adaptations to air exposure, such as

burying into substratum and horizontal migration,

which have not been investigated yet.

We examined experimentally the survival and behav-

ioural responses of P. corneus during substratum drying.

We wanted to determine the depth of burrowing by this

snail as well as the distance at which it can move

following the decreasing water level. Additionally, we

investigated if its horizontal migrations were affected by

the rapidity of the change in water conditions (gradual vs.

sudden water level drop). We tested two types of substrata

affecting the survival and migrations of tested snails:

sandy bottom, typical for littoral zones and organic-rich

sediments. We assumed that survival and burying

behaviour would be better in organic-rich substratum,

providing better protection against desiccation.

Materials and methods

Sampling and experimental conditions

We collected the individuals of P. corneus from a reed

bed in the Gopło Lake (north-central Poland,
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52�3604900N 18�2102900E) using a hand net. We

selected 770 adult snails, with the mean shell diameter

of 30.4 mm (range 25.9–34.5 mm, SD 1.82) for

laboratory experiments. They were placed in 50-l

tanks with some big stones on the bottom at room

temperature of in average 21.5�C. The water was

filtered and aerated using standard aquarium equip-

ment (internal filters, air stones). The physical and

chemical parameters of water in the stock aquaria are

provided in Table 1. We fed snails with lettuce and

used them in the experiments after 5–7 days of

adaptation to laboratory conditions.

We collected sandy substratum from the shallow,

floodplain part of the Włocławek Reservoir (the

lower River Vistula, Central Poland, 52�3700400N
19�2402800E) and organic-rich substratum from a

nearby bay of this reservoir (52�3701200N
19�1603900E). Organic-rich sediments consisted of

autochthonic and allochtonic detritus with ca 40%

of organic matter. Sandy sediments contained less

than 1% of organic matter. Prior to the tests, we

dried the substratum at 60�C for 6 h to eliminate any

living invertebrates and their potential effects on the

responses of snails. The substratum was then cooled

at room temperature and left in experimental tanks

with conditioned and aerated tap water for 24 h

before using in the tests.

We carried out the experiments in an air condi-

tioned room. Air temperature and humidity, measured

daily with a thermo-hygrometer (EMR812HGN, Ore-

gon Scientific, UK), were in average 21.5�C (range

19.1–23.6�C, SD 1.14) and 44.3% (32–64%, SD 8.08),

respectively. We monitored water quality (oxygen

concentration, temperature, pH, conductivity) at the

beginning and at the end of the tests using a multimeter

Multi340i (WTW GmbH, Weilheim, Germany),

except when water level was too low to submerge

the probes of the measuring device. Water quality

during our experiments was good and suitable for

survival of aquatic organisms (Table 1). We also

determined the substratum water content at the end of

each test, calculating it from the difference in the

weight of a sediment sample (ca 8 g of sand and ca

5.6 g of organic-rich material) before and after drying

it for 24 h at 100�C.

We conducted the experiments in water aerated for

24 h before use. We carried out 5 replicates for each

substratum type, with water level dropping down and

exposing the substratum. To fasten this process, we

removed a small amount of water (ca 100 ml) daily

from the experimental vessels with a syringe. Here-

after, this treatment will be referred to in the text as

‘‘drying’’. Each experiment also included 5 control

replicates run under the same conditions but with a

constant water level. Hereafter, this treatment will be

referred to in the text as ‘‘control’’. We checked snail

behaviour and survival in the control trials at the same

times as in the drying treatments. As the individuals in

Table 1 Physical and

chemical properties of

water during the

experiments on two types of

substrata and in the stock

tanks

Oxygen

concentration

(mg/l)

Oxygen

saturation

(%)

Temperature

(�C)

pH Conductivity

(lS/cm)

Sandy substratum

Mean 7.5 82.0 19.9 8.4 590

Minimum 4.8 56.2 16.7 8.1 466

Maximum 9.1 94.4 22.2 8.5 921

SD 1.06 9.78 1.50 0.13 111.96

Organic-rich sediments

Mean 5.0 53.4 19.6 8.1 708

Minimum 2.5 28.3 16.9 7.6 560

Maximum 7.0 73.2 22.5 8.3 875

SD 0.86 8.37 1.74 0.17 103.34

Stock tanks

Mean 7.1 81.4 22.4 8.3 665

Minimum 6.3 74.4 20.3 7.82 550

Maximum 9.0 100.3 23.8 8.64 755

SD 1.14 10.85 1.41 0.32 85.72
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the drying treatments could not feed without water, we

did not feed the control snails as well.

