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ABSTRACT: Despite half a century of research on planarian-gastropod interactions, the population-level impact
of planarian predation on littoral pulmonates is not well known. We have quantified the predation of the com-
mon lacustrine planaria Dugesia polychroa Schmidt on the ubiquitous snail Physa acuta Drap., a potential key-
stone grazer in benthic littoral communities, in a high-replicate laboratory experiment. Planarian predation
pressure was maintained constant, and experimental populations of P. acuta were size-structured simulating
young-rich small groups (re)colonising the habitat (e.g. after release from predation). D. polychroa caused a
quick (week 2) reduction in the density of hatchlings and juveniles, followed by significant reduction in the
numbers of young (at the onset of reproductive age) and larger, reproductive-age adults (week 3). Planarias
did not have any effect on the size of reproductive-age large adults, but oviposition decreased significantly in
week 2, and all P. acuta populations in planarian-present aquaria went extinct within six weeks. Dugesiid-
induced extinction mainly occurred by precluding population turnover. The results strongly suggest that
active predation by D. polychroa on P. acuta can be high under some environmental conditions, effectively pre-
venting the (re)establishment of small, colonising populations of P. acuta in hard-substratum habitats.

KEY WORDS: gastropods, planarias, interspecific interactions, predation-induced behaviour, population regula-
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The ubiquitous freshwater pulmonate Physa acuta
Draparnaud, 1805 is a formidable grazer on detritus
and periphyton, while live macrophytes are seldom
eaten (SHELDON 1987, LOMBARDO & COOKE 2002).
P. acuta and the closely related P. fontinalis enhance
macrophyte growth even at high nutrient concentra-
tions (JONES et al. 1999, LOMBARDO 2001), which
would otherwise favour periphytic overgrowth at the
expense of macrophyte well-being (MOELLER et al.
1988), potentially boosting littoral phytoplankton
biomass and leading to undesirable decreases in
water clarity (SCHEFFER 1998). Its commonness (e.g.
DILLON 2006) and high grazing abilities have led
LOMBARDO (2001) to postulate a keystone role for P.

acuta in macrophyte-based littoral benthic commun-
ities, also supporting the use of benthic food-web
biomanipulation as a tool to maintain or restore
high water clarity in productive shallow lakes
(BRONMARK & WEISNER 1992, LOMBARDO 2001,
2005). Based on abundant empirical evidence (e.g.
HOSPER 1997 and references therein), such
biomanipulation emphasises the reduction of
benthivorous fish to release snails from predation
and (re)boost their densities (e.g. BRONMARK &
WEISNER 1992). However, the possible negative ef-
fects of small-bodied invertebrate predators on P.
acuta and their potential cascading effects on littoral
water quality remain much less known.
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Dugesiid planarias include aquatic snails in their
diet (REYNOLDSON & YOUNG 1963, GEE & YOUNG
1993, TRIPET & PERRIN 1994, SEABY et al. 1995). How-
ever, despite the abundant literature on gastropod-
planarian interactions, the regulation of snail popula-
tions by planarias remains poorly understood. Major
discrepancies lay in laboratory vs. field studies, with the
former pointing to high predation pressure on snails
(e.g. TRIPET & PERRIN 1994) and the latter reporting
on coexisting abundant planarian and snail popula-
tions (e.g. PYEFINCH 1937, MACAN 1977). MACAN
(1977) explained the conundrum of natural high-den-
sity snail-planarian assemblages with low predatory effi-
ciency by planarias coupled with their ability to with-
stand long periods of starvation. This argument is
partly supported by laboratory findings of predomi-
nant scavenging on damaged or recently dead “prey”
and/or low affinity for live prey by dugesiid planarias
(JENNINGS 1957, SEABY et al. 1995). However, some di-
rect evidence of dugesiid predation on live snails exists
(REYNOLDSON & YOUNG 1963, TRIPET & PERRIN 1994,
LOMBARDO et al. unpublished).

While the operculum of prosobranch snails ap-
pears to be an effective defense against intrusive pred-
ators such as leeches (e.g. BRONMARK & MALMQVIST
1986, KELLY & CORY 1987), pulmonates like P. acuta
may be less protected against such predators. P. acuta
has a thin, globose shell whose mouth is larger than
the underlying foot, potentially exposing the soft
parts to intrusive predators. P. acuta relies heavily on
behavioural defences such as shell shaking, fleeing
above the water surface, and/or abrupt detachment
from the substratum and quick deployment to the
water surface thanks to the air bubble under its man-
tle (WILKEN & APPLETON 1991, MCCOLLUM et al.
1998, TURNER et al. 1999, authors’ personal observa-
tions). Such behaviours are typically effective against
leeches (BRONMARK & MALMQVIST 1986, WILKEN &
APPLETON 1991), but their effectiveness against
planarias remains poorly known.

In a detailed laboratory study with Dugesia lugubris
Schmidt, 1861, TRIPET & PERRIN (1994) estimated

MATERIAL AND METHODS
STUDY ORGANISMS

P acuta is a North American species long natural-
ised in Europe (TAYLOR 2003, GARCIA-BERTHOU et al.
2007). It is very common in permanent, productive
lakes throughout western and Mediterranean Europe,
including Italy (GIROD et al. 1980, GARCIA-BERTHOU et
al. 2007), where it was introduced in the 1860s (CIAN-
FANELLI et al. 2007). P, acutais still expanding eastward
in Europe (MICHALIK-KUCHARZ 2008), and has been
introduced as far as South Africa (WILKEN & APPLE-
TON 1991) and Australia (KEFFORD et al. 2003). Also

that on average 2.77 individuals of P. acuta were eaten
in each 48-h, multiple-choice trial, a result in appar-
ent stark contrast with LOMBARDO et al.’s (unpub-
lished) findings of very low individual predatory rates
by the closely related Dugesia polychroa Schmidt, 1861
on live pulmonates. Both studies were carried out in
the laboratory using small hunting arenas (dishes
with diameter of ~7-10 cm), with estimations of pred-
atory rates extracted from experimental designs that
targeted specific aspects of dugesiid predation on P.
acuta, namely the effect of shell shape on susceptibil-
ity to predation in TRIPET & PERRIN (1994) and pred-
ator preference among snails at different stages in
their life cycles in LOMBARDO et al. (unpublished).
Furthermore, in a rare direct comparison of parallel
field and laboratory studies, KESLER & MUNNS (1989)
found much higher losses to predatory insects in the
small-setting laboratory experiments, and warned
that such high rates were likely overestimates due to
low spatial heterogeneity and unnaturally high snail
density in the experimental aquaria.

We have quantified the impact of common D.
polychroa planarias on small, size-structured experi-
mental populations of P. acuta, simulating small natu-
ral populations recovering after reductions in
benthivorous fish following a hypothetic benthic
food-web biomanipulation. The experiment was con-
ducted indoors using small aquaria (~4 litres) to pro-
vide conditions closer to natural than in typical
Petri-dish laboratory investigations of planarian-
gastropod interactions (REYNOLDSON & YOUNG 1963,
TRIPET & PERRIN 1994, LOMBARDO et al. unpub-
lished). Planarian predation pressure was maintained
constant at two medium-sized adult individuals per
aquarium, while the experimental population struc-
ture of P. acutawas initially biased in favour of juvenile
individuals. The snail populations were monitored
weekly in planarian-present aquaria vs. planarian-
absent controls until the last treatment replicate
populations went extinct after six weeks.

following the recent species consolidation within the
group (DILLON et al. 2002, WETHINGTON & LYDEARD
2007), P. acuta is considered one of the most ubiqui-
tous aquatic macroinvertebrates in the world (DILLON
2006). P. acuta inhabits all types of freshwater ecosys-
tems, including those with moderately high salinity
(KEFFORD et al. 2003), and is particularly tolerant of
thermal and organic pollution (GIROD et al. 1980,
COSTIL & CLEMENT 1996, DILLON 2006, authors’ per-
sonal observations). P. acuta is a generalist herbivorous
scraper, feeding on periphyton and decaying plant ma-
terial and other detritus (REAVELL 1980, LOMBARDO
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2001). Living macrophyte tissue is eaten only when
preferred food is not available (SHELDON 1987,
LOMBARDO & COOKE 2002). Species identification was
based on morphological traits of live individuals using
GIROD et al. (1980) and GLOER & MEIER-BROOK
(2003). Nomenclature follows DILLON et al. (2002),
WETHINGTON & LYDEARD (2007), and BROWN &
LYDEARD (2010).

D. polychroa is common in warm, productive lakes
throughout Italy and much of Europe (BALL & REY-
NOLDSON 1981, YOUNG & REYNOLDSON 1999, PON-
GRATZ et al. 2003, NORENA JANSSEN 2011); it has been
introduced in North America in the late 1960s (BOD-
DINGTON & METTRICK 1974), but it does not seem to
have spread much from the original area of introduc-
tion in southeastern Canada, consistent with its poor
dispersal abilities (PONGRATZ et al. 2003, VERBERCK et
al. 2008). D. polychroa is a wide trophic generalist that
includes gastropods in its diet (e.g. REYNOLDSON &
YOUNG 1963, BODDINGTON & METTRICK 1974), and
may additionally act as a scavenger on damaged or re-
cently dead prey (SEABY et al. 1995). Species identifi-
cation was based on morphological traits of free and
squash-mounted live individuals using BALL & REY-
NOLDSON (1981). Nomenclature follows BALL & REY-
NOLDSON (1981) and NORENA JANSSEN (2011).

Experimental animals were randomly picked from
predator-free cultures maintained in a well-lit indoor
laboratory at the Department of Environmental Sci-
ences of the University of L’Aquila, and comprising
individuals collected in the spring 2008 (D. polychroa)
or starting from October 2007 (P. acuta). Culturing
conditions were semi-natural, including natural (dif-
fuse) sunlight and photoperiod and seasonal temper-
ature, with short-term fluctuations mitigated by the
indoor location. D. polychroa was originally collected
at an open-canopy, shallow (~0.5 m), vegetation-de-
void, gravel-bottom site (42°32°N, 12°44’E; WGS 84)
along the northern shore near the western tip of Lake
Piediluco. D. polychroa numerically dominated in a
triclad-rich benthic community that also comprised
D. lugubris, Polycelis tenwis ljima, 1884, and Dendro-
coelum lactewm O. F. Miiller, 1774. The prosobranch
Bithynia leachii Sheppard, 1823 dominated the rich in
situ gastropod fauna, that also included numerically
rare pulmonate species (Planorbis planorbis Linnaeus,
1758, Radix auricularia Linnaeus, 1758, and Stagnicola
Sfuscus C. Pfeiffer, 1821). P. acuta was not found in
Lake Piediluco, and was collected at a similar site in
nearby Lake Ventina, where it coexisted with the in-
troduced triclad Dugesia tigrina Girard, 1850. The two
source lakes are hard-water, meso-eutrophic, seem-
ingly hydrologically connected, and are located in
central Italy within the River Tiber watershed (GAINO
et al. 2001). Planarias and snails were fed ad libitum
with natural organic material from the collection
sites, integrated with lettuce and commercially avail-
able fish food in flakes or pellets. Material from differ-

ent lakes was kept in separate aquaria. Cultured popu-
lations remained abundant and healthy with sus-
tained reproduction through and beyond the experi-
ment period. Collection sites and culturing condi-
tions are described in detail in LOMBARDO et al.
(2011a, b).

EXPERIMENTAL SETUP

The experiment was carried out alongside the cul-
turing aquaria, with animals being thus subjected to
the same ambient conditions, including natural sun-
light and photoperiod. Effects of D. polychroa on P.
acuta were determined as differences between plana-
rian-present treatment aquaria and planarian-devoid
controls. Experimental aquaria consisted of small,
clear-plastic boxes (23.5x15x14 cm) with ~4.25 1 of tap
water (water depth ~12 cm). Two small, rough-sur-
face, clean cobbles were placed at the distant ends of
each aquarium bottom to offer refuges and resting
places for planarias and/or snails. A ~12-15 cm sprig
of the periphyton-covered, finely dissected macro-
phyte Myriophyllum spicatum L., collected in situ in
Lake Sinizzo (42°17'N, 13°33'E; ~15 km ESE of the
city of L’Aquila in the River Aterno watershed)
~24-48 h before commencement of the experiment,
also was placed in each aquarium to provide oxygen,
food (biofilm and senescent plant parts) and refuge
for the snails, as the macrophyte semi-firm texture was
assumed to be disliked by D. polychroa (KipP 2007,
authors’ personal observations). Macrophyte biomass
placed in each aquarium was estimated volumetrically
with a narrow-opening graduated cylinder. Tap water
was set aside for the previous ~36-48 h to reach ambi-
ent temperature and lose excess chlorine.