Experiment 1: survival

We used glass trays to which, after 24 h of substratum

conditioning, we introduced 7 snails (Fig. 1A). Based

on our preliminary observations, at the beginning of

the exposure, we determined the mortality of snails in

6-day intervals and, after the 18th day in 3-day

intervals, counting from the day on which the

substratum was exposed to air. All snails after the test

were put into a tank with water, to determine their

survival. After 24 h, living individuals moved in the

tank and dead individuals gave off a smell of

decomposing tissue. We conducted the experiment

until the 53rd day, although the intention was to run

the experiment until death of all gastropods. However,

many of them were still alive after almost 2 months in

a completely dry substratum. Unfortunately, we had to

stop our experiment at this point, as the snails in the

control trays started to die off similarly to those from

the drying trays. Thus, some other factors, indepen-

dent of air exposure, must have affected their survival

after this period, which made further tests on the effect

of drying on snail survival impossible.

Experiment 2: horizontal migrations

We conducted this experiment in inclined glass tanks

(Fig. 1B) in three variants: (1) short tanks (24 cm)

with a gradual water level drop lasting for 8 days, (2)

long tanks (48 cm) with a gradual water level drop

(8 days), (3) long tanks with a sudden water level

drop. We assumed that snails could respond to the

water level drop by moving down the inclined surface

to follow the retreating water line, or by staying in the

exposed area. We tested the effect of the distance from

a submerged zone (the first two variants) and a rapidity

of the water drop (the third variant) on snail

Fig. 1 Experimental vessels used in A Experiment 1, B Experiment 2 (double dimensions refer to short and long tanks, respectively),

and C Experiment 3. The dimensions are given in mm
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migrations. After 24 h of conditioning of submerged

substratum, we divided the tank into three equal zones

with glass barriers and added 5 snails to one of the side

zones of the tank. After the next 24 h, we raised the

shorter wall of the tank, adjacent to the snail

introduction zone so that it was elevated 4.5 or 9 cm

(in short and long tanks, respectively, to keep the

constant inclination angle of 10.8�) above the table

surface. This imitated the shore inclination (Fig. 1B).

Then, we removed the barriers and let the animals

disperse. In the control tanks, the water level was kept

at a constant level of 1.5 cm in the shallowest place. In

the gradually drying tanks (variants #1 and 2), we

finished the experiment, when the water dropped to the

final level indicated in Fig. 1B. In the variant with a

sudden water level drop (variant #3), we removed all

the water above the final level shown in Fig. 1B

immediately after raising the tanks and continued the

exposure for the next 24 h. According to our

preliminary trials, the distribution of snails did not

change after further extension of exposure time. At the

end of the trial, the substratum consisted of three equal

zones (Fig. 1B), starting from the raised side of the

tank: (1) dry zone: air-exposed bottom with humid

substratum, (2) infiltration water zone: air-exposed

bottom with infiltration water below the substratum

surface and (3) submerged zone. At this moment, we

determined the number of snails and their mortality in

each zone. The mortality was checked according to the

method used for Experiment 1 (see above).

Experiment 3: vertical migrations

We used glass tanks filled with a thick layer of

substratum (Fig. 1C). After 24 h of conditioning of

submerged substratum, we introduced 5 snails to each

tank. One day after the substratum in the drying tanks

became exposed to air, we determined the number of

snails in six 2.5-cm vertical substratum layers. The

experiment lasted for 6–8 days.

Statistical analysis

The high survival and desiccation-independent

mortality of snails in Experiment 1 made it impos-

sible to calculate formally LT50 and LT90 values in

Experiment 1. In the results, we refer the survival of

snails to the time they spent on the air-exposed

substratum.

We used one-sample t tests to check snail selectiv-

ity for particular tank zones in Experiment 2. We

compared the mean percentage of animals found in a

given tank zone with a theoretical value of 33.3%,

assuming their random distribution among the zones.

Moreover, we run a series of ANOVAs on log-

transformed percentages of individuals found in a

given tank zone to check for the effects of various

factors on snail behaviour. We applied 3-way

ANOVAs to the data from gradually drying variants,

with treatment (drying or control), substratum type

and tank length as factors. We also run a 2-way

ANOVA on the data from long drying tanks, to test the

effects of substratum type and water drop rate. We ran

a separate analysis for each of the three zones in the

tanks. Furthermore, we compared the water content

levels between the zones in each variant using one-

way within-subject ANOVAs.