Twenty four such aquaria, equally divided between
12 planarian-present treatments and 12 planarian-
absent controls, were placed near a large W-facing
window in a 3x8 grid organised in four contiguous
blocks of six aquaria each, equally divided between
treatments and controls, to distribute the unavoid-
able gradient in light conditions between treatment
and control aquaria. Treatments and controls were as-
signed randomly within each block.

Two midsize adult planarias (total body length of in-
dividuals actively gliding in Petri dishes on 0.5 mm grid
paper = 9-10 mm) were placed in each treatment
aquarium on 11 June 2008 (t;). Planarias were not sub-
jected to a pre-experiment period of starvation, as any
few-days starvation period was considered negligible
with respect to the expected experiment duration. P,
acuta individuals randomly picked from the culturing
aquaria were assigned to three discrete age (size) cate-
gories: hatchlings/juveniles (shell height <3 mm),
young adults at the onset of reproductive age (3-5
mm), and reproductive-age adults (>5 mm). Repro-
ductive patterns were based on direct observations and
published information (PERRIN 1986, CROWL &
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CoVvICH 1990). Size categories were determined as
shell height/length (measured along the shell main
axis) of individuals roaming or resting in Petri dishes
on a 0.5 mm grid paper for the smallest individuals, or
with an electronic precision calliper (instrument error
=0.01 mm) for the larger adults. Two P. acuta individu-
als per size category were placed in each aquarium at
ty. Given the paucity of published population-level
studies of dugesiid-physid interactions under control-
led conditions and an apparent natural mutual exclu-
sion of D. polychroa and P. acuta in central Italian lakes
(MASTRANTUONO & MANCINELLI 2005, authors’ per-
sonal observations), the initial snail and planarian
numbers were assigned semi-arbitrarily, with the pur-
pose of providing a small, “colonising” group of snails
and non-negligible yet detectable medium-term preda-
tion pressure by planarias. Aquaria thus prepared were
left undisturbed until the first census.

Water was replaced and snails were counted in each
aquarium every week. Water temperature, pH, and dis-
solved oxygen concentrations were determined in
each aquarium before each weekly routine with a
multi-parameter electronic probe. Equipment failure
precluded some determinations in week 5 (wky); how-
ever, no obvious qualitative differences in aquarium
conditions were observed between aquaria and with
contiguous weeks. Aquaria were drained to the last ~2
cm of water, snails were counted, and the “spent”
macrophyte sprigs were removed along with the bulk
of the wastes. Once counted, the snails were placed
back in the aquaria after water was refreshed with tap
water set aside for the previous 36-48 h. Dead plana-
rias (if any) were replaced with similarsized individuals
from the culturing aquaria, and any planarian individ-
ual in excess (i.e. produced through fission) was re-
moved to maintain a constant predation pressure
across treatment aquaria and in time. New, freshly
field-collected M. spicatum sprigs were also placed in
the refreshed aquaria. Aquaria thus refreshed were left
undisturbed until the next weekly census. Egg clutches
were not removed during the weekly routines, and the
number of newly laid clutches was determined as dif-
ferences between weekly counts.

The weekly determined snail variables included
the number of live individuals in the three size catego-
ries, the number of newly laid egg clutches, and the
shell height of live and dead large adults. As not all
empty hatchling shells could be accounted for, net
changes in snail densities were determined as weekly
differences in the number of live individuals. New
hatchlings/juveniles were added in small numbers at
the end of the first three weekly censuses (6, 6, and 4
individuals per aquarium, respectively) to provide a
small reservoir of freshly hatched individuals, simulat-
ing expanding populations in an active recruitment
period. The number of hatchling/juvenile individu-
als added at the end of the first three weekly censuses
was based on qualitative observations of general

adult-tojuvenile ratios in the culturing aquaria at that
moment. Snail counts were expressed as numbers of
individuals per aquarium. Though a per snail basis
would have been more sensible biologically, the per
aquarium basis was adopted also for egg clutches to
circumvent the uncertainty derived from the un-
known number of sexually mature “female” individu-
als at any given moment, especially for the age class of
young adults, and to standardise statistical procedures
and significance levels across snail variables.

An open-end approach was adopted. Aquaria where
the snail population went extinct were cleaned and set
aside, and counts of zero for all snail size categories
were assigned, thus maintaining the balanced 12+12
design until the end of the experiment. Shell height of
live or dead large adults was averaged over total counts
within each experimental condition. The experiment
was terminated once all 12 snail populations in one of
the conditions (the treatment) went extinct, at the end
of wkg on 25 July 2008.

STATISTICAL ANALYSIS

Differences in physico-chemical (e.g. water tem-
perature) and snail variables (e.g. number of individ-
uals) were tested with repeated-measures ANOVAs,
simultaneously testing for between-condition differ-
ences and temporal changes. Physico-chemical vari-
ables were tested also by block. Between-block and
treatment-vs.-control average values were addition-
ally compared within each weekly sampling using a
Student-Newman-Keuls (SNK) test [equivalent to a
one-way ANOVA computed against the model y=av-
erage(y) with df=1,22 for treatment-vs.-control com-
parisons, the default method used by our software].
Repeated-measures ANOVAs could not be applied to
snail shell height data because of uneven and some-
times small sample sizes; analysis of such data re-
mained limited to weekly treatment-vs.-control com-
parisons by means of two-tailed t-tests. Differences
and/or temporal changes were considered signifi-
cant for p<0.05. Count-based data (i.e. number of
snail individuals) were square-root-transformed
(Anscombe formula: x' =./x+ 3 /8) and all other
data were log-transformed [Bartlett’s formula:
x' =log,, (x + 1)] before use in statistical procedures
(ZAR 2009). Statistical analysis was performed using
Addinsoft™ XLSTAT 2011.1.05. Background data
for initial conditions were determined at one ran-
domly chosen aquarium per block, and were not in-
cluded in the ANOVA tests. Numerical pyramids,
with the treatment and control P. acuta populations
averaged over the 12 replicates, also were con-
structed for each weekly aquarium-based census, to
provide straightforward snapshots of population
structure. Due to the descriptive, albeit quantitative,
nature of such data, numerical pyramids were not
treated statistically.
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INITIAL AND GENERAL EXPERIMENTAL
CONDITIONS

Block-based initial conditions suggested season-
able temperature (19.2+0.1°C; average+SE, n=4), cir-
cum-neutral pH (7.4+0.1; average+SE, n=4), and high
oxygen availability (9.4+0.1 mg 1! and 101.0+1.3%
saturation of dissolved O, (DO) concentration; aver-
age+SE, n=4 for each). Water temperature deter-
mined before each weekly sampling routine re-
mained in the ~18.1-22.7°C range, pH remained in
the slight alkaline range (~6.7-8.6), and dissolved
oxygen concentration was always >7.6 mg 1! and at
near- to super-saturation levels (Appendix Table Al).
Midday irradiance, determined during randomly cho-
sen sunny days with an aerial PAR-measuring light me-
ter (instrument error <1%), remained in the ~10-25
pmol m=2 s7! range, simulating shaded conditions in
shallow littoral zones (LOMBARDO 1995). Treatment
and control aquaria received similar initial macro-
phyte biovolume (two-tailed t-test on log-transformed

RESULTS

Temporal changes in the number of P. acuta hatch-
lings/juveniles, young adults, reproductive-age adults,
and newly laid egg clutches were significant (Table 1).
The number of hatchling and juvenile snails became
significantly lower in D. polychroa-present aquaria by
wky, while treatmentvs.-control differences for young
and large adults became significant one week later
(Fig. 1, Table 2). Snail density in control aquaria ap-
peared to reach stable level by wk,, though reproduc-
tive output continued to decrease until wky. Parallel
decreases in reproductive output in control and treat-
ment aquaria led to insignificant differences in the
number of newly laid egg clutches in wky through wk;,
but oviposition apparently resumed in control aquaria
in wky (Fig. 1). Oviposition in treatment aquaria
stopped after wk,.

Numerical pyramids also pointed to stable,
young-rich P. acuta populations in control aquaria
from wk, onward (Fig. 2). The age-class of young

data: t=0.444, df-n, . menttNeonro—2=22, p=0.66).
Macrophyte material was later added according to
general snail density in each aquarium, in order to
minimise or delay limiting conditions for snails re-
garding this spatio-trophic resource.

As expected from the indoor light gradient from
the aquaria placed closest to farthest from the win-
dow, background conditions varied significantly by
block (Appendix Table A2). Physico-chemical back-
ground conditions also varied in time, as expected
from the semi-natural experimental setting (water
temperature), and/or from the adaptively changed
macrophyte sprig biovolume (e.g. the temporal in-
crease in DO was likely due to the increased macro-
phyte sprig biovolume) (Appendix Table Al). De-
spite the temporal and block-based variability, back-
ground conditions remained similar for treatment
and control aquaria, with no factor interaction with
time (Appendix Tables A3 and A4).

adults gradually expanded in control aquaria, but
shrank quickly in treatment aquaria, to become ex-
tinct in wky (Fig. 2). Disappearance of juveniles and
large adults one week later sanctioned the extinction
of all P. acuta populations subjected to D. polychroa
predation.

Body size of large, reproductive-age adults progres-
sively decreased in all aquaria, leading to non-signifi-
cant differences between predation-devoid controls
and planarian-present treatment aquaria (Fig. 3,
Table 3). Shell height of reproductive-age adults at
time of death was somewhat variable, and treat-
ment-vs.-control differences remained insignificant
whenever computable (Fig. 3, Table 3).

Planarian predation was witnessed in a few in-
stances. Planarias moving around the aquarium and
encountering a (small) snail engulfed the shell with
their body, while maintaining a firm grip on the
smooth-plastic aquarium bottom or walls or the sub-

Table 1. Repeated-measuressANOVAs for the hatchlings+juveniles (Juv, shell length <3 mm), young adults (Ad1, shell
length = 3-5 mm), large adults (Ad2, shell length >5 mm), and newly laid egg clutches (Egg) in Fig. 1. Tests were per-
formed on square-root-transformed data. For all ANOVAs, dfoxperimental condition=1> Ytime=9> ¥conditionxtime interac-
tion=D, between-subject dfe;.o=22, and within-subject dfe o =110

Juv Adl Ad2 Egg
experimental condition F 132.849 88.645 44.971 25.264
b <0.0001 <0.0001 <0.0001 <0.0001
time r 2.747 5.168 10.960 43.953
p 0.021 0.0002 <0.0001 <0.0001
condition x time interaction r 24.479 28.966 14.439 1.649
b <0.0001 <0.0001 <0.0001 0.151
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number of individuals per aquarium number of individuals per aquarium number of individuals per aquarium

number of clutches per aquarium

hatchlings and juveniles (Juv)

M

50+
407+
30t

20+

Table 2. Results of the SNK-based treatment-vs.-control

comparisons [equivalent to a one-way ANOVA com-
puted against the model y=average(y) with df=1,22] for
each weekly sampling within the repeated-mea-
suressANOVAs of Table 1, for the hatchlings+juveniles
(Juv, shell length <3 mm), young adults (Adl, shell
length = 3-6 mm), large adults (Ad2, shell length >5
mm), and newly laid egg clutches (Egg) in Fig. 1. Signif-
icant treatment-vs.-control for p<0.05

0:[—1:l§ + + + I I
[eee] [eee]