As in Experiment 3 snails did not migrate deeply

into the substratum, burying only just below the

surface, we simply analysed the log-transformed

percentages of all buried animals using a two-way

ANOVA with substratum type and treatment as

factors.

Results

Experiment 1: survival

On the first day without water on the surface, the

substratum contained 13% (sand) or 64% (organic-

rich sediments) of water. On the 6th day of drying, the

water content decreased to 0.1% in the sandy substra-

tum and to 54% in organic-rich bottom. In the control

trays, average water content was 20 and 71% in sandy

and organic-rich sediments, respectively.

Our experiments lasted for 50 and 53 days for

sandy and organic-rich bottom, respectively. We

observed high fluctuations of survival in the drying

trays (Fig. 2A, B). A serious drop in survival (down to

14%) was observed on the 51st day of drying on sand

(Fig. 2A) and on the 39th day on organic-rich

sediments (Fig. 2B). In the control trays, survival

abruptly decreased on the 39th day to 57 and 71% on

sandy and organic-rich bottom, respectively, and

remained on these levels almost till the end of the

experiment. At the end of the experiment, all snails

exposed to desiccation on the sandy bottom died,
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whereas more than 50% of individuals kept on the

drying organic-rich substratum were still alive

(Fig. 2). Unfortunately, the control individuals started

to die out after a longer exposure (Fig. 2B) irrespec-

tive of drying, which made us end the experiment

before reaching 100% mortality.

Experiment 2: horizontal migrations

The substratum water content in the drying organic-

rich bottom (66% on average, all zones and treatments

pooled) was higher than in sand (20%). In the drying

tanks, water content differed significantly among the

zones (Table 2). In the control tanks, we observed no

significant differences between the zones, except the

short tanks with organic-rich bottom.

Snails in the drying tanks followed the decreasing

water level (Fig. 3), resulting in lower numbers found

in the dry zone (ANOVA, Drying variant effect:

F1, 33 = 4.2, P = 0.048) and greater numbers found in

the submerged zone (F1, 33 = 9.1, P = 0.005) than in

the control tanks (Table 3A). Their behaviour also

depended on distance (Tank length effect:

F1, 33 = 4.4, P = 0.044, Table 3A), with more

intense movement to the submerged zone observed

in the short tanks, as well as on substratum type

(Substratum effect: F1, 33 = 7.5, P = 0.010,

Table 3A), with greater translocations occurring on

sand (Fig. 3).

In the gradually drying short tanks, 76 and 72% of

individuals followed the decreasing water level to the

submerged zone on sandy and organic-rich bottom,

respectively (Fig. 3A, C). The dry zone was only

occupied by 16 and 8% of the tested snails, respec-

tively. In the short control tanks, the percentages of

snails varied between 16 and 40% in the upper zone

and 44–56% in the deeper zone, with no significant

departures from the random distribution (Fig. 3).

In the longer tanks the distribution on sandy bottom

was similar to that in the short tanks, with 68% of

individuals moving towards the submerged zone

(Fig. 3B). However, on organic-rich bottom, the

distribution in the drying tanks did not depart from

the random distribution, with 27 and 43% of snails

occupying the dry and submerged zones, respectively

(Fig. 3D). In the control tanks with organic-rich

bottom, 50% of snails, significantly more than

predicted by the random distribution, grouped in the

upper zone.

After a sudden water level drop migrations towards

the submerged zone were less pronounced than those

observed during gradual drying (ANOVA, Drying

time effect: F1, 16 = 14.1, P = 0.002 and

F1, 16 = 12.4, P = 0.003 for the upper and low zone,

respectively, Table 3B). In these conditions, 44 and

83% snails stayed in the dry zone on sandy and

organic-rich bottom, respectively (Fig. 3B, D). Nev-

ertheless, some snails, particularly on sand, did

migrate to the interstitial (24%) and submerged zone

(32%). On the detritus-rich bottom, only 17% of

individuals translocated to the submerged zone of the

suddenly drying tanks.

Experiment 3: vertical migrations

The substratum water content in the surface zone,

where snails occurred, was 10.4 ± 1.3 SE % on sandy

bottom and 78.6 ± 2.4 SE % on organic-rich bottom.

The tested snails buried themselves just below the

substratum surface (40 and 52% in the organic-rich

Fig. 2 Survival (%) of control (solid lines) and air-exposed

(dashed lines) snails on A sandy and B organic-rich bottom as

well as the water content (%) (dotted lines) in sediments

(Experiment 1)
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and sandy substratum, respectively) (Fig. 4), never

migrating deeply into the sediments. This was only

observed in the drying tanks, resulting in a significant

Drying variant effect in ANOVA (F1, 16 = 23.1,

P \ 0.001, Table 3C), whereas in the control tanks all

snails remained on the substratum surface.

Discussion

We studied the behaviour and survival strategies of the

freshwater pulmonate snail Planorbarius corneus

exposed to air through water level fluctuations,

commonly occurring in shallow freshwater habitats

Table 2 Substratum water

content (%) (mean ± SE)

in Experiment 2 (horizontal

migrations)

Zones labelled with the

same superscript letter did

not differ significantly from

one another in ANOVA

Tank Substratum Treatment Zones ANOVA

Dry/

upper

Infiltration/

middle

Submerged/

deeper

df F P

Short Sand Drying 18 ± 0.2a 19 ± 0.1b 20 ± 0.2c 2 26.90 \0.001

Long Sand Drying 18 ± 0.2a 19 ± 0.1b 21 ± 0.3c 2 130.65 \0.001

Short Sand Control 20 ± 0.3d 21 ± 0.6d 1 0.97 0.380

Long Sand Control 20 ± 0.7d 20 ± 0.8d 1 0.03 0.863

Short Organic-rich Drying 79 ± 5.7a 76 ± 2.8b 48 ± 4.5c 2 10.42 0.006

Long Organic-rich Drying 63 ± 1.1a 65 ± 0.8b 69 ± 1.1c 2 14.02 0.002

Short Organic-rich Control 70 ± 1.9a 54 ± 2.5b 1 32.12 0.005

Long Organic-rich Control 69 ± 0.8d 70 ± 0.9d 1 4.49 0.102

Fig. 3 Horizontal migrations of snails following the decreasing

water level on A, B sandy and C, D organic-rich substratum in

A, C short and B, D long tanks (Experiment 2). White, grey, and

black bars stand for the percentages of snails occupying

submerged, infiltration water and dry zones, respectively. The

error bars show standard errors of means (SE). The asterisks

indicate significant departures of snail percentages in a

particular tank zones from a theoretical value of 33.3% (dashed

line), indicating a random distribution (one-sample t test)
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Table 3 Statistical analysis of snail movement in Experiment 2 and 3