Juv Adl Ad2 Egg
oo 0 o0 week 1 0.065 0.206 0.203 0.348
9- young adults (Ad1) week 2 <0.0001 0.430 0.146 0.004
8 % % week 3 <0.0001 0.002 0.0004 0.594
7 % week 4 <0.0001 <0.0001 0.002 0.423
61
5; week 5 <0.0001 <0.0001 <0.0001 0.328
4 week 6 <0.0001 <0.0001 <0.0001 0.021
3t
23
A
01 | | | | # #
o] [eee] [eee] [eee]
35 reproductive-age adults (Ad2)
planarian-devoid aquaria with
307 iL % controls Dugesia polychroa
25% I % % %
201 o
154
104
] week 1
05+
0+ t t t t t t
[e0] (o] [eee] [eee]
8 newly laid egg clutches (Egg) week 2
74 % %
6+ %%
51 week 3 H
a4t I_i'_l
3l |
2 " week 4
T, [ H
01 : : : : ey | ]
(o0] (e0]
to week 1 week2 week3 week4 week5 week6 week 5 I:' |]
[J planarian-devoid controls [ aquaria with Dugesia polychroa |:|
Fig. 1. Number of hatchlings and juveniles (Juv: shell height weok 6
A

<3 mm), young adults at the onset of reproduction
(Ad1: shell height = 3-5 mm), reproductive-age adults
(Ad2: shell height >5 mm), and newly laid egg clutches
(Egg) of P. acuta per aquarium during the 6-week exper-
iment (average +SE, n=12 for all). Differences between
planarian-absent controls and planarian-present treat-
ments, determined with repeated-measures ANOVAs
that included weekly SNK-based treatment-vs.-control
comparisons, are given at three levels of significance
(O = p<0.05, OO - p<0.01, OOO - p<0.0001). Detailed
statistical results are in Tables 1 and 2

Ad1

Juv |

Fig. 2. Numerical pyramids describing the control and

treatment P, acuta populations during the 6-week exper-
iment, using the average values reported in Fig. 1. Juv -
hatchling and juvenile individuals (shell height <3 mm),
Ad1 - young adults at the onset of reproduction (shell
height = 3-5 mm), and Ad2 - reproductive-age adults
(shell height >6 mm). P. acuta went extinct in all 12
treatment aquaria by week 6
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merged stones, immobilising the snail. The shell was
then turned upside down, while the planaria inserted
its ventral pharynx into the shell opening, and started
to digest the snail’s body externally (Fig. 4). The en-
tire body was extracted from the shell in a few min-
utes. Prey capture was either very quick and success-
ful, or the attacked snail managed to escape un-
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Fig. 3. Shell height of live and dead reproductive-age P. acuta
adults during the 6-week experiment (average + SE, n as
given at the base of each bar). Differences between
planarian-absent controls and planarian-present treat-
ments, determined with weekly two-tailed t-tests, were ei-
ther not significant or not computable (NC: n_;and/ or

Ny <2). Detailed statistical results are in Table 3

harmed within a few seconds; prolonged struggles
were never observed. Planarias did not appear to ac-
tively chase prey; encounters seemed to have been
largely random and casual. D. polychroa captured and
consumed the prey individually; the gregarious be-
haviour commonly displayed by other dugesiids (e.g.
D. tigrina: CASH et al. 1993, authors’ personal obser-
vation) was never observed. Planarias were seldom ob-
served, and attacks were never observed, on the M.
spicatum sprig. The few surviving P. acuta individuals
in planarian-present aquaria were typically found on
the macrophyte sprig during wk, and onward.

posterior end of the
snail's foot (“tail”)

¢

snail shell

e

anterior end of
the planarian body
with eyespots

planarian body
in dorsal view

)

Fig. 4. A D. polychroa individual feeding on a subdued young
adult (shell height = 3-5 mm) of P. acuta, as seen from
above, during the experiment (left: picture; right: re-
traced drawing). The shell is kept upside down by the
posterior half of the planarian body, while the anterior
half adheres tightly to the aquarium bottom. The
planarian eyespots are visible as depigmented areas
along the head margin. The background in the picture
is white filter paper placed under the clear-plastic aquar-
ium. The picture is un-manipulated except for cropping
of excess background area and slight a posteriori bright-
ness and contrast whole-picture digital adjustment to
enhance clarity

Table 3. Results of the two-tailed t-tests comparing average shell height for live large adult snails and for large adults at

death in treatment-vs.-control aquaria, displayed graphically in Fig. 3; blanks represent not computable tests (n

ctrl

and/or n.,, <2). Negative t values indicate control averages > treatment averages. Data were pooled by experimental

condition (i.e. n = sum of all aquaria in each experime

ntal condition within each week)

shell height of

live large adult snails

large adults at death

Ny Ny t af P Ny Ny t by P
to 24 24 0.944 46 0.350
week 1 29 34 -1.167 61 0.248
week 2 30 22 —0.486 50 0.629 2 11 -0.509 11 0.621
week 3 51 14 0.058 63 0.954
week 4 33 6 —0.058 37 0.954 8 9 -1.212 15 0.244
week b 31 0.541 33 0.592
week 6 5 4 -1.462 7 0.187
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DISCUSSION

The negative effect of D. polychroa on P. acuta was
unequivocal (Figs 1 and 2). Direct observations of
planarias capturing and consuming small prey (juve-
niles and, less commonly, young adults: Fig. 4)
strongly suggest that the almost-immediate significant
decrease in the number of juvenile snails was due to
active predation. The observed mode of D. polychroa
predation on P. acuta was similar to that described by
KoorPOWwITZ (1970) for large-bodied, South African
marine flatworms preying on limpets on sandy
beaches. Similar predatory methods for such geo-
graphically and size/habitat-wise distant taxa suggest
that free-living, predatory planarias share behavioural
traits in addition to morphological characteristics,
consistent with the relatively low placement in the
evolutionary hierarchy of the phylum Platyhel-
minthes. Failure to account for all the juveniles (alive
+ empty shells) in planaria-present aquaria during the
weekly censuses however suggests that at least some of
the smallest snails were ingested whole, including the
shell. Apparently “casual” encounters and the ab-
sence of active prey chase suggest that snails may be
an occasional prey, supporting the view that dugesiid
planarias are passive scavengers rather than active
predators (JENNINGS 1957, SEABY et al. 1995), and
that, when actively preying, preference is for small
prey, with snails probably serving as a “refuge” prey to
relieve interspecific competition in species-rich
triclad communities (e.g., REYNOLDSON & YOUNG
1963).

Absence of further changes in the number and rel-
ative abundance of the three snail age/size classes
from wk, onward (Figs 1 and 2) suggests that control
aquaria had reached carrying capacity by that time,
despite the progressively increased macrophyte sprig
biovolume. Such an interpretation is supported by
the temporal variation in the number of non-pred-
atory casualties among large adults in control aquaria
(n values in the bottom panel of Fig. 3), displaying a
peak during wkg and wk, and a return to low numbers
afterward. Resumed oviposition in wkg also supports a
return to an equilibrium once carrying capacity was
reached after the initial density overshooting peak in
wkg-wk,. Stabilised control populations however re-
mained young-rich, and the casualties among the
largest (=oldest) size/age classes were counterbal-
anced by new hatchlings (Fig. 2) despite a decline in
reproductive output (Fig. 1), thus allowing popula-
tion turnover.

The slightly delayed decline in the number of re-
productive-age adult snails was preceded by a sudden
crash in reproductive output in the presence of D.
polychroa (Fig. 1), suggesting that planarian effects on
larger snails may have been a combination of direct,
active predation (especially when “preferred” smaller

individuals began to be scarce) and an indirect inhibi-
tion of foraging and reproductive activity. The much
quicker decline in younger (shell height = 3-5 mm)
than larger (shell height >5 mm) P. acuta adults aligns
with D. polychroa’s “preference” for smaller prey and
suggests that young adults were probably subjected to
both direct predation (Fig. 4) and indirect effects on
behaviour (decreased activity). Indirect effects may
have been relatively more important for the larger
adults, whose average size remained the same in pla-
narian-present and control aquaria (Fig. 3). A scav-
enging action of planarias on weak or moribund large
snails was also possible (SEABY et al. 1995).

Though direct evidence for planaria-snail interac-
tions is not available, our hypothesis is supported by
earlier observations of behavioural modifications (es-
pecially the inhibition of foraging activities) for Physa
heterostropha (=P. acuta: DILLON et al. 2002) in the
presence of molluscivorous sunfish (MCCOLLUM et
al. 1998), and for other North American physids in
the presence of fish and/or crayfish predators (ALEX-
ANDER & COVICH 1991a, b, TURNER et al. 1999). The
sudden, albeit temporary, crash in reproductive out-
put in our planarian-present P. acuta populations may
be due, additionally or alternatively, to adult snails
holding oviposition while diverting resources to
growth, in an attempt to reach a size refuge. Such a
hypothesis is supported by the ability of some North
American species of Physa to modify their life history
(specifically, by delaying reproduction while growing)
in response to crushing predators such as crayfish
(CROWL & COVICH 1990). Direct predation by D.
polychroa on P. acuta eggs, while not impossible, was
likely negligible (LOMBARDO et al. 2011b). Further
declines in P. acuta oviposition in our predator-pres-
ent aquaria may be due to a combination of direct
predation and predator-induced decreased activity
for larger, reproductive-age snails. Such negative ef-
fects of planarias were quantitatively and qualitatively
similar to the effect of substratum and/or food limita-
tion occurring once the control P. acuta populations
reached carrying capacity in wk,, as treatment-vs.-con-
trol differences in weekly oviposition realigned to
non-significant levels after wk, (Fig. 1). The com-
bined direct predation by D. polychroa on hatchling
and juvenile snails, and the likely indirect inhibitory
effects on larger, reproductive-age snails, eventually
led to the local extinction of P. acuta by precluding
population turnover (Fig. 2), despite a likely negligi-
ble direct effect on snail eggs (LOMBARDO et al.
2011b).

Our results support the high predation rates on
freshwater snails found in other laboratory investiga-
tions (KESLER & MUNNS 1989, TRIPET & PERRIN
1994), but do not support the natural coexistence of
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dugesiid planarias and pulmonate snails observed in
the field (PYEFINCH 1937, MACAN 1977, MASTRAN-
TUONO & MANCINELLI 2005, authors’ personal obser-
vations). The interpretation of our results in the light
of the available decades-old literature on plana-
rian-snail interactions and our own observations in
the field lead to multifaceted considerations and in-
tertwining aspects. General result agreement with
findings from earlier laboratory investigations sug-
gests that our own experimental setting, though
larger than “typical” Petri dishes (TRIPET & PERRIN
1994), or than the ~2.5 1 aquaria in KESLER &
MUNNS’s (1989) experiment, may have remained un-
naturally small, with predator-prey encounters thus
more frequent than in the wild. However, our ~4 1
aquaria with small-bodied organisms provided a
larger arena than KESLER & MUNNS’s (1989) ~2.5 1
aquaria with much larger-bodied lymnaeid gastro-
pods, and may represent the largest experimental
arena (i.e. the closest to natural conditions) for this
kind of investigations to date.

As in the studies of KESLER & MUNN (1989), who
also added some substratum (lettuce leaves) to pro-
vide cover, spatial heterogeneity in our experimental
aquaria may have remained too low to protect snails
from predation. Our M. spicatum sprig appeared to be
a refuge habitat, as the vast majority of the few surviv-
ing snails in end-of-experiment planarian-present
aquaria were found on it, while planarias appeared to
avoid the soft-textured sprig. (The latter observation
agrees with an apparent natural “preference” for hard
substrata by D. polychroa: e.g. MASTRANTUONO & MAN-
CINELLI 2005, Kipp 2007, and authors’ personal obser-
vations.) However, hungry snails may have wandered
away from the sprig in search of food, or they may
have been weakened and rendered more vulnerable
via indirect inhibition of (foraging) activity.