Effect dfeffect, dferror MSeffect, MSerror F P

A. Horizontal movement: gradual water drop, drying versus control tanks

Shallow zone

Substratum (S) 1, 33 0.07, 0.03 2.13 0.154

Tank length (L) 1, 33 0.08, 0.03 2.50 0.123

Drying variant (D) 1, 33 0.14, 0.03 4.22 0.048*

S 9 L 1, 33 0.01, 0.03 0.35 0.558

S 9 D 1, 33 0.08, 0.03 2.59 0.117

L 9 D 1, 33 0.00, 0.03 0.00 0.997

S 9 L 9 D 1, 33 0.01, 0.03 0.20 0.657

Middle zone

Substratum (S) 1, 33 0.05, 0.03 1.88 0.179

Tank length (L) 1, 33 0.01, 0.03 0.30 0.587

Drying variant (D) 1, 33 0.03, 0.03 0.98 0.330

S 9 L 1, 33 0.04, 0.03 1.59 0.216

S 9 D 1, 33 0.04, 0.03 1.39 0.247

L 9 D 1, 33 0.00, 0.03 0.13 0.726

S 9 L 9 D 1, 33 0.02, 0.03 0.79 0.379

Deep zone

Substratum (S) 1, 33 0.17, 0.02 7.45 0.010*

Tank length (L) 1, 33 0.10, 0.02 4.37 0.044*

Drying variant (D) 1, 33 0.20, 0.02 9.09 0.005*

S 9 L 1, 33 0.06, 0.02 2.82 0.103

S 9 D 1, 33 0.02, 0.02 0.80 0.378

L 9 D 1, 33 0.00, 0.02 0.13 0.719

S 9 L 9 D 1, 33 0.00, 0.02 0.03 0.868

B. Horizontal movement: long tanks, gradual versus sudden water drop

Shallow zone

Substratum (S) 1, 16 0.12, 0.03 4.15 0.059

Drying time (T) 1, 16 0.39, 0.03 14.12 0.002*

S 9 T 1, 16 0.05, 0.03 1.85 0.193

Middle zone

Substratum (S) 1, 16 0.00, 0.08 0.10 0.762

Drying time (T) 1, 16 0.02, 0.08 0.67 0.425

S 9 T 1, 16 0.15, 0.08 4.25 0.056

Deep zone

Substratum (S) 1, 16 0.09, 0.02 4.55 0.049*

Drying time (T) 1, 16 0.25, 0.02 12.39 0.003*

S 9 T 1, 16 0.00, 0.02 0.14 0.711

C. Burying in the bottom

Substratum (S) 1, 16 0.01, 0.02 0.36 0.558

Drying variant (D) 1, 16 0.37, 0.02 23.07 \0.001*

S 9 D 1, 16 0.01, 0.02 0.36 0.558

The asterisks indicate statistically significant effects
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and found that the snails have different strategies to

survive that temporary air exposure.

Survival

In our experiments, P. corneus survived 50 days in

sandy bottom and more than 53 days in organic-rich

bottom. Thus, we show that this species is capable of

surviving considerable periods of air exposure, which

makes it adapted to live in near-shore areas or

temporary water bodies. Our results confirm those by

Piechocki (1979) who reported even longer,

4-5 month survival of P. corneus without water.

Traits that make this species resistant to air exposure

include large size (e.g. Byrne at al., 1988; Alonso &

Castro-Dı́ez, 2012) and a large, thick shell (e.g. Facon

et al., 2004; Collas et al., 2014), decreasing the rate of

water loss. Despite their long survival, it is uncertain

whether the snails in our study aestivated, as we did

not observe mucus membranes typical for aestivating

individuals (Parashar & Rao, 1998).

The presence of substratum increases the survival

during desiccation, as shown by much lower survival

rates obtained in recent studies, in which snails were

exposed without substratum (Wood et al., 2011; Collas

et al., 2014). Thus, our study, in which snails could use

substratum material as a shelter, seems to reflect their

survival in the wild more reliably. However, it should

be noted that survival may be higher in laboratory

conditions compared to the field because of the lower

variation in temperature and humidity (Montalto &

Ezcurra de Drago, 2003).

Snail survival may also depend on bottom type. In

our study after ca 50 days of exposure all individuals

exposed to air on sand died, whereas quite a large

number of individuals kept on organic-rich substratum

were still alive. This shows that the latter substratum is

more suitable for invertebrate survival during water

level decreases, most likely due to its slower drying

rate and providing organisms with humid shelters

among organic particles (Poznańska et al., 2010).

During prolonged air exposure snails suffer starva-

tion, because they are inactive and thus utilise

substances stored in their tissues (e.g. Goddard &

Martin, 1966; Livingstone & de Zwaan, 1983; White

et al., 2006). This also allows them to survive

prolonged food deprivation, irrespective of aerial

exposure. Starving planorbids Biomphalaria glabrata

and Helisoma duryi survived 128 days in air (McMa-

hon, 1983 after von Brand et al., 1957) and ca 50 days

in water (von Brand et al., 1948), respectively. Thus,

in our study, the snails were unlikely to die because of

starvation during the duration of the experiments.

Horizontal migrations

The ability to survive prolonged desiccation and

drought depends not only on physiological tolerance,

as shown above, but also on behavioural strategies

(Gough et al., 2012). In our experiments, P. corneus

demonstrated distinct horizontal migrations following

the changing water level. A prosobranch Theodoxus

fluviatilis and a pulmonate Lymnaea peregra also

followed the decreasing water level on vertical

surfaces (Skoog, 1976), showing that this strategy is

used by several snail species. In our study, these

migrations were affected by the substratum type and

distance to the water line, resulting in the inhibition of

translocations to the submerged zone in long tanks

with organic-rich bottom. Snail movement may be

affected by the bottom structure (Kapps & Haase,

2012). According to Hoffman et al. (2006) a pulmo-

nate snail Physa sp. travelled farther on smooth

substratum. Thus, uneven surface of the organic-rich

substratum in our study could inhibit snail movement,

making alternative survival strategies more efficient.

P. corneus can move a distance of 15 cm in 2 min on

glass or gravelly substratum (Costil & Bailey, 1998;

Jopp, 2006), keeping a constant direction over long

distances (Jopp, 2006). This shows a distinct migra-

tory potential of this species. However, we observed

Fig. 4 Percentages of snails found on the surface (white bars)

and buried in the substratum (black bars) in Experiment 3. The

error bars show standard errors of means (SE)
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that a longer distance of ca 0.5 m considerably limited

the ability of P. corneus to follow the decreasing water

level on organic-rich substratum. It is likely that

obstacles (small twigs or pieces of leaves) protruding

from the surface could interfere with snail movement,

increasing the risk of stopping or uncontrolled changes

in the direction. Long crawling may also deprive a

snail of energetic resources, necessary to survive an air

exposure event. Thus, on the organic-rich bottom, the

longer distance needed to reach a safe submerged

zone, the higher the probability that a snail stops its

movement and employs alternative strategies (e.g.

burying) allowing it to survive a water level decrease.