Additionally or alternatively, planarias may have
“superspecialised” as active predators on snails follow-
ing the initial exposure to the experimental
no-choice conditions, thus behaving like switch pred-
ators (sensu MURDOCH et al. 1975). An apparent
overspecialisation of D. polychroa on gastropods in
snail-rich British habitats (REYNOLDSON & YOUNG
1965) but on tubificids (by far the most abundant
benthic taxon) in gastropod-poor Toronto Harbour
(BODDINGTON & METTRICK 1974) strongly suggests a
high degree of trophic opportunism in addition to
supporting our hypothesis. LOMBARDO et al. (unpub-
lished) did not find significant predation on live P
acuta and other snail species using D. polychroa freshly
(24 h) collected from multiple-prey culturing aquar-
ia, and TRIPET & PERRIN (1994) observed significant
predation by Dugesia lugubris long habituated to a P
acuta, ad-libitum mono-diet in culturing conditions,
also supporting our hypothesis, which however needs
to be tested with an ad hoc study. If D. polychroa be-
haved as a switch predator, predatory pressure in-

creased with time in the experimental aquaria, and
may have led to unnaturally high predation rates on
snails.

However, individual body growth for D. polychroa is
allometric, with lengthwise growth accompanied by
quicker lateral growth, leading to disproportionately
wider large planarias, especially when the food supply
is abundant (BODDINGTON & METTRICK 1974,
authors’ personal observations). D. polychroa individu-
als released from intraspecific competition for food
(which is probably the main factor regulating free-liv-
ing freshwater planarias: REYNOLDSON & YOUNG
1963, 1965, BODDINGTON & METTRICK 1974, GEE et
al. 1998) therefore grow progressively “fatter”, imply-
ing an ever-increasing demand for maintenance en-
ergy. D. polychroa’s individual allometric growth sup-
ports its possible behaviour as a switch predator and is
in agreement with VERBERK et al.’s (2008) view of D.
polychroa as a high-maintenance taxon. We have ob-
served a marked allometric growth in the experimen-
tal D. polychroa approximately halfway through the ex-
periment, indeed suggesting high food intake. Peaks
in body growth in un-manipulated dugesiid field popu-
lations are typically observed in spring, when plana-
rian densities are low and food availability high (REY-
NOLDSON & YOUNG 1963, 1965, BODDINGTON & MET-
TRICK 1974, GEE et al. 1998), suggesting that high
planarian predation rates occur naturally at least dur-
ing parts of the year. D. polychroa’s individual allo-
metric growth, its trophic opportunism, fast popula-
tion growth to reach carrying capacity (REYNOLDSON
1977), and high adaptability to the available food sup-
ply also suggest that D. polychroa, like most other
dugesiid planarias, may quickly respond to and take
advantage of pulse food inputs. In this light, the high
predation pressure by D. polychroa on P. acuta in our
experimental aquaria may easily reflect natural condi-
tions following release from benthivorous fish preda-
tion on snails following typical benthic food-web
biomanipulation (BRONMARK & WEISNER 1992,
HOSPER 1997). Our 4 1 experimental aquaria thus
may have provided a sufficiently large arena to reflect
realistic conditions associated with biomani-
pulation-derived or springtime snail densities. The
temporal extent of such a strong regulatory effect of
D. polychroa on P. acuta remains however unknown,
with ad hoc, more comprehensive studies needed to
formulate a satisfactory answer. An approach with ex-
periments using larger and/or more spatially hetero-
geneous aquaria may provide an acceptable combina-
tion of controlled and realistic conditions to investi-
gate the mechanism (s) regulating dugesiid-gastropod
interactions.

Whatever the mechanism(s) involved, D. polychroa
effectively prevented the small, young-rich, “colonis-
ing” populations of P. acuta from establishing in the
experimental aquaria (Figs 1 and 2), strongly suggest-
ing that D. polychroa may preclude the (re)colonis-
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ation of P. acuta in hard-substratum, spatially homoge-
neous natural habitats. Absence of P. acuta (not even
as old, empty shells washed ashore) at the triclad-rich
collection site in Lake Piediluco since the early recon-
naissance visits in 2007 supports our hypothesis. P,
acuta is common and widespread in other cal-
cium-rich lakes throughout central Italy, where we
have never observed it coexisting with D. polychroa
(though abundant P. acuta may coexist with as abun-
dant populations of the non-native D. tigrina, as at the
collection site in nearby Lake Ventina). Numerical
rarity of otherwise common pulmonate species at the
dugesiid-rich collection site in Lake Piediluco also
suggests some predatory (or otherwise regulatory) ac-
tion of D. polychroa on other pulmonate snails, while
the commonness of the prosobranch B. leachii at the
site suggests that the operculum may be an effective
defence against dugesiid predation. However, other
potential snail predators (e.g. leeches) were present
at the site, and specific studies are needed to support
this hypothesis.

While our results may explain the absence of P.
acuta in Lake Piediluco and at other similar
stony-bottomed, dugesiid-rich sites, D. polychroa’s aver-
sion to yielding substrata (e.g. macrophyte sprigs)
suggests that this dugesiid may allow the (re)establish-
ment of P. acuta in soft-substratum (i.e. habitats con-
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APPENDIX

Table Al. Average (+ SE) background conditions during the 6-week experiment, by experimental condition (treatment
and control: top) and by block (blocks 1 through 4: bottom). T — water temperature; DO — dissolved oxygen concentra-
tion; %DO — percent saturation of dissolved oxygen; Macr — macrophyte sprig biovolume. Week-5 pH, DO, and %DO
are missing because of temporary instrument failure (NA — not available)

to week 1 week 2 week 3 week 4 week b week 6
(11Jun) (18 Jun) (25 Jun) (@ Jul) (9 Jul) (16 Jul) (25 Jul)
T treat 90.1+0.1  22.4+0.1 99.0+0.0 90.6+0.1 19.2+0.1 18.2+0.1
G ctrl - 90.2+0.1  92.4+0.1 99.1+0.1 90.6+0.1 19.240.1 18.3+0.0
pH treat 7.7+0.0 7.4+0.1 7.5+0.1 7.3+0.1 7.6+0.1
curl — 7.7£0.0 7.540.1 7.6£0.1 7.8+0.1 NA 7.5:0.1
DO treat 7.9+0.1 9.0£0.1 9.3+0.1 11.020.2 12.240.2
-1 .
(mg 1) ctrl 7.8+0.1 8.9+0.1 9.1+0.1 11.0+0.2 NA 12.8+0.1
%DO treat 87.3:0.8  103.7+1.0  106.8+1.3  122.1+1.7 130.2+2.1
ctrl - 86.7:0.7  102.9¢1.0  1045:1.0  122.5¢1.6 NA 135.7+0.6
Macr treat  3.4%0.1 4.4+0.1 5.0£0.1 5.5+0.1 6.2+0.2 6.8+0.3
(ml) ctrl 3.3+0.1 4.5+0.2 5.0£0.1 5.4+0.1 6.4+0.2 7.40.3 —
to week 1 week 2 week 3 week 4 week b week 6
(11Jun) (18 Jun) (25 Jun) (2 Jul) (9 Jul) (16 Jul) (25 Jul)
T 1 90.2:0.1  22.120.0 91.9+0.0 90.3+0.0 18.7+0.0 18.240.0
"0 9 90.0:0.0  22.3+0.0 99.0+0.1 90.5+0.0 19.1+0.1 18.3+0.0
3 - 90.1+0.1  22.5+0.0 99.1+0.0 90.6+0.0 19.3+0.0 18.4+0.0
4 920.3:0.1  22.6+0.0 99.3+0.0 90.9+0.1 19.5+0.1 18.5+0.1
pH 1 7.840.1 7.840.1 8.00.1 6.9+0.2 8.0+0.1
9 7.6+0.0 7.320.0 7.5+0.0 7.120.1 7.6+0.1
3 — 7.7£0.0 7.8+0.0 7.4£0.0 7.5£0.0 NA 7.9£0.0
4 7.8+0.0 7.4+0.0 7.4£0.0 7.70.0 7.120.0
DO 1 8.10.1 9.3+0.0 9.5+0.2 11.6+0.1 12.9+0.1
-1
(mg 1) 9 8.120.0 9.0£0.0 9.9:0.1 11.040.2 12.4+0.1
3 - 7.6+0.0 8.6+0.1 8.9+0.1 10.9+0.2 NA 13.0+0.1
4 7.7+0.0 8.9+0.1 9.9+0.0 10.5+0.1 12.6+0.0
%DO 1 89.7+0.6  106.3+0.4  108.2+2.5  128.4+1.2 136.8+0.7
9 89.0+0.3  104.7+1.2  105.9+1.2  121.9+2.0 132.121.1
3 - 84.7+0.4  99.2+0.9  102.2+0.6  121.7+42.0 NA 138.0+0.5
4 84.6:0.3  103.2:0.8  106.4+0.6  117.3+1.4 134.6+0.4
Macr 1 3.120.1 3.9+0.1 5.0£0.0 5.3+0.1 5.7+0.2 6.5+0.3
(ml) 9 3.4+0.2 4.9+0.2 5.3+0.1 5.940.1 6.320.2 7.7+0.6
3 3.3+0.2 4.8+0.1 4.8+0.2 5.6+0.2 6.5+0.3 7.30.1
4 3.5+0.2 4.8+0.2 4.9+0.2 5.7+0.2 6.7+0.3 7.4+0.6
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Table A2. Repeated-measures-ANOVAs for background conditions, by block. T —water temperature; DO — dissolved oxygen
concentration; %DO — percent saturation of dissolved oxygen; Macr — macrophyte sprig biovolume. Tests were per-
formed on log-transformed data. For all ANOVAs, dfy10=3 @fiime=2 (dfiime=4 for pH, DO and %DO missing wky data),

dfl-alockx time interaction™

15 (dfinieraction=12 for pH, DO and %DO missing wky data), between-subject df..,,=10, and
within-subject df...,,=50 (within-subject df. =40 for pH, DO and %DO missing wky data)

T pH DO %DO Macr
block a 9.512 5.033 6.846 7.149 10.435
p 0.003 0.022 0.009 0.008 0.002
time F 8000.498 22.397 702.069 620.734 92.395
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
block x time interaction F 14.780 17.400 2.985 3.014 1.417
p <0.0001 <0.0001 0.003 0.003 0.169

Table A3. Repeated-measures-ANOVAs for background conditions, by experimental condition. T — water temperature; DO
— dissolved oxygen concentration; %DO — percent saturation of dissolved oxygen; Macr — macrophyte sprig biovolume.
Tests were performed on log-transformed data. For all ANOVAS, dfe, perimental condition=1» @ime=2 (@fiime=4 for pH, DO
and %DO missing wky data), dfenditionxtime interaction=2 (Yinteraction=4 for pH, DO and %DO missing wks data), be-
tween-subject dfy . ,,=12, and within-subject df,,,,=60 (within-subject df.,,=48 for pH, DO and %DO missing wky data)

T pH DO %DO Macr
experimental condition F 0.794 0.706 0.797 0.768 0.144
b 0.391 0.417 0.390 0.398 0.711
time F 933.339 3.831 231.322 205.001 41.869
b <0.0001 0.0008 <0.0001 <0.0001 <0.0001
condition x time interaction r 0.188 0.767 2.164 2.124 1.724
b 0.966 0.551 0.084 0.089 0.140

Table A4. Pvalues for the SNK-based treatment-vs.-control
comparisons [equivalent to a one-way ANOVA com-
puted against the model y=average(y) with df=1,22] for
each weekly sampling within the repeated-mea-
sures-ANOVAs of Table A3, for water temperature (T),
pH, dissolved oxygen concentration (DO), oxygen satu-
ration (%DO), and macrophyte sprig biovolume

(Macr); NA — not available (temporary instrument fail-
ure), and NC — not calculable (7c,ment at Wkg <3). Sig-

nificant treatment-vs.-control for $<0.05

T pH DO %DO Macr
week 1 0.270 0.244 0.061 0.145 0.140
week 2 0.637 0.647 0.290 0.233 0.974
week 3 0.268 0.624 0.198 0.160 0.963
week 4 0.714 0.196 0.819 0.845 0.957
week b 0.569 NA NA NA 0.456
week 6 0.252 0.703 NC NC —