On the contrary, smooth sandy bottom allows for easy

movement, but provides no shelter for a desiccating

animal, making translocation to submerged areas a

better strategy irrespective of the distance.

Our experiment showed that the rate of water level

decrease also affects the selection of a defensive

strategy by snails. When the water level drop was

sudden, the snails remained on the exposed bottom and

were unable to follow the slowly retreating water line.

They could only use the substratum inclination as a

cue, with downward movement being more likely to

lead to a submerged zone. This strategy seems

inefficient on an uneven surface, with local pits and

humps. Thus, on the organic-rich substratum only few

snails remained active, whereas most of them shrank

their bodies into the shells and stayed in the drying

bottom. On the sandy substratum, the number of

migrating snails, though greater than on the organic-

rich bottom, was also reduced compared to their

distribution in response to a slow water level drop.

This shows that P. corneus can adjust its behaviour to

local conditions and select a defensive strategy

depending on the scale and rapidity of a water level

decrease.

Vertical migrations

Survival in air-exposed areas can be facilitated by

burying behaviour, particularly when migration fol-

lowing the retreating water level is not possible. In our

experiments P. corneus burrowed just below the

substratum surface, similarly to some other gastropods

(Duft et al., 2003) and bivalves (Gough et al., 2012),

whereas other pulmonate species from temporary

ponds bury to depths as great as 7 cm (McMahon,

1983 after Cheatum, 1934). Survival time during

drought may be increased in the field, if snails can find

relatively humid, protected microhabitats in the sed-

iments (Machin, 1975; Facon et al., 2004; Collas et al.,

2014). Shallow burrowing in moist substratum to

decrease temperature is a very efficient strategy to

survive desiccation, particularly if a species exhibits

additional physiological adaptations to live inside

sediments (Gough et al., 2012). Buried snails decrease

activity and switch to purely cutaneous breathing or

anaerobic metabolism (Machin, 1975; McMahon,

1983), which makes them highly tolerant to anoxia.

However, too deep burial in the sediments is likely to

decrease their survival, as digging out from under a

layer of dried substratum may be energetically costly

and difficult. This might have resulted in the shallow

burying of P. corneus in our study.

Conclusions

Our experimental data demonstrated physiological

tolerance as well as behavioural adaptations of P.

corneus to water level decrease, air exposure and

substratum drying. The tested snails migrated hori-

zontally following the decreasing water level and,

when this strategy was hindered, were able to survive

for a long time in dry substratum. Their survival

could be further prolonged by burying into sedi-

ments, exhibited by ca 50% of air-exposed individ-

uals. These findings broaden our knowledge of

mechanisms underlying success of the pulmonate

snails in environments experiencing large water level

fluctuations, such as temporary ponds and river

banks. Moreover, various aspects of aerial survival

of different aquatic organisms are important not only

in the context of water level fluctuations but also in

determining their spreading potential by means of

aerial migratory vectors (Facon et al., 2004; Alonso

& Castro-Dı́ez, 2012) and should receive further

research.

Acknowlegements This research was supported by Polish

National Science Centre (NSC Grant No. NN304 306840). We

wish to thank Marta Budka, MSc, who helped us to collect snails

as well as Professor Andrzej Piechocki and Dr. Anna Drozd,

who provided us with access to the appropriate literature.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use,

distribution, and reproduction in any medium, provided the

original author(s) and the source are credited.

186 Hydrobiologia (2015) 747:177–188

123



References

Abbaspour, M., A. H. Javid, S. A. Mirbagheri, F. Ahmadi Givi &

P. Moghimi, 2012. Investigation of lake drying attributed

to climate change. International Journal of Environmental

Science and Technology 9: 257–266.

Akande, I. S., A. A. Odetola, T. A. Samuel & P. N. Okolie, 2010.

Biochemical evaluation of aestivation and starvation in two

snail species. African Journal of Biotechnology 9(45):

7718–7723.
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ków Planorbis planorbis L. w zale _zności od niektórych
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